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Applications

"Radar system

»Detect water leak

*Web filtering

*Risk management
*Telescope image analysis
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Math & SW vs HW distribution
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where A = mean2(A), and B = mean2(B).
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SW vs HW distribution

Acumulator |——— x
A

mn

mean(A,.,)
m Acumulator |—

BO
5

mean(B,,.)

Acumulator |=——— z

r="/sqrt(X*7)
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Corr2 IP interfaces

car?_inst
cloch interrupt_sender
3"‘ clk i AS—IH%
as avalon_master

A5 Address[7..0] AM_Address[31..
: - address address

S_ChlpSeIect chipsslect bytesnable AM_ByteEnahkle[3..
S_Head read bursteourt Al _BurstCount[10..
85 _Write . AM_Re

: write read :

i - readdata waitrequest AM_WartHeque.
5_‘u“u'rrteData[31 0] writedata readdatavalid AM_Read\/ali

reset_sink readdata AM_ReadDatal31..0
HESET reset_n
conduit_end

H LBI?na calbena_conduit
-::. Sl drnafire_conduit
-::. S drnairg_conduit

Bt irqachk_conduit

corr2
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Custom Arithmetic Logic block
simplifications .
A X
D % —
2 o=

mean(B,,,)

mean(A.,,)

Acumulator |————p

SS
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mean(B,,.)
Acumulator |=———p
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Custom Arithmetic Logic block

calb\GEM_CALB:1:calb i

Bl signed_sdder_ igned_sdder_ 1
ena| signed_multiply._ _multiply_ 1
Ama{7. 0]
= | ThO CIN AddD result~{15..8]
a[7..0]) ALT.C OUTIT. result]7..0]
mA[T. 0 BD‘ = — — Y[31..0]
| 1'h0 3dd_sub|
e 1l _ result~[7..0]
L —[ ThO CIN_ Add1
5 A OUTE.0] I_
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ma(7. g XZ31..0]
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T'hO CIN_ Add0
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b
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2701
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bIT..01
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clk

1'h0 CIN  AddD
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Corr2 IP

=Fifo A receives reference
image (A)
=After is loaded, ' . Cam_?l:_ RegAccResult
the feedback path is ST ‘
enabled I S—

905 _wireq (o ;
FIFOB

05 _rareq 4—‘

Avalon Memory Mapped Master Interface

Accumulator

ragCaibhods

D 4—— remOR

sAccumulator calculates the
sum of elements of the
Incoming image

32 bits

32 bits 0 1 regCalbMode
~_ a4

»Fifo B receives imagetobe -
compared againt A. |
*The content is stored
until all the elements e
have been summed up regmA ™ (0—=]

regmB

=4 instances of the CALB -
block proccess 4 pixels
simuntaneously Y[0:3] XZ[0-3]
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Corr2 IP Data flow tlmellne

Begin DMA Fire DMA Fire IRQ DMA Fire
=Perfomance boost | | | | i §
thanks to: v v v v v v

=DMA access to Loading A Read Acc of A Loading B Eei’ﬂdi”"ic DEE
regFifoMode = 0 Calculate <A= eEE
memory regCalbMode = 0 Write <A to regmA Write <B> to regmB
Wite <A> to regmB Read X
SEthP?'P':}I:;éE:SES regFifoModel = 'Write X to a global variable
. . ! regCalbhode = 1
.Readlng Image A Fire DMA set DMA B
Fire DMA Calculating X SetDMAC
only once for all using Z outout Fire DA
coeficient : : : : s
calculations ' | ' | |
Time
IRQ DMA Fire IRQ DA Fire IRQ DMA Fire
=_oading data, | i i | | |
calculating sum, | | i | | |
calculating Y, v v v v v v
- ) Fead Acc of C ) Read Acc of D ) Read Acc of E
C al cu | atin g Z, Loading C Calculate <C= e Calculate <D= Loading E Calculate <E=
. Write =C= to Write =0= ta Write <E=to
simultaneously _ regme _ regmB regm8
Calculating Calculating Calculating
Y for Calculate Y for Calculate Y for Calculate
SetAB corr2(A,B) SetAC corr2(A,C) SetAD corr2{A,D) e
. = Yisqri(X*Z) = Yisgrt(X*Z) = Yisqrt(X*Z)
="Processi ng 4 Calculating Calculating Calculating
. 7 for SetDMAD Zfor SetDMAE 7 for SetDMAF
pi xels at the same SetAB Fire DMA SetAC Fire DMA SetAC Fire DMA
time | 5 : : i »
1 ] i i i -I_Ime
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Functional Simulation / Verification

