Super Mario Bros.
PSPACE-complete

|Demaine, Viglietta,
Williams 2016]
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ROMs: http://erikdemaine.org/papers/Mario_FUN2016/gadgets.zip
Super Mario Maker levels: 92F8-0000-005D-F452 (crossover gadget) and A8B5-0000-005D-E79A (door gadget)


Mario Door as a Gadget

|Demaine, Viglietta, Williams 2016]
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Example Gadgets
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Figure 4 of https://arxiv.org/abs/2006.01256


S
Doors are PSPACE-complete

|Aloupis, Demaine, Guo, Viglietta 2014}
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http://erikdemaine.org/papers/Nintendo_FUN2014/ (slide from L10)
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Door Gadgets
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[Ani, Bosboom, Demaine, Diomidov, Hendrickson, Lynch 2020]
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SOkObOnd [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Door Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


SOkObOnd [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Self-Closing Door Lynch 2020]
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SOkObond Symmet]‘ic [Ani, Bosboom, Demaine,
Diomidov, Hendrickson,

Self-Closing Door Lynch 2020]
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Super Mario Bros.
PSPACE-complete

|Demaine, Viglietta,
Williams 2016]
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®
The Legend of Zelda: [Bosboom, Brunner,

Coulombe, Demaine,

Oracle of Seasons Hendrickeon, Lynch
is PSPACE-complete Najt 2022]
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Pull!-1F(G) is

PSPACE-complete

|Ani, Asif, Demaine,
Diomidov, Hendrickson,

Lynch, Scheffler, Suhl 2020]
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https://erikdemaine.org/papers/PullingBlocks_JIP/
One-way: https://6892-2019.github.io/puuush/index.html#map=%23%23%23%23%23%23%23%23%23%23%23%0A%23...%23%23...%23%23%0A%23..x.%23..x.%23%0AS.%23%23...%23%23..%0A%23%23%23%23%23%23%23%23%23%23%23&push_strength=0&push_slide=0&pull_strength=1&pull_slide=0&gravity=on
Self-closing door: https://6892-2019.github.io/puuush/index.html#map=.%0A..%23.%23%0A..%23v%23%23%23.%0A.%23%23.%23.S%0A.%23.x..%23%0A.%23.%23%23%23%23%0A.%23v%23%0A.%23.%23%0A.&push_strength=0&push_slide=0&pull_strength=1&pull_slide=0&gravity=on

https://6892-2019.github.io/puuush/index.html#map=%23%23%23%23%23%23%23%23%23%23%23%0A%23...%23%23...%23%23%0A%23..x.%23..x.%23%0AS.%23%23...%23%23..%0A%23%23%23%23%23%23%23%23%23%23%23&push_strength=0&push_slide=0&pull_strength=1&pull_slide=0&purp_strength=0&purp_slide=0&gravity=on
https://6892-2019.github.io/puuush/index.html#map=.%23S%23%0A.%23v%23%23%23%0A%23%23.%23..%0A%23..x.%23%0A%23.%23%23%23%23%0A%23v%23%0A%23.%23&push_strength=0&push_slide=0&pull_strength=1&pull_slide=0&purp_strength=0&purp_slide=0
https://6892-2019.github.io/puuush/index.html#map=.%23.%23%0A.%23v%23%23%23%0A%23%23.%23.S%0A%23.x..%23%0A%23.%23%23%23%23%0A%23v%23%0A%23.%23&push_strength=0&push_slide=0&pull_strength=1&pull_slide=0&purp_strength=0&purp_slide=0

The Legend of Zelda: [Bosboom, Brunner
Breath of the Wild Coulombe, Demaine,

Hendrickson, Lynch,

is PSPACE-complete Najt 2021]
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The Legend of Zelda: [Bosboom, Brunner;

g Coulombe, Demaine,
Breath of the Wild Hendrickson, Lynch,
is PSPACE-complete Najt 2021]
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Supe]‘ Ma]‘i() 64 is |Ani, Bosboom, Demaine,
Diomidov, Hendrickson,
PSPACE-complete Lynch 2020]
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Super Mal‘i() Odyssey [Ani, Bosboom, Demaine,
Diomidov, Hendrickson,

is PSPACE-complete Lynch 2020]
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Any Door Gadget [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Si_mlMQﬁ A“ Gadgets Lynch 2020]
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Figure 4 of https://arxiv.org/abs/2006.01256


®
Self-ClOSing DOOI‘ [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Expansion Lynch 2020}

e Build self-closing door with several
open and self-close tunnels
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


