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BAN PO HANH LANG TUONG Ml NH: BAN PO CHO BAI TOAN
TIM PUONG PA POI TUQNG

EXPLICIT CORRIDOR MAP: ROADMAP FOR MULTIPLE
MOVING OBJECTS PATH FINDING PROBLEM

'Tran Nhgt Hoang Anh, 2Vuong Bd Thinh
'Bai hoc Giao thong van tai Thanh pho Ho Chi Minh
2Pgi hoc Bach Khoa — DPHQG Thanh pho Ho Chi Minh
Tom tdt: Tim dwong di tie Vi tri A dén vi tri B, dong thoi tranh vdt can va phan ing véi sw thay doi
Ciia méi trrong xung quanh la mét bai toan Ién va cé dién, ddc biét 1a khdng dé doi véi rd bot. Tim
diong doi véi rd bot chi ¢o thé tinh toan mét khi ban do cho méi triong da dwoc xdc dinh. Trong bai
b&o nay, nhom tac gid trinh bay cach xay dung bdn do hanh lang tiwong minh (Explicit Corridor Map
(ECM)) cho méi trwong ¢ chira CAc Vdt can va ban do co thé dé dang duwoc cap nhdt khi méi triong co
s thay doi. Véi mét moi trieong phang chira n vat can, do phirc tap vé mat heu triv 12 O(n) va tidu ton
thoi gian tinh toan 1a 0(nlog n). Két qua thuc nghiém cho thay ECM tinh toan rdt nhanh trén moi
triwong 2D, dong thoi viée tim dwrong trén ban do nay chi trong khoang vai ms. Ban do hanh lang twong
minh ciing phix hop Véi viéc md phong dam dong di chuyén.
Tir khoa: Luéi diéu hueng, tim dwong.
Chi sé phan logi: 2.2
Abstract: Path planning from position A to position B, while avoiding obstacles and responding to
changes in the surrounding environment is a big and fundamental task, especially uneasy for rd bats.
Path finding for rd bots can only be calculated once the roadmap for the environment has been
identified. In this paper, we present a way to build for the environment that contains obstructions an
Explicit Corridor Map (ECM), which can be simply updated as the environment changes. For a planar
environment with n obstacle vertices, storage complexity is O(n) and computational time consumption
is O(nlog n). Experimental results showed that ECM is excuted very fast in large 2D environments;
simultaneously, it can be used to compute paths within milliseconds. This enables simulations for moving
crowds.

Keywords: Navigation mesh, path finding.
Classification number: 2.2

1. Gigi thidu

Thiét bi tu hanh hay ngudi may 1a mot
thiét bi nhan tao tréng gidng nhu con ngudi,
hoat dong tu dong hoic ban tu dong bang su
diéu khién caa may tinh hay cac vi mach dién
tar duoc 1ap trinh. Ching c6 nhiéu wng dung
hiru ich trong cac linh vyc san XUat, tham hiém
vu tru... hodc dé phuc vu cho muc dich trinh
tham quén su, dan su. Cac trng dung nay lam
phat sinh hai vin dé chinh trong linh vuc
Robotics: Lap ké hoach chuyén dong va truy
vét hanh trinh. Trong bai toan chinh thar nhit,
cc thiét bi dugc dua vé 1a mot rd bét diém,
quy vé bai toan chung tim dudng cho dbi
tugng. P6i tugng can di chuyén muot ma va
tranh va cham véi cac vat can cling nhu cac

dbi twong khac. Péi twong phai di chuyén
trong mot khong gian goi l1a khong gian di
chuyén duoc.

Lu6i didu hudng (Navigation Mesh) 1a
mét dang khong gian di chuyén dugc. N6 co
thé 1a mot ludi cac 6 vudng lién két voi nhau,
hoic cac da giac 16i (thudng 1a tam giéc).