Testbench

Avalon Master &

Slave Memory “
Mapped translator
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e e N e, e e, e, e e, W,
Functional Simulation / Verification

{Testbench signals}
ik mmﬁmmﬁmmﬁmnhmﬂmﬂmmﬁmﬁmmﬁmmﬁmmﬁnmﬂ
nReset -
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321
|
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=
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e e N e, e e, e, e e, W,
Functional Simulation / Verification

dma_addr Y:32..._ ) 32h04001000 ) 32npa001010 [ 32’h00001020 ) 32n00007030 32°h00001040 | ) 32'h0000105( 32h00001060 | | 32h00001070
dma_irq | [ [ [ [
dma_rx_cnt Y. 110000 (0000000 0000000 e 1 000 a0ne At 0E00CaaaRRCcoettT o 10 | 0o eConCa R C0E0c00000 g 0E0E T™ho 10 JEC0ECRC e EC - ERERanaCRGE00E 1 7ho 10
dma_rx_d 4 I O A A I RO A A A R R A R
dma_s _waiting | .) fransfering ] .| transfering 1 -d--- | ) transferin | -1 transfering 1L w... |l .} transfering ) -1 transfering 1 .| waiting }| .} fransfering ]| -1 transfering ..l waiting
FIFOs
fifoA_clock
filoA_data q”.pW@ 3 MMM 2201010101 TN 32 np 1010101 1010101
fifoA_q (3Zh00... | 3201010101 MMM 32 no 1070101 MMM 2 np 1010101 1010101
fifoA_rdreq - ] 1
fifoA_sclr 4
fifoA_useaw (1400000} 00N0000nnN 0o Nai- T4 hoozo
fifoA_wrreq 4 0 e Ca|cu|at|n C I I t
fifoB_clock
MMMM g alcuiating

fifoB_data ‘i‘.'!'l”'!'I'HE‘I'H'!'I‘Eii\HI'HHHII*_H“H“-l 32 nof

fifoB_q (3200000000

fifoB_rdreq

fifoB_sclr -

Calculating X o

Z,Y for image
B

Z,Y for image
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e e N e, e e, e, e e, W,
Functional Simulation / Verification

ModelSim=> run 15 us
# ** Note: Firmware Wersiom: OxAECDOOOL
# Time: 100 ns Iteration: 1 Instance: foorrs th
#* Note: DMA Start Addr: Ox00001000

Time: ZZ0 ns Iteration: 1 Instance: foorrd th
#*% Hote: DMA End Addr: Ox00001010

Time: Z60 ns Iteration: 1 Instance: Jcorri_th
#% HWote: DMA Burst Count: 0x00000010

Time: 300 ns Iteration: 1 Instance: foorri th
#* Note: DMA Fifo Threshold: 0x00003FFF

Time: 340 ns Iteration: 1 Inatance: focorrd th
**% Note: Fifo / Calb register: 0x00000000

Time: 400 ns Iteration: 1 Instance: Jcorri_th
#*% Note: FIFOA TUsed words: 0x00000000

Time: 440 ns Iteration: 1 Instance: foorri th
** Note: FIFOE Used words: Ox00000000

Time: 4830 ns Iteration: 1 Instance: foorrd th
*% Note: Acoumulator result: 0x00000340

Time: 2960 ns Iteration: 1 Instance: /fcorrz_th
** Note: FIFOL Tsed words: Ox00000020

