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Abstract

LeNet FPGA accelerator across three generations

The accelerator is measured on the full PS — PL — PS path for 1,000 MNIST images

Baseline V2 V3
Correctness-first —_— Parallel PL + DMA/cache —_— Low-bit design @160MHz
INT8 / Image8 1,504 steady cycles 962 steady cycles

Core Result V3 preserves accuracy while sharply reducing steady-state PL latency and end-to-end execution time.

98.30% 6.0125 ps 2.001x 814.6%

V3 accuracy V3 steady PL latency V2 — V3 PL latency E2E speedup
983 /1000 962 cycles @160MHz speedup vs true baseline



Benchmark Summary

Accuracy is maintained around 98%, while PL cycles drop from 434,330 cycles/image in the baseline to 962 steady cycles in V3.

Baseline 98.40% 434,330 2’\?98%'2%5: 8,760.471 ms Correctness-first
984 / 1000 cycles/image @50MHz 1000 images PS—PL—PS flow
V2 98.60% 1,504 12.032 ps 22.589 ms Parallel PL +
986 / 1000 steady cycles @125MHz 1000 images DMA/cache timing
V3 98.30% 962 6.0125 ps 10.754 ms Low-bit design +
983/ 1000 steady cycles @160MHz 1000 images clock improvement
% 0.10 95.24%
99.78% -0.10 pp .24%
PL cycle reduction V2 — V3 cycle V3 accuracy change Non-PL total

vs Baseline reduction vs Baseline reduction vs Baseline

Abstract message: V3 achieves the best latency-efficiency point, delivering a 2x steady PL latency speedup over V2 while staying within 0.3 pp
of V2 accuracy.
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What is LeNet?

“ Operation Parameters Output Shape
INPUT feature maps feature maps feature maps feature maps QUTPUT

28x28 4@24x24 4@12x12 12@8x8 12@4x4 10@1x1
Input Image uint8, 1 channel 1 %28 x 28
Conv1 Valid conv + RelLU 4 filters, 5%5, stride 1, no bias 4 x 24 x 24
Pool1 MaxPool 2x2, stride 2 4 x12 x 12
* CONV1: 4x(5x5) kernel, stride=1, no padding or bias — Output: 4x24x24
- POOL1 : 2x2 max-pOOI stride=2 I Output: Ax12x12 Conv2 Valid conv + RelLU 12 ﬁlters, 5x5, stride 1, no bias 12%x8x8
* CONV2: 12x(5%5) kernel, stride=1, no padding cr bias — Output: 12x8x8
* POOL2 : 2x2 max-pool, stride=2 — Output: 12x4x4 Pool2 MaxPool 2x2, stride 2 12x4x4
. FC :Flatten (12x4x4=192), no bias — Output: 10 classes
FC Fully connected + ReLU 192 — 10, no bias 10 logits
Output Argmax select max activated logit digit 0-9
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Input Data and Weight Setup

Header File Parsed Type Expected Size Tensor Shape

conv1_arr.h int8 4x1x5x5 = 100 4x1x5x5
conv2_arr.h int8 12x4x5%5 = 1,200 12x4x5x5
fc1_arr.h int8 10%192 = 1,920 10 x 192
test_images_arr.h uint8 Nx28x28 N x 28 x 28
test_labels_arr.h uint8 N labels N
e — G — bt — M e —s Ma e e
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PL Architecture

lenet_controller

start / Col”tml FSM / Layer Sequencer
b e e - A B I T O e R VT g ey P T T "
! | | I | I I |
& - M SRR , v v ¥
: . . : $ : ‘ . \ ‘ 1
conv_engine relu_engine pool_engine | conv_engine | relu_engine pool_engine fc_engine | relu10_engine L - logits[9:0]
(CONV1) (RELUY) (POOL1) (CONV2) (RELU2) (POOL2) (FC) (RELLI0) (10 values)
J \ J < J \ J J v
: : : : : : : :
| ~ @ - lenet_baseline_top (lenet_baseline_top.v) (10)
I I | I | I |
done / statue et Ul L e e e me e ————— e e e e e e e e e o s ek es s lececeeceae- ‘: > @ u_image_bram : image_bram_wrapper (image_bram_wrappery) (1)
Processing order: CONV1 — RELU1 — POOL1T — CONV2 — RELU2 — POOL2 — FC — RELU10 > @ u_weight_bram : weight_bram_wrapper (weight_bram_wrappery) (1)
= - > @ u_feature_map_bram : feature_map_bram_wrapper (feature_map_bram_
g Welght BRAM L \aealg:; S:::Mtzhen _— @ u_controller : lenet_controller (lenet_controllery)
(805 X 32) ; P > @ u_conv_engine : conv_engine (conv_engine v} (2)

unchanged during inference.

@ u_relu_engine : relu_engine (relu_ena

l l l ® u_pool_engine : pool_engine (p ngine.v)

( = . . ( o= " \ = = Y B’ . . . 7 - r b w10 2 > @ u_fc_engine : fc_engine (fc_engine.
conv_engine relu_engine | pool_engine conv_engine relu_engine pool_engine _engine TRRAREPEGIMINI Y o i i i o 99
> =" T lu10 ine : relu10 ine (rel ginew)
(CONV1) > (ReELU) (POOL1) | (CONV2) (RELU2) (POOL2) Fo) | (RELU10) | @ u_reluto_engine - relu1o_engine ( e
. 4 / | ® u_pl_cycle_timer: pl_cycle_timer (pl_cycle_timer.y)

J

o Eabiey s s (0

_ _ * - + i ) (10 values)

Image BRAM / @® Feature Map BRAM:
L (1996 x 32) ; Feature Map BRAM Reused as s:ared scratchpad
(2304 X 32) for intermediate results.

| @ Image BRAM: )

Stores the current Feature Map BRAM Address Reuse Pattern
i J T 0 ~ 2303 CONV1 / RELU1

= B 0 ~ 575 POOL1 .

—» Image data path --» Control / Status 7~ N The Feature Map BRAM is

(input image) (start, done) 576 ~ 139 CONV2 / RELU2 P ‘\W A reused within a :ingle-image
—» x:c_;:: Sata path e Dl ‘ 576 ~ 767 ~ POOL2 1 inference to reduce

(to PS) FC input reads FC layer reads flattened features memory cost.