Trong bai bdo, nhdm tac gia trinh bay ban
dd hanh lang tudng minh 1a mot dang luéi
diéu huéng. Véi do phuc tap tinh toan 12 1a
O(nlogn) va chi phu thuoc vao dé phuc tap
cua moi truong, trong khi d6 phuong phap
ludi 6 phu thude vao kich thudc moi truong
(khdng hiéu qua khi méi truong l6n). Bdng
thoi phuong phap ECM tao ra do thi thua
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(0(n) space) cho nén viéc tim duong sé dé
dang va nhanh chong. N6 ciing hd trg tac vu
nhu tim kiém xem c6 bao nhiéu vat can gan
nhét. Va c6 thé cap nhat ban d6 trong thoi gian
thuc khi thém hoac xda vat can.

2. Cong trinh lién quan

2.1. Khong gian tim dudng

Van d& tim duong c6 thé noi 1a dugc bit
ngudn tir cac nghién cau vé rd bot. Noi ma,
cac nghién ctru vién phai tinh toan mot mot
quy dao khdng c6 va cham (Collision - free)
tr mot cAu hinh ban dau dén mot cAu hinh
khéc. Vi dy, nhu mét canh tay rd bét voi céc
khép quay, mot cau hinh c6 thé 1a tap vi tri cua
cac khaop quay.

Mot tap hop tat ca cac cau hinh — & s&
duoc chia thanh hai phan, khong c6 va cham
(Efree) VA phan con lai (Eobs). Trong Efree, 1o
bét s& khdng cham bat ki vat can nao. Tai cac
cau hinh 3D, vi du nhu cac rd bét di chuyén
trong khong gian 3D, nhitng cau hinh nay qua
phtic tap dé miéu ta. Vi vay, mot cach giai
quyét thong thuong la miéu ta khong gian
dudi dang lay mau. Cac giai phéap noi tiéng
cua ky thuat nay la Probabilistic Roadmaps
(PRMs) [1] va Rapidly - Exploring Random
Trees (RRTS) [2].

Trong mO phong dam dong, khong gian
cla cac dbi twong thuong la khdng gian ba
chiéu. Tuy nhién, cac ddi twong thuong duoc
gidi han trong cac bé mat di chuyén dugc. (bé
mat di chuyén dugc 1a Efree). POI V&I md
phong dam dong, cac bé mat di chuyén duoc
thuong duoc chiéu xuéng mot mat phang P
ma khdng gay ra bat ky su chdng chéo nao.
Toll va cac cong su [3] mic dinh céc bé mat
di chuyén duoc duoc chiéu xudng mat phang
P — 12 khdng gian hai chiéu.

2.2. Lu6i diéu hwéng

C6 rét nhiéu cach dé tu dong chia &free
thanh cac thanh phan lién két voi nhau. Snook
[4] va Tozour [5] la nhimg nguoi dau tién su
dung dinh nghia ludi diéu huéng ma hién tai
trg nén rat thong dung trong linh vuc tim
duong va moé phong dam dong.

Thuat ngit "luéi diéu husng” (Navigation
Mesh) vé& co ban biéu dién mot cach phan chia
khong gian dé st ding cho muc dich diéu
huéng. C rat nhiéu loai ludi diéu hudng, nhu
la Trapezoidal Map (chia &free thanh cac tim
theo chiéu doc tai mdi dinh cua céc vat can),
hay la Triangulation (chia &free thanh céac
hinh tam giac trong d6 cac dinh ctua tam giac
la dinh cta vat can) va Grid (chia &free thanh
cac hinh vuéng),... Hinh 1 m6 ta ba loai luéi
diéu huong.

(a) Trapezoidal
Map

(b) Triangulation (c) Grid

Hinh 1. Cdc phwong phdp phdn chia khéong gian.
2.3. So' db VVoronoi

So @6 Voronoi (Voronoi Diagram - VD)
1a mot khai niém can ban vé ciu trdc di liéu
hinh hoc véi nhiéu tng dung lién quan.

