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Motivation

Real CNN inference on embedded hardware — not just RTL simulation
Goal. . 1
Run a full INT8 CNN end-to-end on DE1-SoC, driven from a '\M |
browser, with no accuracy loss vs. FP32. k L k : J
4
Task. r 1
American Sign Language digits 0-9, 64x64 grayscale, 10- %
class inference. L

Result.
96.77% accuracy, 4.65x faster than the HPS CPU baseline. Ve G S SRR AT B
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System Overview

Offline software toolchain feeds an on-chip RTL pipeline through a single 32-bit streaming load port.
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Convolution Datapath: conv - quant - pool

Single streaming pass per layer. No external buffering between stages.
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input pictures (ex. 8x8, 1 channel)

32-bit SRAM stream — 3x3 sliding window

32-bit SRAM stream - 3x3 sliding window
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input pictures (ex. 8x8, 1 channel)

32-bit SRAM stream — 3x3 sliding window
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input pictures (ex. 8x8, 1 channel)

32-bit SRAM stream — 3x3 sliding window

32-bit SRAM stream - 3x3 sliding window
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Line Buffer configuration under 3 Layer

Layer 1 Wﬂﬂﬂﬂ-ﬂ

lbyte 64 px x 1 B = 64 B Output position: 637 byte

Layer 2 ?n——n——

Abyte 31 px x 4 B = 128 B Output position: 120- 123 byte

Layer 3 ?——-“—_

8byte 14 px x 8 B = 112 B Output position: 104- 111 byte
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Same fabric runs L1/L2/L3 conv and FC; only the dot-product depth k changes per mode.

Systolic Array — 16x4 PE Grid, reused across all layers
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Single PE

Offline software toolchain feeds an on-chip RTL pipeline through a single 32-bit streaming load port.

Mode reuse: same 16x4 fabric, four k values

rst n
N\
ode\ counter >r1ght
Convl L1: 3x3x1 4row -> cig /
- 4ch 4ch
Conv2 L2: 3x3x4 36 (9*4ch) 4row * 2 passes
- 8ch -> 4ch*2 \ t n
L 7 - D
finish . :
~ s \J result »|_result
Conv3 L3:3x3x8 72 (9*8ch) 4row * 2 passes 0= clk=>
- 8ch -> 4ch*2 : >mem
clk
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Quantization - 32-bit accumulator > 8-bit activation

4 PEs run in parallel — one INT8 result per systolic-array column per cycle.

load_bias1 >
. P» cutl
load_bias4 —) $» cut2
10ad_M1  s—p $» cutd
» cutd

load_M4 _)
1020_Sh ey
c_out_col_stream_flat  me—

8
8
clamp
(-128, 127) +> cutt
0
n

q, = clip ((acc—l—b) - M +r —sgn) >sh — 2z , —128, 127
N AN o7 A = NG
stage 1 stage 2 stage 3 stage 4 stage 5
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Quant + Max_Pooling

Max Pool

 ——

Filter - (2 x 2)
Stride - (2, 2)

start1

start2

start3

start4
load_bias1
load_bias2

load_bias3

Layerl

Layer2

Layer3

L)

62x62

29x29

12x12
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load_M1
31x31 load_M2
load_M3
load_M4

load_sh

14x14

bias_in

M_in

sh_in
c_out_col_stream_flat

6x6

——>» POOL_REG_full

——» POOL_REG_empty

———>» cutl
Quantization_POOL
——>» cut2
——>» cut3
——>» cut4

———» data_to_sram

rst_n clk shift_en



Fully-Connected

Step 1: Bias Preload Step 4: Completion

[l [ois Loots S Aot izs. Step 2: MAC Operatlon_ (mul en=1) Step 3: FlI:St Cycle Optimization _ After K = 288 cycles,
- - - Each cycle: acc += pixel X kernel - acc = bias + product :
- acc and counter are reset mul done is asserted
kernel . o 4o
pixel : @—b Sign_extension :C) » acc \ -> Slgnal Descrlptlon
bias_in pixel Input feature value
load bias b ™ .
P | Bt 1E kernel Weight value
. > [ » mul done >
LN T ent  fe—— mul en bias in | Bias for output channel
load bia | Load bias into MAC
[ Cycle 0: load bias ] [ Cycle 1: acc = bias + product ] S
mul en | Enable MAC operation

[ Cycle 2~287: acc += product ] [ Cycle 288: mul done =1 ]

615 COLUMBIA ENGINEERING
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On-chip Memory & Reuse

Three logical memories; SRAM_B is reused across L1, L3 outputs and as the FC input buffer.