—p Feature-map data path

(intermediate read/write) from 576 ~ 767 from 576;767 S— =




PL Result and Block Design

LeNet RTL dataset test start
Images : 1eee
Clock : 180 MHz
Weight words loaded: 8@5

MISCLASSIFIED image| =8, =1, =434330
MISCLASSIFIED image| =1, =2, =434330
MISCLASSIFIED image| =9, =4, =434330
MISCLASSIFIED image| =8, =2, =434330
Progress 10@/10e0: =96, =4, =96.00%
MISCLASSIFIED image[11@]: =9, =7, =434330
MISCLASSIFIED image[128]: =8, =1, =434330
Progress 200/10e0: =194, =6, =97.00%
MISCLASSIFIED image[246]: =5, =3, =434330
MISCLASSIFIED image[273]: =9, =0, =434330
MISCLASSIFIED image[278]: =4, =0, =434330
MISCLASSIFIED image[287]: =0, =6, =434330
Progress 300/1009: =290, =10, =96.67%
MISCLASSIFIED image[316]: =2, =7, =434330
Progress 400/10e0: =389, =11, =97.25%
Progress 500/1ee: =489, =11, =97.80%
MISCLASSIFIED image[5@8]: =58 =3, =434330
MISCLASSIFIED image[520]: =9, =4, =434330
MISCLASSIFIED image[527]: =9, =4, =434330
Progress 600/1000: =586, =14, =97.67%
Progress 70@/1eee: =686, =14, =98.00%
Progress 80@/16e0: =786, =14, =98.25%
Progress 900/1000: =886, =14, =98.44%
Progress 1000/1@00: =986, =14, =98.60%
FINAL DATASET RESULT

Correct : 986 / 1800

Wrong : 14

Classification accuracy : 98.60%

Unknown/X/Z logits o)

Overflow observed : e

Total PL busy cycles : 434330000

Average PL cycles/image : 434330.00

Minimum PL cycles/image 1 434330

Maximum PL cycles/image : 434330

Pure PL compute time : 4343.300 ms

Average PL latency/image : 4343.30@ us

Weight-loading modeled time: 8.096@ us
Dataset modeled time 1 4345.290 ms
Total medeled time : 4345.298 ms

TEST COMPLETED
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Block Design Analysis

a
o
o
g
g
g
g
g
E
o
g
g
g

Design Runs
Q = = + %
Mame Constraints  Status WHNS
v of synth_1 (active constrs_1 synth_design Complete!
« impl_1 constrs_1 write_bitstream Complete! 2461

w Out-of-Context Module Runs

» « design_1 Submodule Runs Complete

Q = & C

Settings

13

Summary (1.43 W, Margin: N/A)
Power Supply
~ Utilization Details

Hierarchical (1.295
Clocks (0.009 v
~ Signals (0,011 W
Data (0.01V
Clock Enable (0.001 V)
SetReset (<0.001
Logic (0.008 W
BRAM (0.008 V!
DSP (0.004 v
PST7 (1.256 W

imnl 1 ieavad)

WHS THS  TNS WBS3 TPWS  Total Power

0023 0.000 0.000 0.000 1.410

Power

4 Summary

Power analysis from Implemented netlist. Activity
derived from constraints files, simulation files or

On-Chip Power

vectorless analysis. Dynamic: 1295W  (91%
Total On-Chip Power: 1.43 W Clocks: 0.009W 1%
Design Power Budget: Not Specified Signals: 0011w 1%
Process: 91% Logic: 0.008 W 1%
Power Budget Margin: NIA 959 BRAM: 0.008 W 1%
Junction Temperature: 41.5°C DSP: D.004W (=%
Thermal Margin: 43.5°C (3.6 W) pPs7: 1256 W [o05%
Ambient Temperature: 250°C
Effective SJA P 9% Device Static: ~ 0.135W (9%
Power supplied to off-chip devices: 0W
Confidence level: Medium
Launch Power Constraint Advisor to find and fix
invalid switching activity
Failed Routes  Methodology RQAScore  QoR Suggestions  LUT  BRAM  FF URAM DSP  Star
0 0 0 0 0 826,512 AM
] 2434 4 2661 ] 4 BMI26, 512 AM

811126, 4:57 AM
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PS Result
o | AwyzBoaa | RiLSimuaton |

PS image -> PL inference -> PS result

= == - Test Images 1,000 images 1,000 images
CSR : Bx43ce0000 Accuracy 98.40% 98.60%
IMAGE : ©x40000000
WEIGHT : ©x42000000
i — Correct / Wrong 984 /16 986/ 14
STATUS : ©x00000008
Operating Clock 50 MHz 100 MHz
PS -> PL -> PS] 1000 images
mismatch image[16]: PL=0 label=3 PL Cycles / Image 434,330 434,330
mismatch image[11]: =2 =4
i tch i 20]: =8 =1
Mot imane s8]s FL1 102 Total PL Cycles 434,330,000 434,330,000
mismatch image[61]: =9 =4
mismatch image[94]: PL=8 =2 Pure PL Compute Time 8.6866 s 4.3433 s
mismatch image[118@]: =9 =7
e e e Total Processing Time 8.760 s 4.345s
mismatch image[246]: =5 =3
mismatch image[273]: =9 =0
mismatch image[278]: =4 =0 Overflow 0 0
mismatch image[287]: =0 =6
mismatch image[316]: =2 =7/ Timeout / X-Z 0 0
mismatch image[5@8]: =5 =3
mismatch image[528]: =9 =4
mismatch image[527]: =9 =4
T summary S Total Processing Time Pure PL Compute Time PS / AXI / Control OverheadPL Cycles / Image
rocesse B
Accuracy - A < GO 8.760 s 8.6866 s 0.0734 s 434,330
Wrong D16 PS image — PL inference —FPGA computation only E2E - PL time single-image latency
Weight upload once : 297 us
PS->PL->PS E2E total : 8760471 us (8.760 s PS reSUIt
E2E + initial weight upload : 8760768 us (8.760 s
E2E average/image . 8760.47 us
Pure PL compute total : 8686600 us .
Pure PL average/image : 8686.60 us Tlme Breakdown
PS/AXI/control overhead : 73871 us

PL total busy cycles : 434330000 PLC =
omputation

PL min/max cycles : 434330 / 434330 99 1p6°/

PL overflow count 1 e - 0

PL timeout count : e
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Where the Baseline Loses Cycles

01

Shared Feature BRAM

Problem

Conv, RelLU, and Pool repeatedly

read/write the same feature-map BRAM.

v2 direction

Fuse Conv + RelLU + Pool into one
streaming module.

02

Low MAC Throughput

Problem

A single MAC-style path serializes
convolution and FC operations.

v2 direction

Allocate dedicated parallel engines
using 160 DSPs.

03

Redundant Data Access

Problem

Adjacent 5x5 windows reread data that
is already available.

v2 direction

Use line buffers and decouple window
generation from MAC issue.

The baseline is functionally correct, but its datapath repeatedly waits on memory, reuses a small MAC path, and cannot overlap frames.

04

Memory Waiting Gaps

Problem

Single image / Pool1 buffers force the
next stage or frame to wait.

v2 direction

Use image / Pool1 ping-pong buffers
and row-ready handshaking.

Core strategy: reduce PL cycles by increasing parallel compute, feeding MAC lanes continuously, and overlapping memory stages.




Bottleneck 1: Repeated Feature-Map BRAM Read / Write N

Baseline stores intermediate feature maps between Conv, ReLU, and Pool, causing repeated memory traffic.