Trong truong hop don gian nhét, khi cac
vat thé 1a cac diém, ta c6 mot tap hop s gom
nhiéu diém trén mat phing, duoc goi 1a diém
Voronoi. Mbi diém s tng véi mot 6 Voronoi,
hay con goi la 6 Dirichlet, ky hiéu la V(s), bao
gom tat ca cac diém gan s hon tat ca cac diém
Voronoi khac. Céc canh cua so d6 Voronoi la
tap cac diém c6 khoang cach toi hai diém
Voronoi gan nhat 1a nhu nhau. Cac dinh cua
so d6 Voronoi 1a cac diém c6 khoang cach toi
it nhat ba diém Voronoi gan nhat 1a nhu nhau.
Hinh 2a 1a mot vi du cua so dd Voronoi. Pd
thi dbi ngau cua so dd Voronoi 1a d6 thi c6 mdi
diém cho mdi 6 cua VD va cac canh cho mdi
cap 6 ma c6 chung canh trong VD. Db thi nay
con co tén la Delaunay Triangulation (DT). So
d6 Voronoi c6 thé mé rong cho cac doan thing
va da giac. Phién ban nay thuong dugc goi la
so d6 Voronoi téng quéat (Generalized
Voronoi Diagram hoac GVD). Hinh 2b la mét
vi du cta so d6 Voronoi tong quat.
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C6 rat nhiéu cach dung dé tinh toan so d6
Voronoi trong thoi gian (nlogn), bao gom
thuat toan mat phang quét ciia Fortune [6], giai
thuat theo hudng chia dé tri cia Shamos va
Hoey [7], xay dung gia tang cua Green va
Sibson [8]. Ngoai ra, GVD c6 thé dugc tinh
toan gan dung bang giai thuat sir dung d6 hoa
cua Hoff et al [9].
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(a) So @6 oronoi (b) GVD

Hinh 2. So d@6 Voronoi.

3. Ban @6 hanh lang twong minh

» Mboi trueong 2D

Mot moi truong 2D & 1a tap con gidi han
ctiia mat phang 2D véi c&c vat can hinh da giac
khép kin. Khdng gian vat can &obs 12 tap hop
cua tat ca vat can bao géom ca duong bién cua
mdi truong. Phan con lai trong moi truong 1a
khong gian tréng &free. Mot minh hoa cia moi
truong 2D duoc hién thi trong hinh 3a. Cho n
la s6 dinh dé dinh nghia &obs bang cach ding
cac hinh da giac don gian, duong thang, diém.
Chung ta goi n 1a do phuc tap ciia moi truong.

» Truc trung gian

Truc trung gian (Medial Axis) lam mot
tap con cua so d6 Voronoi téng quat (GVD),
n6 khong cd céc canh va cac dinh nam trong
vat can. Mdi cung cua truc trung gian A la
duong phan chia duoc tao ra boi hai nguon:
diém hodc doan thing cia Efree. NéU mot
ngudn 1a mot doan thiang va ngudn con lai 1a
mot diém thi A s& 1a dudng cong; nguoc lai A
1a duong thang.

Cac dinh c6 bac bang 1, 3, hoic cao hon
1a dinh chinh. Cac dinh c6 bac bang 2 sé& la
dinh phuy, bai Vi truc trung gian chi thay doi
hinh dang tai cac dinh nay. M6t canh cua truc
trung gian la mot chudi cac cung truc trung

gian gitra hai dinh chinh. Trong hinh 3b cho
thdy truc trung gian cia mot moi truong 2D
don gian chi gdm mat vat can hinh chir U va
bién cta mai truong vudng.

|
t

(a) Méi truong (b) Truc trung gian
Hinh 3. Méi truong 2D don gian.

> Ban d6 hanh lang twong minh

Ban d6 hanh lang tuong minh (Explitcit
Corridor Map) 1a mét biéu dién db thi caa truc
trung gian vai thong tin vé vat can gan nhat.
N6 md ta mdi cung cua truc trung gian va
khdng gian tréng xung quanh mot cach hiéu
qua. Nhu vay, n6 1a mot ludi diéu huéng nho
gon d& tim duong di cho bt cir nhan vat cé
ban kinh bat ki.

Cho mét méi treong 2D & vai Cac vat can,
ban db hanh lang tudng minh (&) 1a mot biéu
din ma rong cua truc trung gian (&) bang mot
dd thi vo huéng G = (V, E).

