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Accelerating Jacobian Calculation
Using Conjugate Gradient Method
with Pipelining

Tomoya Imai

Abstract

In recent years, the computation of the Jacobian, especially in high-
dimensional multivariate functions, has played an important role in the
rapid progress of machine learning and optimization algorithms. The Ja-
cobian is a matrix that describes how a multivariate vector-valued func-
tion varies with respect to each variable, and this information is widely
used in various fields of mathematics and physics. However, the com-
putation of the Jacobian matrix in high dimensions is computationally
expensive.

To address this issue, this study aims to hardwareize the Jacobian
computation by utilizing field programmable gate arrays (FPGAs) to
achieve faster processing and lower power consumption. In this research,
a Programmable SoC (System on Chip) with a built-in CPU and FPGA
is used. (System on Chip) with a built-in CPU and FPGA. The Jacobian
computation is implemented in FPGA, and direct memory access (DMA)
communication is used for data transfer. The FPGA implementation
required optimization of hardware resources and processing speed. At the
same time, we focused on improving the processing speed of the Jacobian
computation while pipelining.

The experiments were conducted on a Xilinx PYNQ-Z2 board, and
bundle adjustment techniques were applied to evaluate the performance
of the Jacobian calculations. We designed four different architectures
and compared the hardware resource usage of these architectures. Ex-
perimental results showed that the designed architectures were up to 256
times faster than the CPU execution times.
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CPU FPGA
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B —NTH B Vivado HLS & 73 A VE&EHY — LD Vivado[4] Z M

35.

X 4.3: PYNQ-Z2
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Vivado HLS &, @ &KEITS Y =T, E/KESETRHDRINLT
NIV ZXL%EZN—FY 27 AEEICEIRT 5. ZOMBET, BERY
=it n, ZhsZEYNCHHT 2 2 & THREM LY VY —X
DEFELDATRET D 5. RS, C++EAVWTENERAO T 077 1%
iR L, Z4% Jupyter Notebook[5] Z /1 L C FPGA ¥ ##t 5 % Z & T,
T FIGED A B 5. ZoMEICk D, FPGADY Y =X %23H
FNCTEA L, @WHREZRETEZ 2 Z e ifFEN 5.

FIRFIC, #7272 4121 Python 2SR X4, CPU LTy —4L
ZWZETENS. Tk D, BEHRESNIN =Y =7 & OEED

AL—=RIATZ, 2RO X7 L 03m# LTEIfES 5.

26



4.2 FHEAE

AWZEDO TR HIZ, N2 PR EZ CPU B XU FPGA IZZEhEh
oL, TIERSTRR, ~e k= 7 EEOMBAR, X RO
RO - FHEis 228 THD. N—Fv = 7EFEOMAE, ey
RAM (BRAM), hi# - EHI (DSP), 7V v F7uv 7 (FF), BXU
N 77y FF—7 (LUT) ® 4 DDHIEICHESEZ Y TTITS.
BRAMIZ, FPGAWTT — X Zt&NT 570D 70y 7 XEVY T, KE
BCE®EZ AT 2432, DSP (Digital Signal Processor) 1%, FPGA
N CREERESUIESLHE 21T 5 2O OEH DMK T, REEOMNE MR
#&t. FF (Flip-Flop) &, FPGAN®O 7V vy 77wy FEKT, 7
KT — R &N L TR Z28E 2 £ $ 5. LUT (Look-Up Table)
1%, FPGA NCamBHE %2175 D7 —7 LT, BEERICHEONT
AR R T 5.

BRI 27 -2ty b [6]1F, mfo~v—h—20FE»rNLTNS
H{REEBOHELLIE L2 DT, Ny FAFHEEY > S La—F
[7) 2 S 5.

T/, URO4AODREILTFED Y —FF77F v ZHE L.

1. Bt L
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1OEKMETIE, Y7227 a—FRE2Z0FEFEN—FRY 27 ICE

BS27—F77FxTH5.

. B bRt

2TIX, MEDY L7 VitEOZEHOL Yy Mk 328y hOH
FEFE B/ INEUSEE (loat ) 205 16 E v b D NAEEE IR B/ INBUS K
WKHIIR L 72, 72721, @ToZHucx LTy MHREITS 2 21
WEETH 5. Yar 7 ATHIDFEICBWT, HHAERHMS OFED
FAZFHL, ©y MIEHIRS 2 2 & TREDOEME Z % Al4E
Wrd s, 2ok, MYIRERISHLTOAL Yy MIOHIRL 7.

AR, ESIOBEAMASID AR, ~N—Fv =7 EFROHIEL 7.

AR

3T, 2 CEMINE L HBELICIMZAT, 474>

LZEALLT—FT27F v TH5.