Baseline vs Accelerator v2 Takeaway

Baseline The first bottleneck is not arithmetic
itself. It is repeated movement of the

Shared Shared Shared Shared Shared Shared | same feature map through shared
Image Convl Feature Feature Feature |3 Conv2 »| Feature Lyl paiy2 ol Feature Feature |y FC > Logits BRAM between small operators.
BRAM Map Map Map Map Map Map
BRAM BRAM BRAM BRAM BRAM BRAM
‘.\ 1‘ \\ &) 4\\ A A\ i /4‘\ 7, I\ v /4
& Repeated shared Feature Map BRAM write/read
Upgrade rule
Accelerator v2 Keep d.ata on-chip and .
streaming whenever possible.
Image Pool1 s
Ping/Pong Conv1 + ReLU1 + Pool1 Ping/Pong Conv2 + RelLU2 + Pool2 Agt'r‘:;tr':n FC Logits
BRAM BRAM

@ Shared Feature Map BRAM round-trips removed



Bottleneck 2: Low Arithmetic Throughput from a Reused MAC Engine

The model requires many MAC operations per image. A sequential MAC path turns this into a large cycle count.

Layer Output shape Multiplications / output Total multiplications -

One image already requires 136,320

Convi 4x24x24 Sx5=25 57,600 multiplications before address control,
accumulation, and memory latency.

Conv2 12x8x%x8 4x5x5=100 76,800

FC 10 classes 192 inputs / class 1,920

Total - - 136,320

Sequential output-channel processing

. The input window is reused, but the baseline consumes it
Window 0 Window 0 Window 0 Window 0

E— E— E— through one compute path. Cycles grow with output channels
and kernel taps.

+ Filter 0 + Filter 1 + Filter 2 + Filter 3




v2 Response: Dedicated Parallel Engines

Accelerator v2 replaces the shared convolution path with dedicated Conv1, Conv2, and FC engines, using 160 DSPs in total.

Conv1 Engine Conv2 Engine FC Engine Total
2 dot25 lanes x 25 multipliers 4 output lanes x 25 taps 10 class lanes in parallel parallel datapath allocation
Conv1 issue schedule Conv2 partial parallelization
Lane 0
254 oco/ocz 2 issue cycles 4 output | > Input ch :
-tap I output lanes nput channels
Window for 4 channels x 25 taps processed serially
Lane 1
0c1/0C3

12 output channels = 3 groups; 4 input channels per group — 12 issue cycles

24x24 windows x 2 channel groups = 1,152 issue cycles . o
per spatial position.

Parallel engines raise hardware utilization: each layer receives a datapath sized to its arithmetic demand instead of sharing one serial MAC path.




FC Engine: Broadcast One Activation to 10 Class Lanes

The fully connected layer is smaller than convolution, but class-parallel MAC lanes remove sequential class processing.

Baseline FC order

Class 0 Class 1

192 MACs 192 MACs
Accelerator v2 FC order
Class 0 Class 1
One pooled
N e
activation
Class 5 Class 6

—

Class 2

Class 7

Class 9
192 MACs

Class 3

Class 8

Class 4

Class 9

Key numbers

192 input activations
x 10 output classes
= 1,920 multiplications

10 accumulators
updated together

The RTL uses 10 independent weight banks and
broadcasts one pooled activation to all class MAC
lanes.



Bottleneck 3: Redundant Data Access Between Adjacent Windows N

Adjacent convolution windows share most pixels, but independent BRAM reads request the same data again.

Two adjacent 5x5 windows

Naive access Reuse-aware access
a b c d e b [ d e . .
Window 0: 25 reads Next window needs only 5 new
; g : | j g : J Window 1: 25 reads pixels; 20 pixels can be reused
Window 2: 25 reads internally.
k | m n o > | m n o]
p q r s t q r s t
u v w X y v w X y

Upgrade direction: line buffer
20/ 25 pixels are reused

Previous Row 4

Previous Row 3

5x%5 window

Previous Row 2 e .
from internal rows

Previous Row 1

Current Row

Line buffers retain previous rows so the accelerator does not reread them from image or Pool1
BRAM.




Bottleneck 4: Image Memory Waits Between Frames [ e |

A single image BRAM cannot safely receive the next image while Conv1 is reading the current one.

Single image BRAM Image ping-pong buffer
I . Conv1 Read
-, mage Ping Frame N
External Image BRAM Conv1
Write . g Read
External Write
Image Pong
Frame N load — Conv1 reads Frame N — Frame N+1 load Frame N+1 E—

Control signals

Ping-pong buffering overlaps image transfer with computation,

load_bank: bank for the next external image write eliminating frame-load gaps before Conv1.
c1_active_bank: bank for the current Conv1 read

image_ready = 1 when the load bank is empty




Bottleneck 4 Continued: Pooll Buffer Prevents Layer Overlap

Conv1 writes Pool1 results while Conv2 reads Pool1 as input. With one buffer, the two stages conflict.

Single Pool1 BRAM conflict Pool1 ping-pong buffer
Conv2
Frame N —_—> Pool1 Ping
Conv1 Pool1 Conv2 Read
Frame N+1 —_—> —_— Frame N
Write BRAM Read
Conv1
Frame N+1 _— > Pool1 Pong
Write

Even with dedicated Conv1 and Conv2 engines, one intermediate buffer serializes them.

Frame pipeline

Frame N Convd

Frame N+1

Frame N+2

Pool1 ping-pong enables Conv1 of the next frame to run while Conv2 + FC process the current frame.




Pooll Row-Ready: Start Conv2 Before the Whole Feature Map is Done

Pool1 ping-pong solves inter-frame conflict, but row-ready also reduces same-frame waiting between Conv1 and Conv2.

Without row-ready

RTL-level idea
) Each Pool1 bank has a 12-bit row_ready
Conv1 writes Conv2 starts status. When Conv1 finishes writing channel
el el Lo i Gl e group 2-3 for the last column of a row, the
corresponding ready bit is set.

Conv2 waits until the entire 12x12 Pool1 map is complete.
Conv2 checks whether the rows needed for
its 5x5 window are ready before reading.

With row-ready bits

Conv2 starts when
required rows exist

row_ready[0..11]

Result: Conv2 does not wait for the full Pool1 feature map; it can begin as soon as enough rows are available.




Upgrade Summary: From Sequential Baseline to Pipelined v2

The v2 design attacks the dominant PL bottleneck through module fusion, parallel engines, data reuse, and overlapped buffering.

Bottleneck Baseline limitation v2 hardware direction Expected effect

Conv / ReLU / Pool repeatedly access shared feature-map

B1 Feature BRAM BRAM Fuse Conv + ReLU + Pool into one module Lower intermediate memory traffic
B2 MAC throughput One MAC path serializes 136,320 multiplications / image Conv1 50 DSP, Conv2 100 DSP, FC 10 DSP More MACs completed per cycle
B3 Data access Adjacent 5x5 windows reread mostly identical pixels Line buffer, BRAM banking, decoupled window generation Keep DSP lanes supplied

B4 Waiting gaps Single Image / Pool1 memories prevent frame and layer overlap Image / Pool1 ping-pong + row-ready Overlap load, Conv1, Conv2, and FC

Main message: the baseline is not inaccurate; it is underutilized. v2 improves latency by restructuring the PL datapath around parallel compute and memory overlap.
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PL Architecture

LeNet Accelerator v2 — Exact RTL Hierarchy and PL Datapath

Current rollback RTL. Path colors indicate signal meaning: box colors indicate module category.