Input image Layer 1 SRAM_B Layer 2
4096 bytes conv + pool 31 x 31 x 4 conv + pool

FC SRAM_B Layer 3 SRAM_A
+ argmax 6 <X 6 x 8 conv —+ pool 14 < 14 < 8

SRAM_A 32-bit x 1024 (4 KB) conv config + conv weights  Layer-2 pooled output
+ FC bias buffer
SRAM_B 32-bit x 1024 (4 KB) Activation feature maps L1 + L3 pooled outputs, FC
input buffer
SRAM_FCW 80-bit x 288 used (~2.88 KB) FC weights (10 INT8 per Drives 10 parallel FC MACs
slot) per cycle

87 COLUMBIA ENGINEERING
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Control FSMs - TopFSM + LayerRunnerFSM

Two-level state machines: TopFSM sequences the whole network, LayerRunnerFSM drives one layer's SRAM
transaction.

MODEL, LDAD reaul Inference
one-time ) P inge/logp
conv cfq + w + FC blas + g ua L= 1 135 FL-> Algmby

rumer-siars) me-owm

SETUP SIREAM DD@/E

Plie SRAMA || datva flows, - runner _olbng,
T oyt | kow cnues
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Hardware/Software Interface — MMIO

32-bit Avalon-MM slave at HPS physical 0xff200000 (lightweight H2F bridge).

B I

address[12] = @ . word addr; bit 12 = space
address in 13
Scratchpad BRAM selector
4094x 32-bit words (16 KiB)
host writes model + image writedata in 32 data written by HPS
byteenable in 4 byte write enables
address[12] = 1 write in 1 write strobe
Register file
14 16-bit registers (control - status - base/len) read in 1 read strobe
see next slide for register map
chipselect in 1 transaction qualifier
readdata out 32 data returned to HPS

& COLUMBIA ENGINEERING
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Register Map

32 32-bit registers in the address[12] = 1 space — low 16 bits keep the original control/status ABI.

Core registers - idx 0-13

Core registers - idx 14-31

CONTROL 0

STATUS 1 RO
CONV_CFG_BASE 2 RW
CONV_CFG_LEN 3 RW
CONV_WT_BASE 4 RW
CONV_WT_LEN 5 RW
FC_BIAS_BASE 6 RW
FC_BIAS_LEN 7 RW
FC_BASE 8 RW
FC_LEN 9 RW
IMAGE_BASE 10 RW
IMAGE_LEN 11 RW
PREDICT 12 RO
IF_ERROR 13 RO

E_“% COLUMBIA ENGINEERING

[0] start_model_load [1] start_inference [2] clear status

) ) Profile_L1 conv L1 cycles
[1] busy [2] model loaded [3]inf_done [7:4] predicted_class
scratchpad base — 32-bit word index, conv config segmen Profile_L2_PO 16 17 conv L2 pass-0 cycles
length in 32-bit words — conv config Profile_L2_P1 18 19 conv L2 pass-1 cycles
scratchpad base — 32-bit word index, conv weight segment
length in 32-bit words — conv weights Profile_L3_PO 20 21 conv L3 pass-0 cycles
scratchpad base — 32-bit word index, FC bias segment Profile L3 P1 22 23 conv L3 pass-1 cycles
length in 32-bit words — FC bias

. . . Profile_FC 24 25 FC cycles

scratchpad base — 32-bit word index, FC weight segment
length in 32-bit words — FC weights Profile_Argmax 26 27 Argmax cycles
scratchpad base — 32-bit word index, input image segment Profile_Total 28 29 End to end cycles
length in 32-bit words — input image
[3:0] latched predicted class (0-9) Diagnstics

[0] load while busy [1] inf while busy [2] inf before model [3]
addr OOR

MAGIC 31 O0x434E4E32 ("CNN2") - sanity check /
driver handshake

RO = read-only WO = write-only RW = read/write
CONTROL[0] kicks model preload - CONTROL[1] kicks inference - CONTROL[2] clears status & error



Scratchpad Layout & Replay

Host writes pavloads. sets CONTROL bit. wrapper walks regions and streams into svstem top.
Table 9: Default scratchpad layout for the active 10-class model.

Region Base word Words Bytes Content

conv_cfg 0 45 180 layer/pass configuration words
conv_wt 45 225 900 packed convolution weights

fc _bias 270 10 40 10 FC bias words

fcw 280 864 3456 packed fully connected weights
image 1144 1024 4096 packed 64 x 64 INTS8 image

conv cfg]

conv weights

|

C bia{

FC weights

image

O 45

270

280

1144 2168

Replay path (triggered by CONTROL[O] for model, CONTROL[1] for inference)

scratchpad BRAM - replay engine walks the configured base/len regions in order > load data,
load _valid, load last - system top

@ COLUMBIA ENGINEERING
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Performance & Resources

Cyclone V (5CSEMAS5F31C6), 50 MHz fabric clock — single inference profile.