Time: 3 uas Iteration: 1 Instance: Socorrs_th
*% Note: FIFOE Used words: O0x00000000

Time: 3040 ns Iteration: 1 Instance: fcorre th
*% Note: Acoumulator result: 0x00000340

Time: 5620 ns Iteration: 1 Instance: fcorrZ_ th
** Note: FIFOL Tsed words: Ox00000020

Time: 5660 ns Iteration: 1 Instance: foorrzZ_th
** Note: FIFOE Uzed words: 0x00000020

Time: 5700 ns Iteration: 1 Instance: fcorre th
**% Note: Expected XZ[0]=0xaE0 | Actual: 0x00000&EQ0

Time: 5760 ns Iteration: 1 Instance: fcorrZ_th
% Note: Expected XZ[1]=0xAE0 | Actual: 0x00000AEQD

Time: 5300 ns Iteration: 1 Instance: foorrzZ_th
**% Note: Expected XZ[2]=0xaE0 | Actual: 0x00000&EQ0

Time: 5340 ns Iteration: 1 Instance: fcorre th
#% Note: Expected XZI[3]=0x4E0 | Actual: O0xO00000AED

Time: 5580 ns Iteration: 1 Instance: foorrZ_th
#* Note: Accumulator result: O0x00000300

Time: #4220 ns Iteration: 1 Instance: fcorrZ_th
*% Note: FIFOL Uszed words: 0x0000002Z0

Time: 3460 ns Iteration: 1 Instance: fcorre th
#*% NWote: FIFOE Used words: Ox00000020

Time: &500 ns Iteration: 1 Instance: foorrzZ_th

*% Note: Expected XZ[0]=0xiE0 | Actual: 0x00000&E0
Time: 8560 nz Iteration: 1 Instance: fcorri_th
*% Note: Expected XZ[1]=0xiE0 | Actual: 0x00000&E0
Time: 8600 nz Iteration: 1 Instance: fcorri_th
*% Note: Expected XZ[2]=0xiBE0 | Actual: 0x00000&E0
= Time: 8640 nz Iteration: 1 Instance: fcorri_th
MOdeI s,m #% Note: Expected XZ[3]=0xAE0 | Actual: Ox00000AED
® Time: 8680 nz Iteration: 1 Instance: fcorri_th
*% Note: Expected Y[0]=0xAEO | Actual: O0x00000&EQ
Time: 8720 nz Iteration: 1 Instance: fcorri_th
*% Note: Expected Y[1]=0xAE0O | Actual: O0x00000&EQ
Time: 8760 nz Iteration: 1 Instance: fcorri_th
*% Note: Expected Y[2]=0xAE0 | Actual: O0x00000&EQ
Time: 8800 nz Iteration: 1 Instance: fcorri_th
*% Note: Expected Y[3]=0xAE0 | Actual: O0x00000&EQ
Time: 8540 nz Iteration: 1 Instance: fcorri_th
** Note: Acoumulator result: 0x00000E0O
Time: 11380 ns Iteration: 1 Instance: /fcorrZ_th
** Note: FIFOA Uzed wordsa: Ox00000020
Time: 11420 ns Iteration: 1 Instance: /fcorrZ_th
** Note: FIFOE Uzed worda: Ox00000020
Time: 11460 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected XZ[0]=0xiAF0 | Actual: 0x00000LF0
Time: 11520 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected XZ[1]=0xiE0 | Actual: 0x00000&E0
Time: 11560 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected XZ[2]=0xiBE0 | Actual: 0x00000&E0
Time: 11600 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected XZ[3]=0xiF0 | Actual: 0x00000LF0
Time: 11640 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected Y[0]=0x4%0 | Actual: Ox00010&50
Time: 11680 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected Y[1]=0xi40 | Actual: Ox00000&L0
Time: 11720 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected Y[2]=0xAE0 | Actual: Ox00000A&EQ
Time: 11760 ns Iteration: 1 Instance: /fcorrZ_th
*% Note: Expected Y[3]=0xAC0 | Actual: Ox00000&CO
Time: 11800 ns Iteration: 1 Instance: /fcorrZ_th

