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Abstract: To address the issues of insufficient compressed model adaptability, lack of mixed—precision computing

support, and poor hardware-software collaboration in UAV edge-side processing for multimodal target recognition

tasks, this paper proposes and implements a multimodal reconfigurable accelerator for edge intelligent recognition.

At the hardware level, an arithmetic architecture supporting multi-granularity variable bit widths is designed, and

low—-overhead inference of sparse models is achieved combined with a hardware—friendly pruning mechanism. At

the software level, a compiler is constructed based on the deep learning compilation framework (TVM) , instruc-

tion parallelism is realized by improving the ping—pong mechanism, and operator fusion technology is adopted to re-

duce data transfer overhead. Experimental results show that the average recognition response time of the accelerator

for visible light, infrared, and LiDAR data is 28.9 ms, 27.9 ms, and 94.96 ms respectively, with an average accu-

racy rate exceeding 90% . The results show that the proposed hardware-software co-design approach significantly

improves the parallel computing capability of edge-side devices and satisfies the requirements of UAV-based real-

time multimodal target reconnaissance in complex environments.
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Fig.1 Architecture of multimodal reconfigurable

accelerator
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Fig.2 DSP optimization methods of the accelerator

Ik 2% AT T S0 A S s o7 o FR I i
o7 3 LI (1 45 17 e £, SR AN 45 457 U, 55 %
o O 005 I TR AT R OE BN . A e 2 R n g R
T 1, T 3 o s A % VA Y R BRAE T
%> DSP Slice ] R0 A3 BRIUEL & . F T e o 30
SR A I 2 (8] 4 2 O8R5 P A 18] B, AT PR IE 76 1K 7
AN I LR BN £k 7 AT i 7 A R
J& L M DSP Slice A B X — RIBR .

FE INT8 R R, A SOOI 9 B bR 2 A
INTS 7fe 3 At 37 B §f ] — 4~ DSP Slice, 1 J2& £ H
DSP Slice fii AV 58 %5 v 0 4 23, % 9 B%-AIK A7 9 4L
it e B AL O AT AT A, i AR W] — 4> DSP
Slice " 58 AT AL THA .y ikt H PR I TR ARTE R
ik # v kAR B B AT A I AR 6 B R AR
A7 B 3 =22 18] 151 B8 4 B 7, 9 AE B0 45 ok ) i 1 B
LA R E R W B H 25 . i TR BUTHE
B Z AT IEAT B, it — %8 T
S Ak AR b A7 5 G RS XRS5 R I
o B AT LR R A 2 SR A PR AR R 1 A R
>4 2200 T KR R 2 [, 7 EE LA DSP Slice
56 A R AL IE M3 25 . I, 8 > DSP Slice AJ 51
P14 f% INT8 e ik 2, A6 L& FE INT 8 3fe 2 e 5
J5 2 AT $2 5 DSP %A I R0R . I, 84> DSP
Slice Al $47 14 A~ INT8 e vk 5 ik iz &, K T
P16 R (] 25 i 3fe vk 4 09 5 S B AR INT 8 TR JiE 2%
B FRCRIET 1. 7545 .

==

b

256

3 BRI R i
Fig.3 Weight-shared quantization method
1.1.2  S5M ey 5 g 45 28 4 o3 5] 4 1k
R 52 B RE T AL 3T B0 % X BT B Ay 52
R, T H 2138 2o 42 R A SRk 0 A IR AL 32
H— B0 B R AU T BT AT 1 o AR T O BT AR
F% B L 2R Sk g 152 U A 23 2L BCHE BN 24
1 T R BT
BT A Dy 8 S IR B R B R Rt S T A
RO PR A R R A o B i S B T A 5 )
I, 3% 05 VA G Kk 3l e 50 AR, S BT AL ) g
AR TT B R/ . SAL AN T e 4 A PEi2 5
W 3 689 N OXP 2R AIE TELRCHE v, ml %) 4 P A4S AH 40 18
B PEAT R L, e H b LA EAE i A . PEz
B W 5 B RV R A0 PR 4 7, BL P=2 2 1), AT A
238 3 HEAT O, B R 14 B AR A < B
eI H 153838 2 gt £ 18 18 B o PE i2
RSV 14T AR 7R IE 3 5l 1E 4 TPk 1
A~ 38 T8ROSR O S 2 4T A RO L ARl GE 2N-1 S



