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Ky hiéu va thuat ngo

Ky hiéu / Thuat ngi

Y nghia

G=(V,E) Do thi vo huéng véi tap dinh V va tap canh E

ICV Tap doc lap (independent set)

I, I Tap doc lap ban dau (start) va muc tieu (target)

Token Mot “quan cd” dit trén dinh, dai dien cho mot phan tit ctia tap
doc lap

Token Jump Phép di chuyén mot token tit dinh nay sang dinh khac sao cho
cau hinh méi van 1a independent set

p={Iy,...,Ip) Chubi reconfiguration

Ip| Do dai chudi reconfiguration (s6 lan token jump)

ISR Independent Set Reconfiguration

PDDL Planning Domain Definition Language

SAS+ Biéu dién trung gian clia bai toan planning: (V, A, I, G)

Vv, A Tap bién trang thai va tap hanh dong trong SAS+

pre(a), eff(a)

Tién diéu kién va tac dong clia hanh dong a

Heuristic Ham udc lugng chi phi tir trang thai hién tai dén goal
Landmark Fact hodc hanh dong bat buoc phai xay ra trong moi 15i giai
BDD Binary Decision Diagram

GBFS Greedy Best-First Search

A* Thuat toan tim dudng t6i wu két hop chi phi thiye va heuristic
Portfolio Chién luge chay tuan ty nhiéu thanh phan véi time limit khac

nhau

Counter Abstraction

Ky thuat tritu tuong héa bang cich dém s token theo mau sic

PSPACE-complete

L6p do phtic tap cta bai toan ISR

CoRe 2022

1st Combinatorial Reconfiguration Challenge 2022

Bang 1: Bang ky hiéu va thuat ngt




1 Gidi thiéu tong quan vé PARIS

PARIS (Planning Algorithms for Reconfiguring Independent Sets) 1a mot hé thong solver
dugc thiét ké dé gidi bai toan Independent Set Reconfiguration (ISR) biang cach tiép
can novel: bién déi bai toan ISR thanh bai toan lap ké hoach cb dién (classical
planning), sau d6 ap dung céc ky thuat tim kiém tién tién da dugc phét trién béi cong
dong Al Planning.

PARIS dugc phat trién béi Remo Christen, Salomé Eriksson, Michael Katz, Christian
Muise, Alice Petrov, Florian Pommerening, Jendrik Seipp, Silvan Sievers va David Speck,
cong bo tai ECAT 2023 [?]. Tai CoRe Challenge 2022, PARIS dat 4 giai nhat, 3 giai nhi,
va 3 giai ba trén tong sb cac track.

Pipeline gom 5 budc chinh:

2 Dinh nghia bai toan ISR

2.1 Do thi va tap doc lap

Cho d6 thi vo huéng G = (V, E) véi E C {{u,v} | u,v € V,u # v}.

Dinh nghia 1 (Independent Set): Mot tap [ C V 1a tap
doc lap néu:
Vu,v € I :{u,v} ¢ E

2.2 M6 hinh Token Jump

Dinh nghia 2 (Token Jump): Mot token jump la phép di
chuyén mot token tit dinh v € I sang dinh u ¢ I sao cho
I'=(I\{v})U{u} thoéa man:

Vwe I {u,w} ¢ FE

Token khong can di chuyén doc theo canh — né c6 thé “nhay”
dén bat ky dinh nao.




2.3 Bai toan ISR
Dinh nghia 3 (ISR): Cho G = (V, E), I, va I; v6i |Is| = |1|.

Bai toan ISR yeéu cau xac dinh c¢6 ton tai chudi reconfiguration:

P = <-[0:-157]17"‘7-[n:]t>

trong d6 moi I; 1a independent set va I;,; thu duge tit I; bang

ding mot token jump.

Vi du: Xét dd thi c6 canh (1,2),(2,3), (3.4), (4,5), (1,5), (2,4). Véi I, = {1,3} va
I, = {2,4}, chudi ngdn nhat la:

3—2 5—4

{1,3} =% 3,5} 223 {2,5) 224 {2.4}

2.4 Do phic tap

Bai toan ISR (dudi token jump) 1l PSPACE-complete déi véi do thi tong quét [?].
Khong gian trang thai c6 thé dat O(2/V1) trong trudng hop xau nhat, doi hdi cac ki thuat

tim kiém thong minh.