= TH: W THE R TH: MR THE R TH: iR SHE R TH: iR T R TH: iR T R H: iR S R H: iR e R H: iR M R W iR e R i iR

SH: CH: e M M MR MR W H: H: R TR R T M M iR iR HRE H: H: TH: TR R e e T iR iR iR H: H: M R R TR e e iR iR

MATLAB
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Top level block diagram

Altera 28-nm Cyclone V 5CSEMASF31C6N FPGA

Slave > Receiver Mailbox Sender < Slave J
vV AV4
SW On-chip RAM 0 Slave { See > SW On-chip RAM 1
= E: CPU_O cPU_1 g =
- o
Timer 0 e 3 £ c “ Timer 1

g NIOS I1/f 5
S bt I NIOS II/f S
@ erformance-optimize . ]
= - A_____N_| Performance-optimized £
t_:) soft core 32-bit RISC <\'_M35ﬂl/> <oft core 32-bit RISC =
T processor processor Tou
>
m m

= Instruction cache = 4Kbytes ) _ = JTAG_UART_1

JTAG UART_O S Data cache = 2Kbytes Instruction cac?e = 4Kbytes §
fr} Data cache = 2Kbytes =
UART_0 Corr2_0
v g
SDRAM controller < Master °
64 MB SDRAM Saleae Logic Analyser
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Software structure

SDRAM memory

Host PC NIOS O

0

*Python-based

image loader » Custom protocol (above UART)
«Custom protocol *SDRAM writing Img_size

(above UART) » Mailbox sender

Img_size - 1

2*Img_size - 1

2*Img_size

» Mailbox receiver
« SDRAM reading
*Pure SW implementation
«Software part of the HW
accelerator
N*image_size
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Performance measurements

Time for transfering and processing 32K pixels = 8K 32-bit words
2.2 1 1 I I I I I Ll I

Time (ms]

Burst Count
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Performance measurements

32-bit words | Burst count | Time for software (s) | Time for hw (s) | Gain

1 1 0.001363 0.000482 2.827801

2 2 0.001793 0.000494 3.629555

4 4 0.002437 0.000487 5.004107

8 8 0.004009 0.000494 8.115385

16 16 0.006943 0.000496 13.997984
32 32 0.012623 0.000494 25.552632
64 64 0.024511 0.000513 47. 779727
128 64 0.046164 0.000542 85.173432
256 64 0.091527 0.000578 158.351211
512 64 0.180916 0.000620 291.800000
1024 64 0.360766 0.000739 488.181326
2048 64 0.70864% 0.001019 695.434740
4096 64 1.42377 0.001529 031.177240
8192 64 2.864359 0.002523 1135.298851
16320 64 5.818144 0.004555 1277.309330
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Performance measurements

FPerormace gain by using the cor2 unit instead of using software only
3.5 | I I I I I

log10{gain)

20 22 24 EIE- 2|B 510 212 ~14

Mumber of 32-bit wards (number of pixels/d) FIFO limit
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Time for transfering and processing 32K pixels = 8K 32-bit words
C I L T T T T T T T T T

22

« There is a gain of 5X in loading 32K
pixel images using DMA burst transfer
of 64 words instead of single cycle
transfers.

« The corr2 ip always outperforms the
processor-only solution for any image e
size, including the minimum size of 4 22 2 2 7 7 227 P2
pixels.

« The gain increases logaritmically for  3s
Image sizes between 64 and 4K pixels,
ranging from 14X to 488X respectively.

« The gain reaches 1277X for images with
size of 64K pixels, which corresponds
to the FIFO limit.

210

Perfarmace gain by using the con2 unit instead of using software anly
T T T T

log10{gain)

« The study presented here shows that
the use of hardware aceleration is
very interesting for image processing

1

algorithms such as 2D correlation. " 2 A P 20 iz g

Mumber of 32-bit words (number of pixels/d)
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