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Tom tét - Thuat toan ndi suy 1a rat quan trong trong bo diéu khién
sb may tinh (CNC), né dénh gia chét lwong va sé luong san pham
gia cong trén may cong cu. Nhiéu thuat toan néi suy da duwoc
nghién ctru, rng dung, ké ca noi suy phan ctrng va phan mém. Do
énh hwéng tbc do sb hoc cla phan mém may tinh, tinh chinh xac
va tbc d6 an dao clia hé théng diéu khién sb dwa trén noi suy phan
mém phai tuan theo nhitng han ché nhéat dinh. Trong bai viét nay,
nhém téc gia xay dwng thuat toan x&p xi bac thang cai tién cho néi
suy dwong tron trén FPGA (Field-programmable gate array) phuc
vu cho céc chuyén dong quy dao khong gian 2D, 3D. Két qua mo
phdng va thirc nghiém cho théy viéc xay dwng thuat toan ndi suy
dwdng tron xap xi bac thang trén nén FPGA tbt hon so véi cac
thuat toan mém trwéc day.

Twr khéa - néi suy dwong tron; thuét toan xap xi bac thang; FPGA;
ndi suy phan civng; ndi suy khéng gian 3D.

1. Pit van dé

Chtrc ndng ndi suy duong tron da dugc st dung trong
c4c bo diéu khién sb may tinh (b CNC) ding dé tao ra cac
chuyén dong gia cong cac truc servo. Cac bd CNC ngay
nay, thyc hién ndi suy duong tron sit dung mot trong Cac
thuat toan sau: DDA, X'Qip xi béc thang, tim kiém truc tiép,
Tustin, Euler, Taylor [1].

Thuét toan ndi suy duong tron phan mém trong khong
gian 2D duoc tim thiy nhidu trong cac nghién ctru [2], [3].
Trong nhitng ndm gan day, nghién ctru thudt toan ndi suy
dudng tron trong khong gian 2D duoc trién khai trén FPGA
[4], [5] nhdm khai thac nhiéu vu diém: téc d6 nhanh, d& ciu
hinh; cac thudt toan ndi suy xay dung trén phan ctmg cho déap
{mg t6t hon so v6i phan mém. Bbi voi nhimg thuat toan phirc
tap hodc khi gia cong dudng cong bét ky thi viéc xdy dung
thuat toan trén phan cimg gap nhiéu kho khan, giai phap thay
thé diéu nay 1a thuc hién ching trén cac 16i xtr Iy mém [6].

_Trong cac chuyén dong gia cong khong gian 3D, hay
xoan ¢, mot vai nghién ctru xay dung thuat toan trén phin
mém da dugc dua ra. Cac cong trinh [7], [8], [9] da nghién
clru va img dung vé ndi suy dudng tron trong khong gian
3D khai thac sirc manh may tinh tich hop cac phan mém
CAM, CAD. Nbi suy phan ctmg ¢6 nhiéu vu diém hon so
v6i ndi suy phdn mém nhu: chinh xac hon, thoi gian thyc
hién nhanh hon, dic biét giam tai duge CPU. Vi thé, nhém
tac gia dé xuat xay dung thuat toan xap xi bac thang cai
tién cho noi suy duong tron trong khong gian 2D, 3D trén
FPGA nhim dép tmg cac quy dao gia cong t6t hon.

2. N§i dung
2.1. Pé xudt thudt todn ndi suy dwong tron
Céac bo CNC ngay nay, sir dung ndi suy phan cimg
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DDA cb dién, hodc noi suy phin mém dung thuat toan xap
Xi bac thang. Trén Hinh 1 m6 ta thuat toan x4p xi bac thang
n6i suy dudng tron trong khong gian 2D XY & goc phan tu
thir nhat va huorng cung chiéu kim ddng hd.

Gia sir rang "dao cu" dén vi tri (Xk, Yk) sau khi 1ap budc
thtr k. Trong thuat todn nay, bién Dy dugc tinh bang phuong
trinh (2).

D, = XZ +Y2 -R? @)

Theo hudng mdt budc tién dugc x\éc dinh dua trén Dy,
hudng ra léch duong tron va géc phan tu, noi di chuyén
duogc thuc hién.

+ Dy<0: Truong hop nay ¢ nghia 14 vi tri (Xk, Yk) ndm
bén trong mot vong tron va trong treong hop nay, budc di
chuyén theo huéng duong cua truc X.

+ Di>0: Truong hop nay c6 nghia 1a vi tri (Xk, Yk) nam
0 bén ngoai cua mdt vong tron va trong truong hop nay,
budc di chuyén theo huéng 4m cia truc Y.