2. Functional PL Structure / Dataflow

= ' E O N e L P T B S O SRR SeeT e nEesemse ™ \
: Planned: lenet axis wrapper ! : PLANNED AXI4-STREAM WRAPPER — NOT YET IN CURRENT RTL i
: not yet instantiated; will contain lenet_v2 ! ! s — T T — - — =~ :
——————————————————————————————————————————————— 4 : S_AXIS 32-bit lenet_axis_wrapper (planned) 5 M_AXIS 32-bit '
L 1 AXI DMA MM2S | packet parser — native ports | result capture — serializer ) AXI DMA S2MM :
( lenet_v2 ) % 3 ) }
___________________________________ T T T T e
2 N
H 1 |
| pl_cycle_timer x2 : CURRENT RTL: lenet_v2 :
u_pl_cycle_timer_bank0 / bank1 native write/start result/status
64-bit frame-cycle counters 2 instances
N o 2
| (Welght:bram bimgiwrapper Frarn.e scheduler / control logic ) ) pl_f:ycle_tlmer x2
u_weight_bram 2 frame slots + bank selection « cache start « C1/C2/FC launch « completion tracking 64-bit per-frame counters
~ lenet_weight_bram BMG IP
~— 32-bit x 80S words wide/read ports control / scheduling
p- N Eatd a L e e L S Prececccsecncacenn. LR LR L L e L e et DL L LD LR L
|| weight_cache_loader g ; ! i .
u_weight_cache_loader 1 ] ] ] '
— BRAM stream — C1/ C2 / FC cache writes ’ & ) 3 :
= 2 v v v
= :Tmﬁe;::"gqpong_bmg Image Ping/Pong BMG] ( Convl Engine ] [ Pooll Ping/Pong BMG I' Conv2 Engine ] ( FC Engine ] Result / Status
— lenet_image_bram — Ping 32HR 0196 LA L ) — 0D Pooll writes | 2 X QA4XEABI) ey piitrows|  J00DSP (1o e 2hbstroam)  10DSP 10logits | logks_flat{19:0]
W= lenet_image_bram — Pong 32-bit x 196 native upload target 5 x 5 convolution written by Convl 4 x dot25 pipelines 192 streamed inputs cycle_count[63:0]
) N read by Convl 216x256 window FIFO row_ready to Conv2 4-entry Pooll FIFO 10 MAC lanes result_frame_id[15:0]
|| convl_engine_50dsp .
u_comvl RelU1 + Pooll write RelU2 + Pool2 no Pool2 BRAM busy / done / overflow
= convl_weight_tap_reg x25 25 x 32-bit regs 7'y
— convl_window_fifo_bmg 216-bit x 256
— lenet_c1_window_fifo_bram BNMGIERL NI R e R R S Sas s ESNERT e Rn e
— dot25_pipeline x2 50 DSP busy / done / overflow
~— pool_row_sri24x16 x4 timing fix P -
N | Conv2 streams p2_valid / p2_flat_index / p2_activation directly into FC.
I pl_pingpong_bmg = = —% .
u_p1_pingpong 5
— lenet_pl_ping_bram 64-bit x 144 -
— lenet_p1_pong_bram 64-bit x 144 | Weight BMG INDEPENDENT WEIGHT PATH — THREE SEPARATE DESTINATIONS
80S x 32-bit
%r conv2_engine_100dsp external write / loader read
u_conv2 't
— conv2_weight_tap_bank x25 12 x 32-bit LUTRAM aach =
— dot2S_pipeline x4 100 DSP Weight Cache Loader
— line buffers + 525x4 window intemal regs sequential BRAM read
~ Pooll_prefetch FIFO 4 x 64-bit emits C1 / C2 / FC writes c1_tap_we / wdata €2_tap_we / addr / data b fc_class_we / index / data
~— ReLU2 + Pool2 + serializer internal RTL H
J \ 4 A 4
L{ fc_engine_10dsp Convl !ocal weights Conv2 .Iocal weights FC. local weights
we convl_weight_tap_reg x25 conv2_weight_tap_bank x25 fc_weight_class_bank x10
— fc_weight_class_bank x10 192 x 8-bit LUTRAM each 25 x 32-bit registers 12 x 32-bit LUTRAM each 192 x 8-bit LUTRAM each
— fc_mac_lane_direct x10 10 DSP
— output logits_flat[19:0]
— — ——— = —— o B
= & Signal-color legend ——J» image / activation data P weights = = §» control - = § status P final results
. compute [} BRAM wrapper [} weightstore (@) loader/control [} timer/output Module-box colors show category only: compute = neutral gray, BRAM wrappers = cyan, local weight stores = green, controller = red, result/timer = orange.
- 0 e — —— — — —— = ——— e J
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PL Result and Block Design

LENET AXI WRAPPER DATASET SIMULATION
Clock 125 MHz

Images 1000

Weight words : 805

sending weight packet
weight packet complete.

MISCLASSIFIED image|20]: 8 1 1504

logits: 9780711 11545767 9437760 © 4010856 © 9950556 @ 17199342 0
MISCLASSIFIED image[59]: 1 2 1504

]OE1T<: 0 28227836 25024248 5319674 0 © 764578 0 21092369 0
MISCLASSIFIED image[61]: 9 4 1504

logits: @ 4055719 3850217 118952 21014173 0 © 6845841 4193318 21375826
MISCLASSIFIED image[94]: 8 2 1504

logits: © 18584919 22537120 605850 © 2747534 0 © 29510764 5696451
Progress 100/1000 96 a
MISCLASSIFIED image[110]: 9 7 1504

logits: © 11933352 8593986 193046 0 0 0 18369555 6645029 22399519

MISCLASSIFIED image[128]: 8 1 1504

logits: @ 12106443 7702000 7257941 © 6581200 10859137 © 19017769 ©
Progress 200/1000 194 6
MISCLASSIFIED image|246]: s 3 1504

logits: 998177 @ 651997 34147954 @ 46750429 © 4998677 13649668 10781099
MISCLASSIFIED imﬂ[{“ 273]: 9 *] 1504

logits: 26988731 © 10928520 0 @ © 0 4711667 19511658 33636187
MISCLASSIFIED image|278]: 4 ] 1504

lﬁﬁi"\': 12919759 © 1525014 © 13133380 663104 10114426 0 10636819 6586348
MISCLASSIFIED image[287]: 0 -6 1504

logits: 19933705 @ 13277917 4396604 6072181 1267200 13916804 0 8264651 0
Progress 300/1000 290 10
MISCLASSIFIED image[316]: 2 7 1504

logits: 8919249 @ 34695982 19546819 @ © 0 33686993 31595567 18464547
Progress 400/1000 389 11
Progress 500/1000 489 11
MISCLASSIFIED image[508]: s 3 1504

logits: 9434400 11681118 19607773 22333924 © 22395236 © 517716 © 2782209
MISCLASSIFIED image[520]: 9 4 1504

logits: @ 21457211 @ © 29922282 @ © 11291617 28372228 37671399
MISCLASSIFIED image[527]: 9 4 1504

logits: 747080 5838908 8393276 © 17302415 8432803 0 11283259 6941694 18286512
Progress 6008/1000 586 14
Progress 700/1000 686 14
Progress 800/1000 786 14
Progress 900/1000 886 14
Progress 1000/1000 986 14