Trong do:

e V la tap cac dinh chinh cuaa truc trung
gian;

e E latap céc canh cua truc trung gian;

e Mai canh ei; € E biéu dién cung truc
trung gian gitta hai dinh chinh vi,; € V. NG
duoc biéu dién bang mot chudi n’ > 2 diém
udn (bending point) bpo,...,n-1 trong d6 bpo =
Vi, bpw-1=vjva bpu,....bpn— la cac dinh phu
con lai trén canh;

e Mbi diém ubn 1a mot dinh cua truc
trung gian két hop vai thdng tin vé vat can gan
nhat. Mot diém udn bpr trén mot canh luu trix
hai diém vat can gan nhat lx va r« ¢ bén tréi
va bén phai canh.

> Ban dd hanh lang twong minh trong
moi trweomg dong
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Moi truong dong la moi truong trong do
vat can c6 thé xuét hién, bién méat, hoac di
chuyén. Nhitng vat can dong c6 anh huong
nhiéu dén méi trudng. Trong nhiéu truong
hop, phuong phap tranh va cham cuc bo
khéng thé dan dudng cho dbi twong toi dich,
dbi twong c6 thé bi ket & dudng di cii, phai tim
duong di méi.

Khi cho mot diém, ching ta c6 thé thuc
hién mat truy van Point - Location dé tim ra
6 ECM nao chtra diém nay. Ching ta cd thé st
dung giai thuat Point - Location cua
Kirkpatrick [10] c6 thé tra 151 dwoc cau truy
van nay trong thoi gian O(nlogn) va can
0(n) khong gian bo nho.

Vi tim tap vat can Np ma tao ra canh
Voronoi Véi p, tinh so d6 so d6 Voronoi cua
cac diém vat can, mot diém vat can p c6 thé
duogc x6a nhu sau: Voronoi (VD) cua Np tu
dau, va thay nhiing canh Voronoi cii cua p
bang nhitng canh ciia VD méi nay. Diéu nay
dugc minh hoa ¢ hinh 4,

Y tudng twong tw cho x6a mot diém, doan
thang, da giac 16i trong ECM. Pat 0 12 vat can
can xda va gia sa né khdng giao véi cac vat
can khac, nhu vay sé c6 mot vong khép kin
cac canh ECM bao quanh 0. Bat Zo la khu
vuc bao bai vong canh ndy. Ching ta chi can
cap nhap ECM trong (va trén bién cua) Zo.
Hon nita, dé tinh ECM méi trong Zo, chling ta
chi can phan cac vat can ma sinh ra canh ECM
Véi 0.

Dit 77212 6 6 ECM trén canh xung quanh
0. Tap céc vat can lan can No cua O c6 kich
thudc (772), N6 c6 thé tim thiy trong thoi gian
(772) khi duyét canh ECM xung quanh 0. Tinh
ECM cho No tn thoi gian (mlogm). Két
hop véi truy van Point - Location lic bat dau,
giai thuat hoan chinh tén thoi gian (log n +
m log m). Néu 0 c6 con tro chi dén céc canh
xung quanh, thi khéng can truy van point-
location, do d6 phan log n cd thé loai bo.

Y tudng tuong tu khi thém maot vat can 0.
Ngoai trir viéc khi cap nhat ECM, ching ta chi
phai thém chinh vat can d6 vao No, so v&i viéc

X0a vat can phai xay dung truc trung gian cho
tat ca cac vat can 1an can cua vat can dang bi
x0a. Do d6 thoi gian thém vat can sé nhanh
hon mét chdt so vai khi xéa.

(c) Sau khi
x0a

(a) Truoc khi
x6a

(b) VD
cua Np
Hinh 4. X6a mét diém vdt can p tir so' dé Voronoi.

4. Két qua thuc nghiém

Trong phan nay, nhdm nghién ctu tién
hanh do hi¢u nang cling nhu tinh toan thoi
gian mot sb tinh ning nhu xdy dung EMC,
thém hoac xda vat can.

Viéc tinh toan dugc do dac trén may co
thong sé cau hinh nhu sau: Win 10, CPU i7
7500U, ram 4GB. Ngoai ra, tit ca nhiing sé
liéu vé thoi gian ma nhém nghién cau co déu
dugc tinh trung binh théng qua 10 lan do.
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(c) City 2x2 (d) City 4x4

Hinh 5. Cdc méi truong thuc nghiém.