Board CPU Time FPGA Wait Time

5.18 ms 1.11 ms

RTL 325.4 us from on-chip counters. Board wait 1.11 ms. Remote request 283.92
ms. Board total 5.08 ms, load 3.38 ms, program 0.55 ms.

; Slow 1188mV 85C Model Fmax Summary
e e ettt et T
; Restricted Fmax ; Clock Name
e e ettt et T
; 72.98 MHz ; 72.98 MHz ; clock 58
; 1184.83 MHz ; 717.36 MHz
e e e e et i et ettt
This panel reports FMAX for every clock in the design, regardless of the user-specifi

3 soc_system:u_soc_system|soc_system hps @:hps @|soc

@ COLUMBIA ENGINEERING
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Fitter Status

; Quartus Prime Version

Revision Name

Logic

; Total
; Total
; Total
; Total
; Total
; Total
; Total
; Total
; Total
; Total
; Total

; Top-level Entity Name
Family

; Device

; Timing Models

utilization (in ALMs)
registers

pins

virtual pins

block memory bits
RAM Blocks

DSP Blocks

HSSI RX PCSs

HSSI PMA RX Deserializers ;

HSS5I TX PCSs
HSSI PMA TX Serializers
PLLs

; Successful - Mon May 11 18:26:35 20826
; 21.1.0 Build 842 10/21/28621 S] Lite Edition ;
; soc_system

; soc_system top

; Cyclone V

; DCSEMASF31C6H

; Final

; 18,357 f 32,870 ( 57 % )

; 26916

; 164 / A57 ( 36 % )

; @

; 241,664 [/ 4,865,280 ( 6 % )
;029 /397 (7T %)

; 86 /87 (99 % )




Validation

Input

Upload an image from your computer or capture one from your browser webcam. Wrong
predictions can be saved as correction samples for later retraining.

Results

This panel compares the board-side HPS CPU software baseline against the
existing board-side HPS + MMIO + FPGA path for the active 10-class gesture

model line.

Select Image

—supported formats Predicted Gesture ID Board CPU Gesture ID

2 2

PNG, JPG, or other

Preprocess Mode plain: pred 2, margin 255
128.0 [cl

0, top 127.0, leaders 2
ed 9, margin 239.0, top

0;

sen] | cro

Auto 118.0, leaders 9:118.0, 5:-121.0 Board CPU Time FPGA Wait Time
5.18 ms 1.11 ms
Browser e Upload Image selected J:;Z
Webcam Preview

FPGA RTL Time Speedup

0.325 ms 4.65x

RTL 325.4 us from on-chip counters. Board wait 1.11 ms. Remote request 283.92
ms. Board total 5.08 ms, load 3.38 ms, program 0.55 ms.

CPU Confidence And Channel Scores

Camera is off

HEX1 = 3, HEXO = 2 - model loaded + predict_done, predicted class = 2

Top Class Normalized Margin
2 Confidence 255.0
100.0%
2: raw 127.0, conf 100.0% | O: raw -128.0, conf 0.0% | 1: raw -128.0, conf 0.0%
0 1280 0.0%
This uses your PC/browser camera only. The 1 -128.0 0.0% . pl’edICted gesture (aftel’
captured frame is sent through the same 2 S 1270 100.0% HEX© pr‘edlct_class [ 3: 0] .
pipeline as upload mode. 3 1280 0.0% pred'ct_done)
4 -1280 0.0%
5 -128.0 0.0% .
Model Input (64x64) gt 5 HG o0 {model_loaded, O=idle 2=loaded
i HEX1 q
1 1250 00 predict_done} 3=loaded+done
Clear 8 -1280 0.0% -
9 -128.0 0.0%
interface_error[3: .
, HEX2 - [ low nibble of error code
[ FPGA RTL Profile 50.00 MHz fabric clock 0]
L1 7201 cyc/ 1440 us L2 PO 3022 cyc/ 60.4 us

Correction Capture Use this when the prediction is wrong.

2 . 3P0 .
Correct Gesture ID Note L2 e SR . LA HEX5 constant ! E !

Select v| | Optional note about lighting, background, hand angle. 13 P1 1202 cyc/240us  FC 611cyc/122us

marker — only when
IF_ERROR %0
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