+ Dk = 0: Mot trong hai quy tic trén c6 thé dugc lua
chon va ap dung tuy y.

Y

(Xo,Y0)

(XAY7)

X
Hinh 1. Nguyén Iy thudt todn xdp xi béc thang [1]
Thuat todn ndy doi hdi mdt lugng nho phép tinh toan va
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khong gian bo nhé it nén phu hop véi cdu tric phan cimg.
Tuy nhién, con nhi€u lan Idp, goi N Ia s6 buéc 1ap di lap
lai, c6 thé duogc tinh bang phuong trinh (2).

N =|Xo = X¢|+[Yo = Y] )

Trong d6: (Xo, Yo) 1a diém bat dau, (Xy, Yr) 1a diém két thic.

Dé xuit ctia nhom tac gia, cai tién giam s6 1an lap trong
thudt toan xap xi bac thang bang cach thay phuong trinh
(1) bang phuong trinh (3) & d6 thém mét chi s6 phuy.

Di,j:Xi2+Yj2_R2 (3)

Trong phuong trinh (3), i va j twong tng biéu thi s6
lugng cac bude doc theo truc X va truc Y. Khi mt budc
duoc thém vao doc theo truc X, phuong trinh (3) dugc thay
d6i thanh phwong trinh (4).

Di,yj=(X;+)?+Y/ -R?

L (4)

Tuong ty nhu vay cho truong hop khi truc Y giam di 1
budce. Khi do, xung trén cac truc dugce xac dinh boi phuong
trinh (5) nhu sau:

{Axi+1 = AXl + 2

5
AY'+1:AXi—2 ()

I

NOoi dung cua thudt toan xap xi bac thang cai tién 12 xem
xét dén cac hudng:

+ Tang 1 BLU cho hudng X,

+ Giam 1 BLU cho huéng Y,

+ Tang 1 BLU cho huéng X va dong thoi giam 1 BLU
cho hudng Y (chi co thé thuc hién trén phan cing).

Trong d6, trudng hop thir ba 1a phuong phap cai tién
thém vao so vdi thuét todn xap xi bac thang. Khi do, thuét
toan sau cai tién duoc biéu dién trén Hinh 2.

/ AX=2x,+1:AY= - 2y,+1; D=0 /
I

| D=D+AX|; D=D+AY]; D=[D+AX+ AY. |

Hinh 2. Thudt todn xdp xi bdc thang cdi tién
2.2. Pdnh gid két qud nghién ciru
Biéu dién thuét toan xép xi bac thang trudc va sau cdi

tién voi tham sb: Diém bét dau (0,10), diém két thic (10,0),
hudng ndi suy cung chiéu kim dong hd6 CW=0, don vi chiéu
dai phép ndi suy BLU=1.

Trén Hinh 3 14 quy dao chuyén dong cua céc truc X, Y
clia phép ndi suy dudng tron trong mat phing 2D XY.
Trong d6, "o-blue" 1a quy dao st dung thuat toan xap xi
bac thang trude cai tién va "*-red" 1a qiiy dao sau cai tién.
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Hinh 3. Quy dao thudt todn xdp xi bdc thang

Két qua cho thiy quy dao ndi suy tai cac chu ky xung
trudc cai tién ciia X={1, 2, 3,5, 6, 8, 10, 12, 15, 20}, Y={4,
7,9, 11, 13, 14, 16, 17, 18, 19} va sau cai tién X= {1, 2, 3,
4,5,6,8,9 11, 12} va Y= {4, 6, 7, 8, 9, 10, 11, 12, 13,
14}. Nhu vy, sai léch cua thudt toan xép xi bac thang 1a 1
BLU va sau cai tién con 0,5 BLU. S6 1an lip duoc giam
xudng tir 20 con 14 1an nho phat xung dong thoi X, Y tai
cacvitri4,6,7,8,9, 11.
2.3. Xady dwng thudt todn trong khéng gian 3D

Dbi voi cac phép ndi suy duong tron trong khong gian
3D, thyc hién ndi suy 2 trong $63 truc. Dua trén co s¢ thuat
toan Hinh 2, nhom tac gia thuc hién trén khéng gian 3D véi
mot mat phéng va mot truc tham chiéu tuyén tinh.