AXI WRAPPER SIMULATION RESULT

Correct 986 / 1000
wrong 14
Accuracy 98.60 %
Frame ID errors )
Protocol errors a

Core overflow count 2]

Protocol sticky 2]
Queue sticky ]
Total cycles 1510442
Average cycles 1510.44
Min cycles 1504
Max cycles 7946

ACA LAB.

xlconstant_0

dout[0:0)

Constant

xlconstant_1

dout[0:0)

Constant

proc_sys_reset 0

lenet_axis_wrapper_0

+ S_AXIS M_AXIS

slowest_sync_clk mb_reset
bus_struct_reset[0:0]
peripheral_reset[0:0]
mb_debug sys_rst  inlerconnect_aresetn[0:0]
dom_locked

ext_reset_in
aux_reset_in

peripheral_aresetn[0:0)

Processor System Reset

axi_dma_ 0

M_AXI_MM35 4+
M_AXI_S2MM 4
M_AXIS_MM2S +
mm2s_prmry reset_out n

+ S_AXI_LITE
+ S _AXIS_SZMM
s _axi_lite_ack

m_axi_mm2s_aclk
-7 - s2mm_prmry_reset_out_n

m_axi_s2mm_aclk

o | | mm2s_introut

axi_resetn
s2mm_introut

AXI Direct Memory Access

aclk RTL  pmotocol_error

aresetn result_overflow

+

lenet_axis_wrapper_v1_0

processing_system7_0

+ S AXI_HPO_FIFO_CTRL

+ S_AXI_HFO
M_AXI_GPO_ACLK
S_AXI_HPO_ACLK

ZYNQ”

R

ARESETN —n
S00_ACLK H—MN Moo_Axl +
S00_ARESETN x.

MOO_ACLK —

MOO_ARESETN
SO1_ACLK
S01_ARESETN

AXl Interconnect
ps7_0_axi_periph

+ 500_AXI
ACLK
ARESETN
S00_ACLK M MOD_AXI +
S00_ARESETN

MOO_ACLK

M00_ARESETN

AXl Interconnect

DoR + ||}

[ DDR

FiIxeo_to + ||}
USBIND_0 + ||

M_AXI_GPO +
FCLK_CLKOD
FCLK_RESETO_N

ZYNQ7 Processing System

[ FIXED_IO




Block Design Analysis

Summary

Power analysis from Implemented netlist, Activity On-Chip Power

derived from constraints files, simulation files or

vectorless analysis. Dynamic: 19200 (93%
) 6%
Total On-Chip Power: 2073w 10% Clocks: 0.108W 6%
Design Power Budget: Not Specified 9% Signals: 0183W  (10%
Process: typica 93% 10% Logic: DATEW (9%
Power Budget Margin: NIA BRAM: 0.006W 1%
Junction Temperature: 48.9°C DSP: 0190W  (10%
Thermal Margin: 3IB1C(3.0W) B rs7 1266 W (4%
Ambient Temperature: 250°C
Effective SJA: 11.55C 7% Device Static: 0153 W T
Power supplied to off-chip devices: 0W
Confidence level: Medium
Launch Power Constraint Advisor to find and fix
invalid switching activity
Mame Constraints Status WNS WHS THS THS WBSS TPWS Total Power FailedRoutes Methodology RQAScore QoR Suggestions LUT BRAM FF URAM DSP  Start Elapsed Run Strategy
v of symth_1 (active constrs_1 synth_design Complete! 0 0 0 0 0 8/10/26, 3:58 AM  00:00:34 Vivado Sy Dx * (Vivado Sy is 2024)
« impl_1 constrs_1 write_bitstream Complete! 0458 0.020 0.000 0.000 0.000 2.073 0 5123 Wam 21209 9 40128 0 160 8M10/26, 359 AM 000522 Performance_NetDelay_high (Vivado Implementation 2024)

v Out-of-Context Module Runs

+/ lenet_image_bram_syntn_1
+/ lenet_weight_bram_synth_1
+/ lenet_p1_pong_bram_synth_1
+/ lenet_c1_window_fifo_bram_synth_1
v of design_1
+/ design_1_xbar_0_synth_1
+/ design_1_processing_system7_0_0_synth_1

+/ design_1_lenet_axis_wrapper_0_0_synth_1

«/ design_1_axi_dma_0_0

£ ACA1AB.

lenet_image_bram
lenet_weight_bram

lenet_p1_pong_bram

lenet_c1_window_fifo_bram

design_1_xbar_0

design_1_processing_system7_0_0

design_1_lenet_axis_wrapper_0_0

synth_design Complete!
synth_design Complete!
synth_design Complete!
synth_design Complete!
Submodule Runs Complete
synth_design Complete!
synth_design Complete!
synth_design Complete!

Using cached IP results

=}

o o o

286
24
18728

05 0 0 0 BI2/26, 2221 AM
1 0 0 0 8/2/26, 2:22 AN
1 0 0 0 82126, 2.24 AN
3 0 0 0 812126, 4:23 AM

8/9/26, 9:37 PM
0 353 0 ] 8/9/26, 9:37 PM
0 0 0 0 8/9/26, 9.37 PM
0 36802 0 160 8M0/26, 3:.56 AM

00:00:56
00:00:39
00:00:39
00:00:40
06:20:51
00:01:03
00:00:52
00:01:46

Vivado Synthesis Defaults (Vivado Synthesis 2024)
Vivado Synthesis Defaults (Vivado Synthesis 2024)
Vivado Synthesis Defaults (Vivado Synthesis 2024)
Vivado Synthesis Defaults (Vivado Synthesis 2024)

Vivado Synthesis Defaults (Vivado Synthesis 2024)
Vivado Synthesis Defaults (Vivado Synthesis 2024)
Vivado Synthesis Defaults (Vivado Synthesis 2024)




PS Result

LeNet-v2 D-CACHE ON / PS+PL TIMING ANALYSIS

Baseline LeNet-v2
D-cache ENABLED with explicit DMA cache maintenance
DMA address Bx40400000
Result packet 13 words / 52 bytes
Images 1000

PL clock 125000000 1z Processed images 1000/ 1000 1000/ 1000 same

Global timer 333333333 Hz (fixed for ~666.666 MHz Cortex-A9
PL ti FPGA computation cycle_count only
PS+PL FULL time - weight setup/DMA + 1000 complete inferences

UART output excluded from measured region Correct predictions 984 986 +2

MISCLASSTFICATIONS . .