®
Any Door Gadget
Simulates All Gadgets
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[Ani, Bosboom, Demaine,
Diomidov, Hendrickson,

Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


S
Any DOOI‘ Gadget [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Simulates All Gadgets Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


S
Any DOOI‘ Gadget [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Simulates All Gadgets Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


Any DOOI‘ Gadget [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Simulates All Gadgets Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


Any DOOr Gadget [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Simulates All Gadgets Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


S
Any DOOr Gadget [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Simulates All Gadgets Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


S
Any DOOr Gadget [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Simulates All Gadgets Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256


®
Self-ClOSing DOOI‘ [Ani, Bosboom, Demaine,

Diomidov, Hendrickson,

Crossover Lynch 2020]
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Figure by Jenny Diomidova. https://arxiv.org/abs/2006.01256
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Interacting-Tunnel Reversible
Deterministic Tunnel Gadget [pemaine,

Hendrickson,

Simulates Locking 2-Toggle .. 2020
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Interacting-Tunnel Reversible
Deterministic Tunnel Gadget [pemaine,

Hendrickson,

Simulates Locking 2-Toggle .. 2020
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Interacting-Tunnel Reversible
Deterministic Tunnel Gadget [pemaine,

Hendrickson,

Simulates Locking 2-Toggle .. 2020

simulate directed edge
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Interacting-Tunnel Reversible
Deterministic Tunnel Gadget [pemaine,

Hendrickson,

Simulates Locking 2- Toggle Lynch 2020}
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Interacting-Tunnel Reversible
Deterministic Tunnel Gadget [pemaine,

Hendrickson,

Simulates Locking 2- Toggle Lynch 2020}

locking 2-toggle


Presenter Notes
Presentation Notes
https://erikdemaine.org/papers/Gadgets_ITCS2020/


®
Planar Locking 2-Toggles
are Equivalent
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Legend of Zelda: Coulombe, Demaine
Hendrickson, Lynch,
Oracle of Ages/Seasons Najt 2022]

Minecarts are PSPACE-complete
]

locking
2-toggle
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)
Pull?-ZF(G) iS [Ani, Asif, Demaine,

Diomidov, Hendrickson,

PSPACE'ComPIEte Lynch, chefﬂer, Suhl 2020]
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https://erikdemaine.org/papers/PullingBlocks_JIP/
1-toggle: https://6892-2019.github.io/puuush/index.html#map=.........%0A.%23%23%23%23%23%23%23.%0A.S..%23....%0A.%23%23.%23.%23%23.%0A.%23.xx..%23.%0A.%23.%23%23%23.%23.%0A.%23.....%23.%0A.%23%23%23%23%23%23%23.%0A&push_strength=0&push_slide=0&pull_strength=2&pull_slide=0&gravity=on
NL2T: https://6892-2019.github.io/puuush/index.html#map=.......S.....%0A%23%23.%23%23.%23.%23%23.%23%23%0A%23%23.%23%23.%23.%23%23.%23%23%0A%23%23.%23.xx..%23.%23%23%0A%23%23.%23.%23%23%23.%23.%23%23%0A%23.xx..%23..xx.%23%0A%23.%23%23%23.%23.%23%23%23.%23%0A%23.....%23.....%23%0A%23%23%23%23%23%23%23%23%23%23%23%23%23%0A&push_strength=0&push_slide=0&pull_strength=2&pull_slide=0&gravity=on

https://6892-2019.github.io/puuush/index.html#map=.......S.....%0A%23%23.%23%23.%23.%23%23.%23%23%0A%23%23.%23%23.%23.%23%23.%23%23%0A%23%23.%23.xx..%23.%23%23%0A%23%23.%23.%23%23%23.%23.%23%23%0A%23.xx..%23..xx.%23%0A%23.%23%23%23.%23.%23%23%23.%23%0A%23.....%23.....%23%0A%23%23%23%23%23%23%23%23%23%23%23%23%23%0A&push_strength=0&push_slide=0&pull_strength=2&pull_slide=0&purp_strength=0&purp_slide=0&gravity=on
https://github.mit.edu/pages/6892-2019/C03-puuush/index.html#map=.........%0A.%23%23%23%23%23%23%23.%0A.S..%23....%0A.%23%23.%23.%23%23.%0A.%23.xx..%23.%0A.%23.%23%23%23.%23.%0A.%23.....%23.%0A.%23%23%23%23%23%23%23.%0A&push_strength=0&push_slide=0&pull_strength=2&pull_slide=0&purp_strength=0&purp_slide=0&gravity=on
https://6892-2019.github.io/puuush/index.html#map=.........%0A.%23%23%23%23%23%23%23.%0A.S..%23....%0A.%23%23.%23.%23%23.%0A.%23.xx..%23.%0A.%23.%23%23%23.%23.%0A.%23.....%23.%0A.%23%23%23%23%23%23%23.%0A&push_strength=0&push_slide=0&pull_strength=2&pull_slide=0&purp_strength=0&purp_slide=0&gravity=on

.