S Al 58 45 < T 1] T8 N B s DU A BE TR Y 2 T S A o e 5

i 2N e 1A G B AR O 28 N AT AL
i o b AR 3 O R B A SR TR R TR A A 4D
i e 1A e R . R B 4
A T8 e LA I 9 7 2 i A A 4 A
208 A THE T VP Ve R B A R Y 1 I 15 A PE
B RS R EE YR A S SR MR
558k 238 38 Ve 1 8 AR L, %07 SURE I8 AR A
B Ry A A T 4 SRR R IR B A (R e R
ok T B R ARE BE R R . R, 7R SEBR AR I, R AR
B AN Ta) 99 28 2% 1) TC A A JEE 306 4 A (] 23 21 05 22 0
T2 BURRAE S0 R SR A BT R B N R
X TC AR B 0 P TR SR SR R AR o M
PESCBAA R 2% 07 6 AU 1 i 18 3 1 £ 4 JF 14
A S e B AL, AN ek AR PE [ 41 0 B ) 1
e vk (GEMM) 5 5ot i T AR 454, IRk 45 BAy
By O PR A

N RHE
HFERAM

K4 PEIZS S 5T R RE
Fig.4 Pruning flow of PE computing array

REAE B R 22 A 4R R AE 5, X T A R
I P& v i — R AR SR B | T AR AR R AR A
NG T 8 A E ST BRAM (14 BRAM X 1
1A IE ) o 6B — 2 0 2 W 45 TF 85 11 3R, 75 6
B AR AT L N A RS —
23 3 Bk PR AR B, ATk R AH A 2 A4 B 44 GE
B 1A A 2 PE i B %511 14 PE #0C,

AT 18 BN R A E A BT Y A £ PEB B
JC 3 R R I AN B B BT B BLE B
i R A PR ESCHE T5 43 0 5 AN T 08 D 4 0 AT A ofe
PE X TR ) 43 21 i 08 4%, T D2 BTG & 1 24
T A A 3 B v R AN [R] 38 T M A AN
() PE 500, FLAH [ 43 28 0% 308 I 4% 17 16 5 4[] 30
Bl B — 226 T 2% 11 0 D 2% RH 3 O — 3

FE BT A 52 BT 25 0 Ak B B A= 1Y 38 T
g5 S S 7 G 13 B BEG AR R 6 N 2 I 3 G R PR
BLOIFHIZETE S — WS AR AW . 028 T
B, LOAD 55 B AR 4 P 245 1 i 28 9t O 54 3 18 %
L 1) i A RRAE RVRCEE B0 B Y BB E A S
JE SRR . XAERE W > T AT WA
TR LG5 Il FVECE s T4 .

L AR S5 M1k Y R A L i VA N T B AR
i 1 28 5| A AT RS B0 5 A2 35 1, IS A FPGA
rh R F ) A S SR A A L PRI, AR SR F 2 A Ak
T T BEBE 7 3, (Y A A Y BE % L AR R 1 T
WL 2 PE M5 A1 GEMM 5 8ot

1.2 REFIHESR

I AL Y GG fh 28 N 2% T B T BT
SR REIURITA SR M T8 . A5 A
TVM 1E vy 31 35 2t PEAE 22 , JF 5 X5 2 185 25 %4l 1)
AT R L U TR AE TVM QNN #L il A2 3% ¢
uint® 28 BT 3 B 5 2 A B 5 1 A 3 Y 1)
W, AR — R T EAAAS BRI A
P TR AT A 0 B R & i b A g 3l A R P
(Scaling Factor) 5 fii # it (Offset) i £k Vi B S 45
B K AR Y ind8 B B4 W 2 AE F GEMM
BT SE o AL 70 14 G R A TE G PR B B
it %8 & 5 1k (Re—quantization) 2 %, ¥ H DL ¥ %k
VIR W i W (Rl N i N e U i
AT BT A AR T 2 B A B e e 1Y)
FERT .