B AAREES

4TIE, 3DEBETORIEY LAN— D8 D % IR A EEICEE L,

HICE T bemEk, 4 T4 ML L7 —F T 2 F v TH 5.
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4.3 #ER

BT7—F T 7F 2 ZBIFEIN—FUz7EFEROFEHEZH 4.1 ITRT.
IS DfEIE Vivado HLS TEMN AR LZERICLZ2DHDTH 5.
F£41 XY, 7—FX727F %1 TIEBRAM OfFHENHEAD FR%ZE
Z, ZOMEIINLT 2720, 7—FT 7 F ¥2 DERETE AL REL
DFEEZRMEL, BRAM OfFHEZKBXE/72. LrL, Zoxtko—
IR LT, FF & LUT OFIHENEF L AL -,
ZORDT7—FT77F ¥3TX, WWHLFEEZEATSEZ LT, KM
REFOFHEPEM L WHKEREe Ro. —HT, 7—F77F %
4IZBVWTX, 2R A—F Y =2 7EBROEHEN 7 —F 727 F v3 D
MR I ZIEFETH 5.
£ 41 "—Fvz7ERE

BRAM | DSP FF| LUT
MAX 280 | 220 | 106,400 | 53,200
290 | 36 9,105 | 15,173
275 28 | 18,991 | 18,747

276 28 | 19,656 | 19,776
279 24 | 19,666 | 19,047

N
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FITRFEINR OREE 2R 42 1R”F. £42XD, 7—FF7 7 F x4 DE
TR R B # < 22 b, CPU &g L THY 256 fEEdifb X7z, FEEIC
AL T 7 —F 7 27F ¥3FTREDLRDENTVWED, 7—FT7F ¥4

TUEHY 24 WAFEMK R L 7.

K 4.2: FATIEH &

KATIREE (s) | FEE (%)
CPU 25.60 99.67
2 19.12 99.67
3 9.64 99.67
4 0.10 75.32
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4.4 EE

AFETIX, FPGAZHWTY a7 YEEDON— Ry = 7EH, FET
R, BROCEEZIE-FHiEiL 2. ~— FY =7 EFEOB K TIE, BRAM
DN OTESICIE T3 R 8H03D 553, BRAM OBEFRIZD 72 D (FHE S
WIRRETH 5. i, 2RO 2 MBEEEMTONTVWE70TH
%. #E, Yy MR 2 TOREICHEAT % £ BRAM Offi &% KiE
WD ZE2 e TE LD, WINERICEBT a7 ViETE
vy MEBZEEHT 2 L WaEmRsRkbh, TOMRe L THENEL
(IETRT 2. 20D, FEANDEEDLLBADINREDFHEICD A
"BHbzEHTs L.

FATREOBIR 2O /R 52, CPU LHIERLT, 4 754 LDEA
WX D#3fEDEEINER SN, I HICHEAEEDORHIC X - TiE
#9256 FEOEBILEBH L. 24Uk D, 4T 54 A ILEHEE
M BB TEEREGEEZRZLTVE ZePHLLTH L. F/z,

RABEIE TV ADHRE L L L THIHEBIELZ TH D, @dREHE

>t

T

DABETH 2, ZD— THEDK TN 24%FTHELE. 2Ok
L—FRA7%2ERL, BMELUEFEEDONS VA E2MBHT 208085 5.

7Y A DWEREE L 2 AR T 575, HEARIEE & D Rzl
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BOARETH 20, 2ROV ITHEZ B IEICT 2. BRNRY 7
V7 —2a B LT, AtREKECHEEOERNRLL-0, &

5o DFEHRMT 20 XMEHIIHE T2 0E1DH 5.
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5 O

AWFFLTIE, Programmable SoC ZIEH L TY a7 VEtEEZ N— K
v 7REL a—-FoRELPEFLEITOZET, "—Fv=z7
BIROFHREZHIH TZ 2 2 2R L. £/, WIHLZEATE L
T, CPU L HEE L TH 3 fEomd oS ER L7z, 51T, Yavr 7y Vit
BO—HOHRET NIV XL ZEET S LT, ZHAE L TH 256
EOEBEHEI L7228, ZDRD D IC— DR E IR 5 /2.

SHBROFEL LTE, a— Fog#EteaE st o BRAM OfEH
BHITE, %D D= F Y = 7EIFROMRAVLIERIC X 287 5 5pd(l, &

FUOREDOM EAZEIToN 5.
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EIf

AR OMEITICEEL, MA—REZ D 5 DZRR THRBEEHOEE
KLET. T, REFMEZHMCREEBENE D S 3RICHET 5%
COEMBT RANAL ZAZ2WEE, DPrOEHLTHET. RiEiZ, FA
DHEAGEE X AT TN as¥a—R7—F 77 F X HREDH

icd, Lo DEHOREBLRAHAL LITXT.
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