Pulling 1 X 1 Blocks Complexity
mmm

PULL?-kF k>1 no PSPACE-complete
PULL?-*F 00 no yes no PSPACE-complete
PULL!-kF k=1 yes yes no PSPACE-complete
PuLL!-*F o0 yes yes no PSPACE-complete
PULL?-1FG 1 no yes yes NP-hard

PULL?-1WG 1 no ‘zllfisr; yes PSPACE-complete
PULL?-kFG k>2 no yes yes PSPACE-complete
PULL?-*FG o0 no yes yes PSPACE-complete
PULL!-kFG k>1 yes yes yes PSPACE-complete
PULL!-*FG o0 yes yes yes PSPACE-complete

[Ani, Asif, Demaine, Diomidov,
Hendrickson, Lynch, Scheffler, Suhl 2020]
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https://erikdemaine.org/papers/PullingBlocks_JIP/


Pivoting Modular Robots:
M-Blocks [Sung, Bern, Romanishin, Rus 2015]
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https://www.youtube.com/watch?v=hI5UDKaWJOo





| Akitaya, Demaine, Gonczi,
Hendrickson, Hesterberg,
Korman, Korten, Lynch,
Parada, Sacristan 2021]
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Akitaya, Demaine, Gonczi,
Hendrickson, Hesterberg,

Korman, Korten, Lynch,
~ Parada, Sacristan 2021

Pivoting Hexagons

HexBot
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2-State 2-Tunnel Reversible

[Demaine, Grosof,

Deterministic Gadgets Lynch, Rudoy 2018]
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2-State 2-Tunnel Reversible
Deterministic Gadgets
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[Demaine, Grosof,
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Everything Simulates Everything
|Demaine, Grosof, Lynch, Rudoy 2018]
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o
4-Spinners are [Demaine, Grosof,

PSPACE-hard Lynch, Rudoy 2018]

E['fl 1 ] ['g‘t z] fig===‘."

The Legend of Zelda: . /
Oracle of Seasons
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Figures 18 & 19 of http://erikdemaine.org/papers/Toggles_FUN2018/


S
Tul‘nstiles are |Greenblatt, Hernandez,

Hearn, Hou, Ito, Kang,
PSPACE-complete Williams, Winslow 2021]
C C

A D A D

A D
B C

C B C B

Antiparallel Locking 2-Toggle

o
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i
1

Crossing 2-Toggle
o . ) Parallel Locking 2-Toggle
Applications: Kwirk, Pokémon

Ruby, Super Mario Odyssey
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https://www.researchgate.net/publication/352934597_Turning_Around_and_Around_Motion_Planning_through_Thick_and_Thin_Turnstiles
https://projects.cs.dal.ca/cccg2021/wordpress/wp-content/uploads/2021/08/CCCG2021.pdf#page=387


.

Pushing 1 x 1 Blocks Complexity
mmm

PUSH-k k=1 no path NP-hard D, D, O’'Rourke 2000
PUSH-* o0 no min path NP-hard Hoffmann 2000
PUSHPUSH-k k=1 no max path  PSPACE-complete Iz)blngfmann, Holzer
PUSHPUSH-* 00 no max  path NP-hard Hoffmann 2000
PUSH-1F 1 yes  min path NP-hard DDO 2000

SOKOBAN 1 yes min storage PSPACE-complete Culberson 1998
PUsH-kF k=2 yes min path  PSPACE-complete Iz)blggarn, Holfmann
PUSH-*F 00 yes  min path  PSPACE-complete SB}I;ETHI:(S: ggzurke,
PUSH-kX k>1 no min si)rggie NP-complete D, Hoffmann 2001
PUSH-*X 00 no min simple NP-complete Hoffmann 2000

path


Presenter Notes
Presentation Notes
Slide from Lecture 4


.