QUY DAQ DUONG TROM 3D

True Z

Truc Y 0

Hinh 4. Quj dao duong tron néi suy mdt phing XY
trong khéng gian 3D

Trén Hinh 4 1a két qua cua quy dao khi thyc hién thuat
toan x4p xi bac thang cai tién trong khong gian 3D, v6i mat
phing ndi suy duong tron 12 XY (hodc YZ) truc Z (hoic X)
goi 1& tham chiéu tuyén tinh. Tuong tu, thuat toan cé thé
mé rong thanh cic dudng tron nodi suy trén mit phing YZ
va XZ trong khong gian 3D.
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Két qua mo phong thuat toan xap xi bac thang sau cai
tién cho thay quy dao ndi suy “o-red” bam sat theo duong
tron mau trong mit phang ndi suy XY va tham chiéu tuyén
tinh theo truc Z. Tir d6, thuat toan giai quyét dwoc cac
chuyén dong dudng tron ndi suy theo cac mit phang XY,
XZ, YZ trong khdng gian 3D cho cac gia cong may cong
cu hoidc &p dung cho cac gia cong ren, xoan oc...

2.4. Thiét ké thudt todn trén phin cirng FPGA trong
khéng gian 2D

Str dung ngon ngir Verilog dé xdy dung thuat toan trén
cAu triic phan cimg cua FPGA, ¢6 cac tham sé dau vao diém
bat dau (X1, y1, z1) va diém két thic (xz, Y2, Z2), van toc F 1a
cac kiéu dir lidu s6 nguyén 32 bit. Cac dai lugng dau ra xung

XPP, YPP, ZPP va XPM, YPM, ZPM va hudng ndi suy
CW =0/1 ciing chiéu/ nguoc chidu kim dong ho 1 cac kiéu
dir lidu 1 bit, twong ung vai cac truc X, Y, Z, va gia tri cac
truc dugc dinh dang ) nguyén 32 bit. Sau khi thiét ké béng
ngon ngir Verilog ¢6 tén noisuyduongtron.v tién hanh tong
hop, cau hinh trén FPGA va lan lugt mo phong két qua xay
dung thuat toan hai trudng hop trude va sau cai tién.

Thyc hién md phong thuat toan ndi suy xap xi bac thang
trén FPGA khi chua céi tién v6i cac tham sb nhu ban dau x;=0,
y1=10, x,=10, y,=0, toc d6 an dao F400. Trén Hinh 5 thé hi¢n
két qua dau ra, XPP, YPP 1a xung phat ra tai cac thoi diém
1~20 trong thoi gian 2,5ns twong Ung véi gia tri X, Y di dugc
10 don vi trong 20 chu ky xung tmg véi tdc do F=400.

H A

£ Wave - Default
- Msgs

4 ftb_duongtron/CLO... |0

4 ftb_duongtron/RESET |-1

4 ftb_duongtron/CW [+]
B4 Jth_duongronjxl |0 7

B4 ftb_duongtonfyl |10 0
B4 ftb_duongtron/x2 0
B jtb_duongtronfy2 fl
B jtb_duongtron/F 200
B jtb_duongtron/GPL...
4. jtb_duongtron/XPP
4. jtb_duongtron/YPP
4 jtb_duongtron/xPM
4. ftb_duongtron/YPM
8- /th_duongtron/X
8- jtb_duongtron/Y [0 10
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Hinh 5. Két qua thiee hién thudt todn xdp xi bic thang trén FPGA

Thuat toan nay khong cho phép su phat xung dong thoi
& cac tryc, dan dén lam sai léch so voi quy dao thuc 16n (1
BLU). Vi viy, sb diém noi suy tang 1én GP1O = 20 chu ky
xung, thoi gian ndi suy kéo dai 2,5ns (chu ky gia 1ap cho
mo phong clk = 10ps).

Ciing xay dung trén FPGA v6i cac tham sé nhu Hinh
5, nhung thuat toan lic nay duoc cai tién nhu dé xudt phan
trén. Két qua sau khi cai tién thuat toan x4p xi bac thang

thé hién nhu Hinh 6. Vi két qua nay, ta thiy tai cac vi tri
4,6,7,8,9, 11 1a su phat xung dong thoi giita cac truc, nhd
dic diém k1em tra theo cac hudng sai 1éch quy dao nho nhat
da dugc cai tién. Thoi gian hoan thanh ndi suy rat ngén tir
20 chu ky xung xudng con 14 chu ky xung, thoi gian noi
suy con 19ns (cung chu ky gia 1ap cho mod phong
clk = 10ps). Pong thoi sai léch quy dao dugc giam xudng
tir 1 BLU con 0,5 BLU va thoa man voi két qua mo phong

18| Wave - Default

1y thuyét thuat toan trén Hinh 3.