Nhédm nghién ctru da thu nghiém trén 4
moi truong ao cd kich thudc khac nhau:
Military, City, City 2x2, City 4x4 (xem hinh
5). Military 13 mot méi truomg don gian véi sb
lugng nho vat can va cé kich thudc (size) trén
Unity 1a 200 x 200. City la mot méi truong
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thanh phd 4o phuc tap hon, s lwong vat can
nhiéu hon va c6 kich thudc 500 x 500. City
2x2 va City 4x4 tuong tu voi nhu City voi
kich thudc lan luot 1a 1000 x 1000 va 2000 x
2000.

.
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Hinh 6. ECM sau khi xay ding xong.
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(a) Military (b) City

(c) City 2x2 (d) City 4x4
Hinh 7. Recast sau khi xay dung xong.

Trong phan ndy nhém nghién ctu s& so
sanh thoi gian xdy dung ECM véi Recast
(hién thuc bai Aron Granberg [11]). Recast la
mot ludi diéu huéng rat phd bién trong viéc
phat trién tro choi, mot phién ban tay chinh lai

cia Recast da dugc tich hop san trong Unity
goi 1a NavMesh. Tuy nhién Recast co rat
nhiéu théng sb cau hinh, 1am cho viéc so sanh
tré nén phac tap hon tai vi méi loai méi trudng
c6 thdng s6 t6i wu khac nhau. Nhém nghién
ctiu théng nhat chon mot théng sé cau hinh
can bang giira d6 phuc tap caa do thi tra vé,
thoi gian chay, d6 chinh xac d6 1a {Cell size =
5, Max Border Edge Length = 100} cho tat ca
cac moi truong.

Trudgc khi tién hanh do thoi gian xay dung
ECM, nhém nghién ctu di tinh trudc sb dinh
hién cd cua cac vat can (Obstacle vertices).
Sau d6 tinh s dinh, sé canh cua ECM va
Recast. Hinh 6 hién thi ECM khi dugc xay
dung xong. Hinh 7 hién thi Recast khi duoc
xay dung xong. Két qua ta thu duoc ¢ bang 1
va bang 2.

Duya vao bang 1 va bang 2, ta c6 thé thiy
s6 dinh vat can ting 1én lam thoi gian xay
dung ciing ting dan Ién. Sé dinh, s canh db
thi caa ECM nhiéu hon Recast & cdc moi
truong nho va it hon & cac méi trudng 16n. S6
dinh, sé canh biéu dién d6 phuc tap caa do th.
Db thi co do phuc tap it hon thi thoi gian chay
giai thuat tim duong nhanh hon. Thoi gian xay
dung cia ECM nhanh hon so véi Recast ¢ tat
ca cac moi truong.

Bang 1. Thoi gian xay ECM.

voi | ainn S6 | S6 | Thaigian
treong vat d;mh. C? nh. xay dyng
N do thi | do thi (ms)
can
Military 84 181 394 37
City 286 566 1258 69
City 2x2 1144 2225 4946 278
City 4x4 4664 9042 | 20282 1222
Bdng 2. Thoi gian xay Recast.
Mo | dinh S6 | S6 | Theigian
treong vat d;mh. C? ; h. xay dung
N do thi | do thi (ms)
can
Military 84 141 308 145
City 286 338 742 158
City 2x2 1144 2584 5638 678
City 4x4 4664 | 10199 | 22854 2480

Thém/xéa mot vat can: Dé viéc tinh toan
don gian hon, nhdm nghién cau chi thém/xo6a
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mot vat can ¢ sé dinh 12 4. Ngoai ra, voi
trrong hop thém mot vat can, ta chi thém vao
trong ving khong gian tréng (khong duoc
chdng d¢ 18n cac vat can dang co san trong ban
d5). Minh hoa trong hinh 8. Két qua ta tinh
toan trong bang 3.