Pushing 1 x 1 Blocks Complexity
mmm

PUSH-k k=1 no path NP-hard D, D, O’'Rourke 2000
PUSH-* o0 no min path NP-hard Hoffmann 2000

PusHPusH-k k=1 no max  path  PSPACE-complete D) llgiftomienis, lilgler

2004

PUSHPUSH-* 00 no max  path NP-hard Hoffmann 2000

. Ani, Chung, D, Diomidov,
PUSH-1F 1 yes  min path  PSPACE-complete | ' drickson, Lynch 2022
SOKOBAN 1 yes min storage PSPACE-complete Culberson 1998
PUSH-kF k=2 yes min path  PSPACE-complete ZDbIggarn, Hoffmann

_ Bremner, O’Rourke,
PUSH-*F o0 yes  min path  PSPACE-complete Shermer 1994
PUSH-kX k=1 no min Sggf}ie NP-complete D, Hoffmann 2001
PUSH-*X o0 no min simple NP-complete Hoffmann 2000

path
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Slide from Lecture 4


Sokoban = Push-1FS ETET
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https://commons.wikimedia.org/wiki/File:Sokoban_ani.gif
https://web.archive.org/web/20111120184558/http://www.games4brains.de/sokoban_history.htm


Sokoban is

PSPACE-complete

[Culberson 1997]
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http://cl-informatik.uibk.ac.at/teaching/ss07/alth/material/culberson97sokoban.pdf
https://jonathanschaeffer.blogspot.com/2012/08/chinook-twenty-years-later.html
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Culberson’s Diode Gadget [1998]
(“one-way device") g omn

E_ |
intended use ﬁ: : i %

[ 1
breaking use T T T i
[ 1 [ |
| I [ || I |
| I [ ] I (1 11 11 1
| I [ ] I [ 1 I [ ] I [ 1 I [ |1 I |
| | | | | |
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Culberson’s 1-Toggle Gadget | 1998]
(“reverser”)

=
=gl ==
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Precursor Gadget
(implicit in Culberson 1998)

e Remembers o -
last lower exit @ ﬁ b
e Cannot enter at

other lower exit
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Culberson'’s Self-Closing Door [1998]
(“pass-reset”) L

e Self-close = g
left to right =

e Open =top to

middle to top & G

diode
precursor
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Checkable Gadgets (Ani, Chung, Demaine,

Diomidov, Hendrickson,

Framework Lynch 2022
open closed
@
merged single-use @ o °
closing gadget (MSC)
init open closed
@ O

single-use opening ° Py .w_,. ® ©

gadget (SO)
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[Ani, Chung, Demaine,

CheCkable DiOde Diomidov, Hendrickson,

Lynch 2022]
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[Ani, Chung, Demaine,

CheCkable Precursor Diomidov, Hendrickson,

Lynch 2022]

precursor
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S
P“Sh - 1 F [Ani, Chung, Demaine,

Diomidov, Hendrickson,

Self-Closing Door Lynch 2022]
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2-State Deterministic Qutput-

Disjoint Input/Output Gadgets
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Complexity of Multi-Input /1 Demaine

Hendrickson,

Input/Output Gadgets Lynch 2020]

Trivial (No Bounded, Unbounded, multiple
state change multiple nontrivial inputs

or on nontrivial
tunnels) inputs

0-Player (Fully P-complete [§2.2]
Deterministic) [§2]

1-Player [§3] NL-complete NP-complete PSPACE-complete

PSPACE-complete [§2.3]

“Basis” of gadgets:
Every gadget in family simulates one in basis -
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. . _ |Ani, Demaine,
CompleXIty of Slngle lnput Hendrickson,

Input/Output Gadgets Lynch 2020]

Hard for
NL [FGMS18], [§2.1]

Contained in

0-Player (Fully UP N coUP [GHHT'18]
Deterministic) [§2]

1-Player [§3] NP [FGMS18|, [§3.1] NP [FGMS18|, [§3.2]
2-Player [§4] EXPTIME [FGMS18], [§4] | PSPACE [FGMS18], [§4]

e ARRIVAL: ﬂ«’ toggle

% switch

0 U] ) U3 Un d

= € NP N coNP [Dohran, Gartner, Kohler, MatousSek, Welzl 2017]

= € UP N coUP Gartner, Hansen, Hubacek, Kral, Mosaad, Slivova 18]

= 200/ algorithm [Gértner, Haslebacher, Hoang 2021]
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@ . .
Applications to [Ani, Demaine,
b Hendrickson,

PSPACE-complete Sims Lynch 2020]

Trainyard
8 with 1
adl train &
color

[the

Sequence] Factorio trains or transport
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