B jtb_duongtron/GPIO_0
4. fth_duongtron/XPP
“ jtb_duongtron/YPP
#  fib_duengtron/XPM
“  fib_duongtron/YPM

@ jto_duongtran/X

©- jtb_duongtron/Y

Tl Cursor 1
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Hinh 6. Két qud mé phong sir dung thudt todn xdp xi bdc thang cdi tién trén FPGA

2.5. Thiét ké thudt todn trén phin cirng FPGA trong
khéng gian 3D

Tir két qua dat duoc khi xay dung thuat toan x4p xi bac
thang cai tién trén FPGA & khong gian 2D ta s€ thuc hién
trén khong gian 3D. Nhu da trinh bay muc trén khi thuc
hién trong khong gian 3D cin xac dinh mat phéng ndi suy,
truc con lai goi 1a truc tham chiéu tuyén tinh. Ta bd sung
tin hiéu ddu vao lya chon mat phfmg ndi suy c6 tén “Space”

:):):):):):):):):):):):):) i}
THN A S ) S S O A )y
T I . I ——)

A | Sy A A | | A A (S E— —
S | | Sy Sy S Sy | sy O S
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thanh ghi 2 bit véi 3 trang thai lya chon mat phfmg ndi suy
nhu sau: 00-XY; 01-XZ; 10-YZ. Két qua Hinh 7 cho thiy
trén hai truc ndi suy XY thoa man véi thuat toan trén Hinh
2 va két qua md phong nhu Hinh 6. Ngoai ra, ZPP phét
xung tai cac thoi diém z={1,2,3,4,5,6,7,8,9, 11} la
pht hop véi tham chiéu truc Z nhu két qua mo phong trén
Hinh 4, v&i quan hé hai truc X, Z 1a tuyén tinh trong mat
phing XZ.
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= HAx

£E| Wave - Default
d Msgs
/tb_duongtron/CLOCK_50 | -No Data-
Jtb_duongtron/RESET No Data-
Jtb_duongtron/CW No Data-
Jtb_duongtron/x1 Mo Data-
Jth_duongtronjy1 No Data-
Jth_duongtron/z1 No Data-
Jtb_duongtron/x2 No Data-
Jtb_duongtron/y2 No Data-
Jtb_duongtron/z2 No Data-
Jtb_duongtron/F No Data-
[tb_duongtron/Space Mo Data-
Jtb_duongtron/GPIO_0  |-No Data-
Jth_duongtron/XPP No Data-
Jtb_duongtron/YPP No Data-
Jtb_duongtron/ZPP No Data-
Jtb_duongtron/XPM No Data-
Jtb_duongtron/YPM No Data-
Jtb_duongtron/ZPM Mo Data-
[th_duongtron/X Mo Data-
Jth_duongtronY Nobata- |0 10 5
Jth_duongtron/Z No Data-

|—|
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Hinh 7. M6 phong thudt todn xdp xi bdc thang cdi tién trén FPGA véi mdt phing néi suy XY trong khéng gian 3D

Dé c6 cai nhin duogc tong quat hon vé thudt toan xép xi
béc thang cai tién ndi suy duong tron trong khong gian 3D,
tac gia tién hanh thuc hién voi hé s6 xung k = 10 lan so véi
gid tri cai dat trén. Két qua Hinh 8 quy dao cung tron trong
khong gian 3D 1én mat phang ndi suy XY.

QUY DAO DUONG TRON 3D

Truc Z

True Y True X

Hinh 8. Quy dao ndi suy dwong tron khdng gian 3D

Khi chiéu két qua nay 1én mit phang XY va YZ ta duoc
cung tron nhur Hinh 3, nguoc lai khi chiéu 1én mit phing XZ
ta dugc duong thing didu d6 phan anh dung véi Iy thuyét xay
dyng thuat toan voi mat phﬁng ndi suy XY (hodc YZ) tham
chiéu tuyén tinh theo truc Z (hodc truc X) trong gian 3D.

Danh gia sai léch quy dao trén cac mit phang, thi sai
1éch so voi mat phéng XY, YZ 1a 0,5 BLU con véi mat
phing XZ 1 0. Trong khi d6, sai léch quy dao khi thuat
toan chua cai tién tit ca cic mat phang déu 1 BLU.