TVM S HF M Fh iz 17 BB AR Y 5 =0, —F g
S AR R i TVM A4 13T KL #E
By f A T 3 Rh Oy 25 Y Al T T AR AR OAR R AR
T () e VR AT FJR RS BE T BRAR K, JC 109 NG
PR, n—MESATRAMERHHTVM B
A7) B P 28 I 4% (QININD) L il 2 T A 280 B 46 %)
MAMEFIRE L. RmEA L R T AR



6 i A TAES

A uint8 1Y 2R, B A9 T A 2 AR 4l uint8 SR 1%
TH, S 305 4 it Ak o O Se4 . BExF L
R, A SO T m AR S E— 1 R 454 7 (R
P Ak r LB, B2 0 ) Ak QNN BRE A R b gy
2 W B A AT E Y AL TE S S B0 T L]
Fag 3 3 TC 2 A A B0 1 QNN BB AR &R L i ik 5
AR AR KA 5 TR — A AR R A A
F OB TRAEANERM AmESH8. 2T H
A2 8053 )6 L 0 48 i R E R A A% B, X Y
AR A A BT AR A . 107 T 52 QNN X 2 48
A BCHE 0K RIS T, 7R PR RO H I8 8w H AR E
R NGRS R FAR N ESEC SR A W IE ) - OA
ok AV ASE AR 8 A 6 I 5 3 0 3 B3 T 8, O IS S 2
AT EE AL B A Y A B A S MR R A = fe
LR BL A

K5 B A RE T iR R

Fig. 5 Flowchart of quantized convolution operator
1.2.1 R4 IF T ATIEAL
TVM JEA 16 4 98 B AU GEMM 53R
A (ALU) 48 2 SR AT 00T, S SOl 7 B B 7

B fl s s AR B B AR B A N AR G it ik
#E R ALHIE T IAEL T BT B 52 ok B IR AT
B ABARHT 5 ALU 5 GEMM B 317 75 243 51 4
K 6~ 7 fros, vl HOUWZ2 5] ALU 5 GEMM 3¢
BT IR AT, e 4 R AR R R R . S S BLIZ AR
b, B S ik e S Mk < 8 SRR R A Y T B e R
Bk R A 5 b B R R UL T RS B AL AE A
# (SRAM) A5, 8 F 8 4 X} SRAM #1743 X 45
o H R S 8 A 7R B LR R AT O el AR
Joi B A BUE S X B e e A S NS 45 AR
ORI R T e L < =R WA L W =R S i1 R4 5
A LT AT B TT T T 1 A S R 2D AR A A

LOADI —» LOAD2 —» LOAD3 ‘\—- LOAD4

GEMM1 —> GEMM2 —» GEMM3 —— GEMM4 —— ALUI —— A2

STORE1 —» STORE2

K6 oA b If 477550

Fig. 6 Parallel mode of each module before optimization

LOAD1 [ LOAD3 —» LOAD2 —»> LOAD4

GEMM1 —> GEMM3 —> GEMM2 —» GEMM4

ALUT ——  ALU2

‘ STORE1 ——» STORE2
K7 ARG 2 BT 5 50

Fig.7 Parallel mode of each module after optimization

1.2.2 BFmEZE

TVM A B T 530 151 40 2% AL Ak 75 xUHR AN 1
TiC o0 2 AR 00 00 A Y, iy DL S AT s AR B
SEOAL . |, W R TR g B AT R
g RE Ja R TR A Y BE B AT BCE AR bR AR
B s fE N A% b AT BT B AT 4R R O, o T
s A% b2 BEAT T SR0E 5 0 Bk, B LAX g A JE
oAy 2R Wb I S i /) T TE KA R RUAT B LA
X TN W A SR B R (] O MR AT BOSE , BOE
J5 BEAT i BE Pr o3 (DU 4E AR S 7S 4 ) | il A B 23 R
SR s B m O T R R e — B, BE G i g
ARG A, TS5 e W AT DA, R AR
£ AR