3 Mo hinh trang thai (State Model)
T gbéc do planning:

e Trang thai: Mot token configuration — independent set I C V hgp lé véi ding
k = |I| token.

e Trang thai ban dau: I,.
e Trang thai dich: I;.

e Chuyén trang thai: Mdi token jump hop lé 1a mot canh trong reconfiguration

graph.

4 Ma héa sang PDDL va SAS+

4.1 Ngon ngit PDDL va biéu dién SAS+

PDDL la ngon ngit chuan dé mo ta bai toan lap ké hoach. Biéu dién SAS+ 1a dang trung
gian ma Fast Downward stt dung: (V, A, I, G) v6i V 1a tap bién trang thai, A 1a tap hanh
dong, I 1a trang thai ban dau, va G 1a dieu kien dich.
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4.2 Encoding Single (1 hanh dong)

Listing 1: PDDL Single Encoding — 1 action move

(:action move
:parameters (711 7?12 - loc)
:precondition (and
(tokened 711) ; Diem nguon co token
(free 712) ; Diem dich khong co token
(forall (713 - loc) (imply
(and (not (= 711 ?713)) (edge 712 7?713))
(free ?713)))) ; Hang xom 712 phai trong
:effect (and
(not (tokened ?711)) (free 711)
(tokened ?712) (not (free ?712))))

Céch nay sinh O(n?) ground actions va cham khi grounding.

4.3 Encoding Split (2 hanh dong — cach PARIS thuc sy dung)

Listing 2: PDDL Split Encoding — pick + place

(:action pick
:parameters (711 - loc)
:precondition (and (handfree) (tokened 711))
:effect (and (not (handfree)) (holding)
(free 711) (not (tokened 711))))

(:action place
:parameters (711 - loc)
:precondition (and (holding) (free 711)
(forall (7?12 - loc) (imply (edge 711 ?12) (free 712))))
:effect (and (not (holding)) (handfree)
(not (free 711)) (tokemed 711)))

Chi can 2n ground actions. Méi token jump can 2 budc (1 pick + 1 place), két qua

can post-processing dé ghép lai.

4.4 Encoding SAS+ truc tiép

PARIS encode tryc tiép sang SAS+. Vi instance ISR (G = (V, E), I, I;):




Bién trang thai:
V ={v; | i € V}U{hand}

Mbi v; ¢6 mién {free, occupied}; bién hand ciing c¢6 mién {free, occupied}.
Trang thai ban dau va dich:

I = {v; — occupied | i € I;} U{v; — free | i ¢ I,} U {hand — free}

G = {v; = occupied | i € [} U{v; — free | i ¢ [} U{hand — free}

Hanh dong: V6i moi dinh v € V:
Hanh dong pick(v):

pre(pick(v)) = {v +— occupied, hand — free}

eff(pick(v)) = {v — free, hand — occupied}

Hanh dong place(v):
pre(place(v)) = {v — free, hand — occupied} U {v' — free | {v,v'} € £}

eff(place(v)) = {v — occupied, hand — free}

Vi du minh hoa encoding: Véi do6 thi 4 dinh, canh (1,2),(2,3), (3,4), I, = {1, 3},
It = {2, 4}

Bién | Trang thai ban dau | Trang thai dich Y nghia

o occupied free Cé6 token — trong

Vg free occupied Trong — c¢6 token

V3 occupied free Co6 token — trong

Uy free occupied Trong — c6 token

hand | free free Bat dau va két thic khong cam token

Béang 2: Encoding SAS+ cho vi du Iy = {1,3}, I, = {2,4}

5 Cac thuat toan tim kiém trong PARIS

PARIS sit dung sequential portfolio: chay tuan tu cac thanh phan vé6i time limit riéng;
thanh phan nao tim dugce két qua thi ding.