RN 111111 111
| | | |
Bi= = (=
(a) Ban do (b) Themmgt  (c) X6a mot
ban dau vat can vat can

Hinh 8. Thém/x6a vdt can.
Bdng 3. Thei gian tinh toén khi thém/xda vt can

Thei Thoi gian
Mobi gian Thoi gian A
truong thém x0a (ms) xay dung
ECM (ms)
(ms)
Military 4 6.9 37
City 5.2 7.7 69
City 2x2 9.9 16 278
City 4x4 14.2 18.6 1222

Duya vao bang 3, ta nhan thay thoi gian
tinh toan khi x6a mot vat can c6 phan nhinh
hon so vai thoi gian thém mot vat can. Nhung
nhin chung, viéc thém hay x6a mot vat can
déu duoc thuc hién rat nhanh, gan nhu khong
dang ké so vai viéc xay dung lai toan bo ECM,
do giai thuat chi xét cac 6 ECM xung quanh
do.

5. Két luan

Trong linh vyc Robotics, mé phong hay
game, cac ddi tuwong can tinh toan va di
chuyén trong mét khéng gian cd thé di chuyén
duoc. Ludi diéu hudng 1a mot cach tiép can
phd bién. Trong bai bao nay nhém nghién ctu
da trinh bay cach xdy dung ban dd twong minh
cho phép viéc tim duong c6 thé thuc hién
trong thoi gian thyuc, dong thoi ECM ciing phu
hop véi tim duong cho rd bét va méd phong
dam dong di chuyén.

ECM ciing h tro tot cac tAc vu nhu truy
van cac chudng ngai vat gan nhat, tinh toan
duong dan co6 d6 mé (ban kinh di qua duoc)
phU hop. B4i véi méi truong 2D ¢b n vat can,

ECM can 0(n) khong gian va tinh toan trong
thoi gian 0(nlogn).

Thuc nghiém ciing cho thay viéc tinh toan
chi tiéu ton thoi gian ms véi moi truong co
nhiéu vat cand

Tai liéu tham khao
[1] L.E. Kavraki, P. Svestka, J.-C. Latombe, and M.H.

Overmars. Probabilistic roadmaps for path

planning in high-dimensional configuration

spaces. |IEEE Transactions on R& bdtics and
Automation, 12(4):566-580, 1996;

[2] J.J. Kuffner and S.M. LaValle. RRT-Connect: An
efficient approach to single-query path planning.
Proceedings of the 17th IEEE International
Conference on Rd bdtics and Automation, pages
995-1001, 2000;

[3] W.G. van Toll, A.F. Cook IV, and R. Geraerts.
Real-time density-based crowd simulation.
Computer Animation and Virtual Worlds,
23(1):59-69, 2012;

[4] G. Snook. Simplified 3D movement and pathfinding
using navigation meshes. Mark DelLoura, editor,
Game Programming Gems, pages 288-304.
Charles River Media, 2000;

[5] P. Tozour. Building a near-optimal navigation
mesh. Steve Rabin, editor, Al Game Programming
Wisdom, pages 171-185. Charles River Media,
2002;

[6] S. Fortune. A sweepline algorithm for Voronoi
diagrams. Algorithmica, 2:153-174, 1987,

[7] M.1. Shamos and D. Hoey. Closest-point problems.
Proceedings of the 16th Annual IEEE Symposium
on Foundations of Computer Science, pages 151—
162, 1975;

[8] P.J. Green and R. Sibson. Computing Dirichlet
tessellations in the plane. The Computer Journal,
21(2):168-173, 1978;

[9] K.E. Hoff III, T. Culver, J. Keyser, M. Lin, and D.
Manocha. Fast computation of generalized
Voronoi diagrams using graphics hardware.
International Conference on Computer Graphics
and Interactive Techniques, pages 277-286, 1999;

[10] M. de Berg, O. Cheong, M. van Kreveld, and M.
Overmars. Computational Geometry: Algorithms
and Applications. Springer, 3rd edition, 2008;

[11] Aron Granberg. A* Pathfinding Project.
https://arongranberg.com/astar, 2019.
Ngay nhan bai: 23/8/2019
Ngay chuyén phan bign: 26/8/2019
Ngay hoan thanh sira bai: 16/9/2019
Ngay chip nhan ding: 23/9/2019