Wrong predictions 16 14 -2
image[208]: 1
imaze 59]: 2
image[61]: 4
image[94]: 2
image[110]: Frame / protocol errors N/A 0/0 clean protocol
image[128]: 1
image[246]:
image[273]:
image[278]:
image[287]:
image[316]:
image[508]:

image[520]:

0 Core / queue overflow 0 0/0 no overflow
2

5

9

PEUYaoead

image[527]:

PL cycles / image PL latency / image E2E average / image

FINAL SUMMARY

et 434,330 cycles —» 1,504 cycles 8,686.60us — » 12.032us 8,760.47 us

Misclassifications 14
Frame ID errors ]
Protocol errors o 288.8x fewer cycles - 99.65% reduction 722.0x% faster PL latency
Core overflows a
Queue overflows [}
PL TIME
Total PL cycles 1518442
Average PL cycles 1518 H H H . H
e Architecture-normalized view: cycles / image
Max PL cycles 7946
Total PL computation 12.083536 ms
Average PL computation 12.083 us
Steady-state PL avg (1..999 12.83:

Baseline

Min PL computation

Max PL computation

434,330 cycles
................ ]

PS+PL FULL total 22.589361 ms
PS+PL FULL avg / image 22.589 us
OVERHEAD
Total non-PL 10.505825 ms V2 steady-state
Average non-PL / image 10.505 us
Full throughput 44268.627 images/s ‘] 504 CyCleS
Pure PL steady throughput 83111.702 images/s - !
PL share of full 53.49 %
Mon-PL share of full 46.50 %
End-to-end / PL ratio 1.869 x

TEST FINISHED

£ ACA1AB.
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V3 Accelerator(Quantize+BitMoD)
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Why 1-bit Image Input?

Input Quantization Effect on Images
(Weights: int8, no quantization)

55555

NONGRARAOEAEN
NONGRARAOAEN
NEONGRARNAOEASEN
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delfel el ) el
HEEHEHE
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319191919
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086/1000)
086/1000)
987/1600)
088/1000)
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084/1000)
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=
I
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Input-bit accuracy sweep

Accuracy (%) 98.60 98.70
Imem compression 1.00% 1.33x

Imem compression by image precision

Image8
Image4 I 2.00x%
Image! I 7.84%

98.50

2.00%

98.40 98.20
2.65x% 4.00%

0 0

1 passes through

98.40

7.84x%




Why BitMoD FP4

FP3 gives stronger compression and compute proxy, but the accuracy drop is too large. FP4 keeps the model inside the target loss budget.

Reason Weight Scheme Img Acc
ACiIeEst (S Best Accuracy  INT4-Sym-PG- 4 99.00%
kernel [25,25,24]

BitMoD-FP3 coarse 3 coarse [25,50,48] 1-bit 96.40% -2.20 pp 2.49x 7.84x 3.47x 3,880 3.322 Safe Efficiency  INT3-Asym-PG- 1 98.30%
(loss < 0.3pp) fine [5,10,16]
BitMoD-FP3 kernel 3 kernel [25,25,24] 1-bit 96.20% -2.40 pp 2.35x 7.84x 3.47x 5,456 3.028 Balanced INT3-Asym-PG- 1 98.10%
Efficiency (loss coarse
<05pp)/RTL-  [25,50,48]
BitMoD-FP4 coarse 4 coarse [25,50,48] 1-bit 98.00% -0.60 pp 1.90x 7.84x 2.61x 3,880 2.758 friendly PG
Aggressive INT3-Sym-PG- 1 97.60%
. . Efficiency (loss coarse
BitMoD-FP4 kernel 4 kernel [25,25,24] 1-bit 98.10% -0.50 pp 1.81x 7.84x 2.61x 5,456 2.525 <10pp) (25,50,48]
Best BitMoD BitMoD-FP4- 1 98.10%
BitMoD-FP4 fine 4 fine [5,10,16] 1-bit 98.50% -0.10 pp 1.66x 7.84x 2.61x 19,320 1518 (loss < 0.5pp) Adaptive-PG-

kernel [25,25,24]

Choice Accuracy Comp | GrpOps
Accuracy at Image1 Group rescale pressure

FP3 coarse NN = 96.4% FP4 fine IS 19,320  |NT3-Asym coarse 98.10% -0.50 2.28x  3.47x 3,880 Best balanced proxy
FP4 coarse
FP4 kernel NN 5,456 INT3-Sym coarse 97.60% -1.00 2.40x  3.47x 3,880  Aggressive / lower accuracy
FP4 kernel NN 98.1%
i FP4 coarse [ 3,880
FP4 fine I 98.5% BitMoD-FP4 kernel 98.10%  -0.50 1.81x  2.61x 5,456 v3 co-design target

Chosen rationale: FP4 gives acceptable accuracy at 1-bit input, while kernel/coarse grouping avoids the very high group-rescale pressure of fine-grained PG.

£\ AcA1AB.




v2 — v3: Method-Level Changes

v3 changes the data representation and the system path around the accelerator, not only the layer schedule.

LeNet-v2 LeNet-v3

Purpose

Input image 8-bit image input 1-bit quantized + packed image Reduce PS—PL transfer and image memory
Weights INT8 weights BitMoD FP4 adaptive per-group weights Reduce weight storage and operand workload
Datapath Parallel INT8-style engines Low-bit packed / BitMoD-aware compute path Make quantization visible to hardware
Clock 125 MHz 160 MHz

Exploit shorter critical path after optimization

Transfer/control DMA + cache maintenance Prebuilt TX + bulk c?\;l:&?;alntenance + direct Lower non-PL overhead
Benchmark policy D-cache ON timing analysis Cold included + steady-state split Separate cold start from steady throughput

Conceptual transition

v2 v3 fewer cycles
parallelism-first quantization + packing + clock + shorter latency

The important presentation point is that v3 makes the low-bit representation an architectural feature, not just an offline model-compression resulit.

£\ AcA1AB.




PL Architecture

LeNet Accelerator v3 — Exact RTL Hierarchy and PL Datapath

Current production RTL with AXI4-Stream wrapper, BitMoD datapath, ping/pong buffering, deterministic C2 line-buffer FF fix, and P2FIX16 output path.