5.1 A* + Landmarks (tim kiém t6i uu)
A* 1a thuat toan tim kiém t6i vu theo ham danh gia:
f(n) =g(n) + h(n)

g(n) 1a chi phi thyc tit trang thai ban dau dén n; h(n) la heuristic uée lugng chi phi

ti n dén goal. A* ddm bdo tim 10i gidi ngan nhat néu h 1a admissible.

Landmark: Mot landmark 14 mot fact hodc action bat buoc
phai xdy ra trong moi 16i gidi hop le. PARIS dung h'l-
landmarks vd RHW-landmarks két hop uniform cost parti-

tioning dé dam bao admissibility.

Két qua: A* + Landmarks tim dudgc 16i giai t6i uu, sound va complete.

5.2 GBFS + Landmarks (tim kiém satisficing)

Greedy Best-First Search (GBFS) dung:

GBF'S khong xét g(n), wu tién node ¢6 h nhé nhat. Nhanh hon A* nhung khong dam
bao t6i wu. Trong thic nghiem, GBFS + Landmarks c6 coverage cao nhat trong tat ca
cac thanh phan ctia PARIS.

5.3 Symbolic Search v6i BDD (tim kiém téi wu)

Binary Decision Diagram (BDD) bi¢u dién compact mot tap trang thai. Thay vi
duyet ting trang thai riéng 1é, symbolic search thao tac trén tap trang thdi bang BDD:

e Frontier = tap trang théi ¢ bien (BDD).

e Mdi bude: ap dung image computation — tinh tap trang thai ké tiép ctia toan bo

frontier cung lic.
e Tranh lap: kiém tra giao vdi tap da tham (phép N trén BDD).

PARIS dimng SymK véi thu vien BDD CUDD dé chay forward symbolic blind search.
Uu diém: BDD biéu dién hang triéu trang thai véi bo nhé nhd néu céac trang thai cé cau

tric.




O = Visited (gray)
O = Frontier (yellow)
(O = Goal (green, double)

Hinh 1: Minh hoa khong gian tim kiém véi BDD symbolic search

5.4 Counter Abstraction (phat hién vé nghiém)

Day 1a ki thuat méi do PARIS dé xuat, muc tiéu phat hién nhanh instance vo nghiém
ma khong can duyét khong gian trang thai day da.
Buéc 1 — Té6 mau dinh:

Mau Piéu kién Y nghia

Xanh lam (blue) | v € I, v ¢ I, | Token & start nhung khong & goal

D6 (red) v ¢ I, v el | Token 6 goal nhung khong & start
Tim (purple) vel,vel Token & cé hai
Trang (white) | v & I, v & I, Khong c6 token G ca hai

Bang 3: Quy tac to mau trong Counter Abstraction

Budéc 2 — Triru tugng héa: Moi cau hinh token duge anh xa sang abstract state
{c1,¢Ca,. .., k) trong d6 ¢; 1a s6 luwgng token dang ding trén cic dinh mau i.

Budc 3 — Xay dung abstract state space: V6i moi abstract state s = (cq,...,¢,),
di chuyén 1 token tit mau i sang mau j taora s’ = (..., c; —1,...,¢; +1,...).

Buéc 4 — Phat hién vo nghiém: Néu abstract goal khong reachable tit abstract
initial state, thi bai toan goéc chac chan vo nghiém.

Tinh dang dan: Day 1a sound abstraction — néu bai toan gbc co 151 giai thi abstract
version ciing co6 161 giai. Do d6: abstract unsolvable = original unsolvable.

D6 phiic tap: Véi 4 mau va k token, sd abstract state tdi da 1a O(k*) — da thiic trong
k, khong phu thuoc |V|. Counter abstraction chay rat nhanh.