R 1 4 B v o0 1 AR, 78 i i g s AT R
oyt ] LBEAT S TR AU . B T AT
BN AT SRR BB — i — AR
a7, BN (4 W8I T B I SR R S g o, By
PR 1 0/ 0HE i 00 T 1h i B RO i R AR
RO BEAE DRAM A — M 58 i, 52 3 6% 5 2l 2
TR A 1 0 s AU 22, 55T A R R TR
i A R ORI — 48 R — 77 Bt — OIS — 1 22
M —AF B AR A TRl A TR R
N B — & B — 1 22 I — A7 Bl 1 A8 T AT
Boa— OB i T8 S R A 8 s . A A,
NT B TRA W BT SRR N RS R
JE A AR G AL, 18 G A% HE AT 98 2 R U, 5 AR
ARl A T AR 2 AR U Rz 15 4 o T7EID
e A R B TVM X T ReL U 19 H AL A 18 56 3%
RelL. U A it 2 BUEB M5 &, & B2 7ETH R 58




S Al 58 45 < T 1] T8 N B s DU A BE TR Y 2 T S A o e 7

Bejatg— 2 St A — D BE R KR S WO
F ) i AR S B AR R int8 2 Y (H Fp ] A9 T R AR
P A Z int32 (kT B Ak ) T DA &S R T 2
T DA A A o A B AR BT R A T LLR G Sy
— AN HEEEHET relu THE R /N TR

FEHRBETLRE T, TVM 1 56 X i AR R 9 17 55
TR 5K IR IR 43 A R A S 8O AT AR S AR A
i g SRR HE A A% E L LOAD .GEMM , Ten-
sor ALU Il STORE % fifi 445 4 o XF T A A AL 25
PURIASE IR | Gt 1% 245 K 4l A5 70 25 g R A 5K A R IR
A LR RN e A U AN T A R R B B2 T, A
77 S AN [ 4SS 80 75 ] — fin o 2% L 8 2 .

FE48 A IFAT PR A J5 1, 4 15 4 23 0 7 AS ) B
PR B 22 ] 0 B8 KOG & AR DRIE T R B TR
HIE B 0 W B R A BCHE nak MR B TR
M RS MU A BEE & T . HARN L
W GEMM 5 ALU W ELF 347, 7T A 208 b il
s R ], T B AR HE B ZE SR . DL ResNet-18 F)
INTS JF 80 ], B ik R 20 4 Ak i i 3 2% 4 21 A
IE K 60.03 ms, 4 it 48 4 IF AT R Ak S 0T R &
50. 12 ms, B ZEREAR 2 16. 5% .

e TRl A LAy T, SRR B B R
I AN R AR AE R S AT T AR —
AT B Al rh I 25 RO R B B AE
it B A5 [ P O DRAM, DA T R A 55 9
Wz TFaS . [FEE  IZ A AR PTG Re LU 45 3%
JTLEBTHICARIE . Ll ResNet-18 19 INTSH %
K], Gt BT RA S 0 R P T 2P
28 45. 74 ms, B T R LML 19 60. 03 ms, B} 4E
A2 23.8%

T

MEHTER

|

fused-conv2d-add-relu

BANHETFIE

i

conv2d conv2d

mU—
&
o

o)

s B pipelineft.

)
It

store pipelineft.

oad

offo

relu relu

gl

I

K8 e

Fig. 8 Operator fusion process
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Table 1 Performance verification results
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Table 2 Accuracy verification results
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Table 3 Resource utilization
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Table 4 Verification of power consumption and

energy efficiency
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