1. Exact Module Hierarchy 2. Functional PL Structure / Datapath

Planned / top integration: design_1 H
1 .
' S_AXIS 32-bit lenet_axis_wrapper_v3 M_AXIS 32
AXI DMA MM2S packet parser * frame control ¢ result capture * serializer AXI DMA S2MM

1
1
! PS + AXI DMA context

]
1
'
'
'
1
'
'
1
'
|
'
1
'
1
I
'
1
1
1
i
'

M
|
1
'
1
'
'
'
'
'
I
1
1
!
'
'
'
'
'
'
'
|

7

S E—C

lenet_axis_wrapper_v3 L
( AXI4-S!r:m pl_cycle_timer_v3 l [ result/status ‘ Ve N
| pocketparser | | oz | packetizer | CURRENT RTL (BitMoD Datapath)
|
. Frame scheduler / control logic pl_cycle_timer_v3 x2
[ lenet"V3—bltm°d J [ 2 frame slots « bank selection « C1/C2/FC launch * completion tracking 64-bit cycle counters
imagel_.pingpong_b!ng_v3 control / scheduling »= === === Ry e e e o e i v result/statys leeecoqemcccccceaaa "
lenet_v3_imagel_bram ping/pong ' | | | 1 1 1
| | ) | 1
_{ weight_bram_bmg_wrapper_v3 ] 4 h 4 A 4 ¥ p ¥ N
lenet_v3_weight_bram Image Ping/Pong BMG Convl Engine Pool1 ng/Pong BMG Conv2 Engine P2 stream / emit FC Engine Result / Status
e 41 bitmod_weight_subsystem i iinage paskit words 25 DSP pooled features 100 DSP (mixed) P2 = 192 features 10 DSP (mixed) fogits: 10 values
bitmod_c1 [ bitmod_c2 ] [ bitmod_c2 ] (bilmod_fc ] [ fe_code2 ] 196 x 32-bit 5 x 5 convolution 96 x 32-bit 5 x 5 convolution 96 beats x 32-bit fully connected :::'::::;436-::“
| (_cache_bank cache_bank | | cache_read_lane meta_bank bank_tdp J per frame 216 x 256 window per channel 108 x 96 window (P2FIX16 format) BitMoD + P2FIX16 :tam.e_id: 1.6-bil
BitMoD dot-25 BitMoD + mul6
( convl_bitmod_engine_default i = d = yy 7y (el bu,s,y Aoy
l— [ c1_tine_buffer | [ c1_window " bitmod_dot25 | [ c1_poolscale | [ bitmod_scale T A
2px_v3 5x5_2px_v3 L balanced / cfg L channel claeaet3ZiEl (I O MHEH - e e e e o busy / done / error / overflow | === == == == m == === b e !
pl_pingpong_bmg_v3 l
lenet_v3_p1_bram ping/pong INDEPENDENT WEIGHT PATH — SHARED CACHED QUANTIZED WEIGHTS
. - \ -
: conv2_bitmod_engine_default . Weight BRAM bitmod_weight_subsystem + +
‘ <2-"::$':::':'—'3 €2_window bitmod_dot25 c2_dotq 805 x 32-bit cached & organized ca Local Weights C2 Local Weights FC Metadata
i \__deterministic fix 5x5_v3 2_mixed mul6_pipe uploaded once for broadcast / lane access 25 x in_ch x 32-bit 100 x in_ch x 32-bit + Code Banks
via AXI DMA i
l c2_totalsabs bitmod_scale c2_pool_pair (BitMoD format) (cache banks) + read lane m:tDadadta + code2
mulé_pipe c2_exact48 pipe (cache banks) (TDP dual-port)
| S — . —— S— ———
fc_bitmod_engine_default ~ o
s = r e —————————
bitmod_dequant fc_final_mag bitmod_scale g o
’ int8_serial mul_pipe J [ fc_mag_exact51 ] Signal / Path Legend 0 Key Characteristics @ Notes

—> Image / activation data path
—>  Weight data path

= =4 Control / scheduling path
. Compute engines D BRAM wrappers . Weight / cache stores . Control / timer / output =P

Bit-serial / mixed-precision (BitMoD) datapath with exact fixed-point scaling
Deterministic C2 line buffer (FF-based) eliminates RAM read variability

e P2 output in P2FIX16 format

Weights uploaded once, cached, and reused for all frames
Steady-state latency: 962 cycles @ 160 MHz (6.0125 ps)
Cold first image latency: 197,254 cycles @ 160 MHz (1.2328 ms)

¢ Logits emitted as 10 values
Status / done path

e Status includes frame_id and

~—  Final results / status output cycle_count for profiling

£\ AcA1AB.




PL Result and Block Design

LeNet V3 BitMoD

PARALLELISM COMPARISON

C2_IC_PAR =1

FC_PAR =2
DOT25_PIPELINED = 1

Clock period = 6.667 ns
Clock target = 149.993 MHz
Images = 1000

[QPASS]

[IMG
[IMG
[IMG
[IMG
[IMG
[IMG
[IMG
[IMG
[IMG
[IMG
[IMG

o]
1]
2]
3]
4]
5]
6]
7]
8]
9]

exact BitMoD cache match

label=4
label=9
label=9
label=7
label=1
label=1
label=9
label=0
label=7
label=8

pred=4
pred=9
pred=9
pred=7
pred=1
pred=1
pred=9
pred=e
pred=7
pred=8

expected=4
expected=9
expected=9
expected=7
expected=1
expected=1
expected=9
expected=0
expected=7
expected=8

[TB] 885 original INT8 weight words loaded

cycles=841253
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961

99] label=1 pred=1 expected=1 cycles=961

[IMG 199
[IMG 299
[IMG 399
[IMG 499
[IMG 599
[IMG 699
[IMG 799

label=0
label=5
label=6
label=6

label=8
label=1
label=9

pred=@
pred=5
pred=6
pred=6

pred=8
pred=1
pred=9

expected=0
expected=5
expected=6
expected=6
expected=9
expected=8
expected=1
expected=9

cycles=961
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961
cycles=961

C1=415 C2=83@ FC=959 C1/C20v=415 C2/FCi

C1=415
C1=415
C1=415
C1=415
C1=415
C1=415
C1=415
C1=415
C1=415

C2=830
C2=830
C2=830
C2=830

C2=830 F
C2=830 F

C2=830
C2=830
C2=830

FC=959
FC=959
FC=959
FC=959

FC=959
FC=959
C1=415 C2=830@ FC=959 C1/C2ov=415 C2/FCov:

C1/C2ov=415
C1/C20v=415
C1/C20v=415
C1/C2o0v=415
C1/C20v=415
C1/C2o0v=415
C1/C2ov=415
C1/C20v=415
C1/C20v=415

C1=415
C1=415
C1=415
C1=415
C1=415
C1=415
C1=415

C2=830
C2=830
C2=830
C2=830
C2=830
C2=830
C2=830

FC=959
=959
=959
FC=959
FC=959
FC=959

C:

C1/C20v=415
C1/C20v=415
C1/C2ov=415
C1/C20v=415
C1/C20v=415
C1/C2ov=415
Cl/C2ov=415

C1=425-23-830

C1/C20v=415

C2/FCov=
C2/FCov=!
C2/FCov=!
C2/FCov=
€2/FCov=!
C2/FCov=!
C2/FCov=
C2/FCov=!
C2/FCov=