Vidu: Véi I, = {1,2,3} (mau blue) va I = {4,5,6} (mau red):

Abstract initial = (3,0) (3 blue, 0 red)
Abstract goal = (0,3) (0 blue, 3 red)
Abstract path : (3,0) — (2,1) — (1,2) — (0, 3)

6 Chién lugc Portfolio

6.1 Portfolio cho track Existent va Shortest

Buéc Thanh phan Time Ly do
limit
1 Counter Abstraction (lan 10 giay Phéat hién nhanh instance vo
1) nghiém don gién

2 Symbolic Search (SymK) 70 phat Tim 10i gidi t6i uu bang BDD-

based search

3 A* + Landmarks 70 phut Tim 10i gidi t6i wu bang heuris-
tic search
4 GBFS + Landmarks 70 phut Tim 161 gidi nhanh (satisfic-
ing), coverage cao
5 Counter Abstraction (lan 14 gio X1t Iy instance vo nghiém kho
2)

Bang 4: Portfolio cho track Existent va Shortest [?]

6.2 Single-solver cho track Existent va Shortest

PARIS chay GBFS + Landmarks trong 70 phut — thanh phan c6 coverage cao nhat
trong thuc nghiém.

6.3 Portfolio cho track Longest

1. GBFS + Landmarks (330 giay): tim 10i giai ban dau lam lower bound.

2. Symbolic Top-k Search (70 phiit): ding SymK-LL dé tim va liét ke cac 15i giai

loopless theo thit tu tang dan, loc lay cac 10i gidi dai hon lower bound hién tai.




7 Fast Downward va cd s6 ha tang
Tat ca cac thanh phan ctia PARIS duge xay dung trén nén tang Fast Downward [?]:

e Fast Downward tiép nhan input PDDL, dich sang SAS+, r6i 4p dung cac search

algorithm.

e PARIS encode tric tiép sang SAS+ (khong qua PDDL) dé tranh overhead ctia bude
dich.

e SymK dimng thu vien BDD CUDD dé bicu dién va thao tac tap trang thai.
8 Phan tich output va kiém ching 16i giai
8.1 Dinh dang output chuan CoRe 2022

Listing 3: Vi du file output .out (reachable)

YES

N N WP

Listing 4: Vi du file output .out (unreachable)

8.2 Kiém ching noi bo

Mot loi giai hgp 1é phai thoa man:
1. Trang thai dau 1a I,, cudi 1a 1.
2. Maéi I; 1a independent set: Yu,v € I; : {u,v} ¢ E.
3. Méi buéc thay ddi ding 1 dinh: |[LALL,| = 2.

4. Khong c6 trang théi lap lai (loopless).
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9 Vi du end-to-end chi tiét

Input: Do thi 5 dinh vé6i canh (1,2),(2,3),(3,4),(4,5),(1,5),(2,4); I, = {1,3}; I, =
{2,4}.

Bué6c 1 — Encoding SAS+: 6 bién (vy,...,vs, hand), trang thai ban dau {v; =
oce,v3 = 0ce, ...}, goal {vy = occ,vy = occ,...}. 10 actions: pick(v;) va place(v;) véi
i=1,...,5

Buéc 2 — Chay GBFS + Landmarks: Planner tim dugc plan gom 6 budc SAS+:

pick(1), place(5), pick(3), place(2), pick(5), place(4)
Buéc 3 — Post-processing: Ghép cap pick-place thanh token jump:
1. pick(1) + place(5): jump 1 — 5
2. pick(3) + place(2): jump 3 — 2
3. pick(5) + place(4):jump 5 — 4

Két qua: Chudi {1,3} — {3,5} — {2,5} — {2,4}, do dai 3 — t5i uu.

10 Uu diém va han ché

10.1 Uu diém

e Tai sit dung cong nghé planning: Toan bo hé sinh thai planning duge tan dung

ma khong can implement tit dau.
e Da dang chién lugc: Portfolio két hop cac thanh phan bé trg nhau.

e T6i uwu va satisficing: A* va Symbolic Search dam bao 15i giai t6i wu; GBFS can

bang toc do va chat lugng.

e Két qua thuc té xuat sac: Gianh phan 16n giai thuéng tai CoRe Challenge 2022.

10.2 Han ché

e Chi phi bd nhé: BDD va landmark computation ton RAM véi do thi lén (n >
1000).

e Grounding overhead: Bué6c grounding van cham véi do thi day dic.
e Phu thudoc Fast Downward: Moi cai tién phu thudc vao ha tang ctia Fast Down-

ward.

11
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