So sanh két qua Hinh 4 va Hinh 8 ta thay khi hé s6 k
cang 16n kich thuéc BLU cang nho thi sai 1éch cang nho
theo. Tién hanh thyc hién thuat toan ndy trén FPGA véi hé
s6 xung k=10 lan (trong thyuc t& thi k=1000 xung/don vi
chiéu dai). Két qua dwoc thé hi¢n trén Hinh 9. Ta thay, tong
s0  bude duoc thue hién 140/200 chu ky xung, gid tri xung
mdi truc 100. Sy xuat hién quan hé xung trén cac mit phang
XY,YZ la dudng tron ndi suy, con miat phang XZ la quan
hé duong thang nén xung trén ZPP va ZPP la giéng nhau.
Nhu vay, két qua phan anh dung 1y thuyét thuét toan trong
moi truong hop.

58| Wave - Default

Jtb_duongtron/CLO... [-1
Jto_duongtron/RESET |-1
Jtb_duongtron/CwW
Jto_duengtron/xcl
Jtb_duongtron/y1
Jtb_duongtron/zi
Jtb_duongtron/x2
Jto_duongtron/y2
ftb_duengtron/z2
Jto_duongtron/F 0
ftb_duongtran/X BEEEVERIEREROREN RN RV REDRINS]
Jtb_duongtran/Y IREE] a8
Jto_duengtron/z
Jtb_duongtron/GFI...
[tb_duongtron/xPP
Jtb_duongtron/YPP
Jtb_duongtron/ZPP
Jtb_duongtron/XPM
Jtb_duongtron/YPM
Jtb_duongtron/ZPM
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Hinh 9. Két qua mé phong thudt todn xdp xi béc thang cdi tién trén FPGA véi hé s6 xung k=10

2.6. Thuee nghiém thudt todn xdap xi bic thang cdi tién nji

suy dwong tron trén FPGA trong khong gian 3D

Tién hanh thyc nghiém két qua trén KIT DE1 SoC véi

dong FPGA la 5CEBATF31C6 véi cic dau vao gia dinh
(xuy1,z1) = (0,100,0); (x2,y2z2) = (100,0,100), R=100,
CLK=50MHz, toc d0 F=400 (tuong tng chu ky xung
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2KHz) cac gia tri dau ra XPP, YPP, XPP, XPM, YPM,
ZPM dugc gan cho GPIO 0[31:26].

Tan sb clk 50MHz, hé $6 xung k = 10 xung/BLU, thuc
nghi¢m dugc do dat tai cac kénl} phat xung cuia truc XY,
Z nhu Hinh 10 trong d6 Y’ 1a két qua do kénh truc Y lan 2
cung voi truc Z cua may hién soéng 2 kénh.

Tek M Pos: 50.00rms

M. @ i1p
+

CH2 1.00% 2505

26-tar-17 1231

Két qua cho thdy xung trén hai truc X, Y s& hinh thanh
quy dao chuyén dong duong tron trén mit phing XY, ddi
v6i mit phang XZ la chuyén dong tuyén tinh. Nhu vay
nhom tac gia khéng dinh viéc xay dung thuat toan xép xi
béc thang céi tién trén nén FPGA trong khong gian 3D 1a
phu hop.

M Past 50.00ms

Tek . L ] STUD+

CHZ 1.00% td 2505

25—Pdar-17 1535

Hinh 10. Két qud thue nghiém thudt todn cdi tién trén FPGA véi hé s6 xung k=10

3. Két lugn

Viéc xay dung thuat toan xap xi bac thang cai tién cho
phép ndi suy duong tron trén nén FPGA trong khdng gian
2D, 3D 1a phu hop véi nhitng cong nghé¢ ngay nay, dac biét
sir dung cho bd CNC-on-Chip. Bai viét d c6 nhitng dong
g6p cu thé nhur sau:

- Budc dau dua dong san phim FPGA vio tmg dung
linh vyc diéu khién 13 phu hop, trong boi canh thiét ké chip
tai Viét Nam dang di vao tng dung nhiéu vé FPGA va phu
hop voi xu hudng nghién ciru trén thé gidi vé xay dung
thudt toan diéu khién trén FPGA [2], [10].

- Dé xuat xay dyng thuat toan x4p xi bac thang cai tién
cho phép ndi suy dudng tron trén nén phan cing ciia FPGA
trong khong gian 2D; qua d6 giam thiéu sai léch tir 1 BLU
xudng con 0,5 BLU va rat ngan thoi gian ndi suy duong
tron xudéng 30% (tir 20 xudéng 14 chu ky xung).

- Céc két qua moé phong va thuc nghiém kiém ching
duoc thuat toan xap xi bac thang cai tién trong khong gian
3D xay dung trén phan cirmg FPGA la kha thi, v6i quy dao
sai 1éch nho va thoi gian ndi suy nhanh, ma tac gia chua
tim thay cac cong trinh trugc day.
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