C2/FCo
C2/FCo'
C2/FCo
C2/FCo
C2/FCo'
C2/FCo
C2/FCo
C2/FCo

9
[IMG 899
[IMG 999

]
1
]
]
] label=9 pred=9
]
1
1
]

label=@ pred=

@ expected=0 cycles=961 | Cl=

FUNCTIONAL RESULT

Prediction golden mismatches : @ / 1@@@

15 C2=830

C1/C2ov=415 C2/FCo

lenet_axis_wrapper_v3_0

=+ S_AXIS
aclk RTL
aresetn

protocal_errar

result_overflow

proc_sys_reset 0

mb_reset

Classification correct 983 / 1@ee

Exact cache mismatches 1 [

Exact logit mismatches (1@ : 8

Overflow flag -]

PERFORMANCE RESULT

Cold frame cycles : 841253

Steady frame cycles 1 961 et s
Clock target : 149.993 MHz R i
Steady latency : 6.487 us aux_resel_in

Theoretical frame throughput
V2 reference

: 156079.6 image/s
: 1584 cycles
: 1.565x

dem_locked

mb_debug_sys_rst

bus_struct_reset[0:0]
peripheral_reset(0:0]
interconnect_aresetn(0:0]
peripheral_aresetn(0:0]

Cycle speedup vs V2

Processor System Reset

lenet_axis_wrapper_v3_v1_0

M_AXIS +

smartconnect_1

—iit soo_ax H—H

F_

‘ aresetn

AXI SmartConnect

axi_dma_0

]+ S_AXI_LITE
S S_AXIS S2MM

s_axi_lite_aclk
m_axi_mm2s_ack
m_axi_s?mm_aclk

axi_resetn

M_AXI_MM2S  fi

M_AXI_S2MM

M_AXIS_MM2S - £

mm2s_prmry_resel_out_n
s2mm_prmry_reset_out_n
mm2s_introut

s2mm_introut

smartconnect_0

AXI Direct Memory Access

aclk H—MN MO0_AXI + i

AXI SmartConnect

processing_system7_0

+ S_AXI_HFO_FIF
S_AXI_HPO

M_AXI_GPO_ACLK
S_AXI_HPO_ACLK

"0_CTRL

ZYNQ®

DOR +

DDR

D
FIXED_IO + || > FIXED_IO

USBIND 0 + ||
M_AXI_GPO |
FCLK_CLKO
FCLK_RESETO_N

ZYNQT Processing System

PREDICTION FUNCTIONAL PASS
BIT-TRUE EXACT PASS
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Block Design Analysis

| Summary

Power analysis from Implemented netlist. Activity On-Chip Power

derived from constraints files, simulation files or

vectorless analysis. Dynamic: 1650 W (92%

. 10%

Total On-Chip Power: 1.796 W Fag Clocks: 0DABEW  10%

Design Power Budget: Not Specified Signals: 0.0gaw 504

Process: ypica 92% Logic: 003w 5%

Power Budget Margin: N/A B BRAM: 0.028 W 2%,

Junction Temperature: 45.7°C DSP: 0.034 W 205

Thermal Margin: 39.3°C(33W) - EYE 1268W (TR

Ambient Temperature: 250°C

Effective 34 11.5°CA 8% Device Static: 0146 W 3%

Power supplied to off-chip devices: 0W

Confidence level: Medium

Launch Power Constraint Advisor to find and fix

invalid switching activity
MName Constraints Status WNS WHS THS THS WBSS TPWS  Total Power Failed Routes Methodology RQAScore QoR Suggestions LUT BRAM FF URAM DSP  Start Elapsed
w o/ synth_1 (active constrs_1 synth_design Complete! 0 0 0 0 0 8/18/26,7:12AM  00:00:36

« impl_1 constrs_1 write_bitstream Complete! 0.003 0.016 0.000 0.000 0.000 1.796 0 35345 16 45869 0 167 BMBEM26, T13AM 001011
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Overall Benchmark Summary

All three accelerators were evaluated on 1,000 test images. The table separates model quality from PL computation and PS+PL system latency.

Baseline LeNet-v2 LeNet-v3
Accuracy 98.40% 98.60% 98.30%
Correct / Wrong 984/16 986/14 983/17
PL steady cycles / image 434,330 1,504 962
PL latency / image 8,686.60 us 12.032 ps 6.0125 ps
E2E latency / image 8,760.47 pys 22.589 ps 9.386 ps steady
Pure PL throughput =115img/s 83,112img/s 166,320img/s
Key method single sequential path parallel engines + buffering 1-bit input + BitMoD FP4 + 160 MHz
PL cycle reduction v2->v3PL Accuracy cost E2E throughput
99.78% 2.001x% —0.30 pp 106k img/s
Baseline » v3 steady latency speedup v3vsv2 v3 steady state

£\ AcA1AB.




Accuracy-Performance Trade-off

v3 intentionally trades only a small accuracy difference for a large reduction in PL latency and cycle count.

Baseline LeNet-v2 LeNet-v3 v3 penalty
98.40% 98.60% 98.30% —0.30 pp
reference board run best accuracy low-bit final design VS V2 accuracy
PL latency perimage PL throughput
Baseline I 8.687 ms Baseline ~115 img/s
v2 v2
v3 | 6.013 s v I 166k img/s

Evaluation takeaway: v3 keeps the classifier within the same accuracy band while cutting the steady PL latency by 2.001x compared with v2.




If the Benchmark Runs on 10,000 Images

This is an extrapolation from the measured 1,000-image benchmark. It assumes the same accuracy rate and similar steady-state timing behavior.

Projected result

Expected correct

Expected wrong

Projected E2E total

Projected PL total

Average E2E / image

Main note

Speedup overview

v2 vs Baseline

Baseline

9,840

160

87.605s

86.866 s

8.760 ms

accuracy reference

v3vsv2 I ~2.38x E2E @10k

v3vs Baseline |

~921x E2E @10k

Log-scale bars are used only for visual comparison.

£\ AcA1AB.

LeNet-v2 LeNet-v3
9,860 9,830
140 170
225.894 ms 95.086 ms
=120.320 ms 61.352ms
22.589 us 9.509 us
high accuracy, higher overhead fastest system-level projection

Projection method

v3 uses one cold-startimage plus 9,999 steady-state images. Thatis why its 10k
average improves compared with the 1,000-image cold-included average.

Projected 10k result: v3 would process 10,000 images in about 95 ms while still keeping an expected 98.30% accuracy.



Evaluation Conclusion

The three versions show a clear design evolution: correctness > parallelism 2> quantized hardware co-design.

Main purpose

Remaining issue

Baseline Verify the LeNet accelerator path Stable PS > PL > PS behavior Very large PL cycle count
LeNet-v2 Remove major computation bottlenecks High accuracy and large PL speedup PS+PL overhead still visible
LeNet-v3 Make low-bit representation visible to P FIL e B pee i [ e e s (e Needs larger-scale validation and power/resource

hardware study

One-sentence result

LeNet-v3 demonstrates that 1-bit input and BitMoD-style low-bit weights can preserve near-baseline accuracy while substantially reducing measured PL
latency.

How to present it Do not claim the 10k projection as measured data. Present it as an expected result if the same accuracy rate and steady-state timing hold.

£\ AcA1AB.
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