
Computational	irreducibility

and	notions	of	simulation	for	Turing	machines

Marius	Krumm	and	Markus	P.	Müller

Institute	for	Quantum	Optics	and	Quantum	Information	(IQOQI),	Vienna


Perimeter	Institute	for	Theoretical	Physics	(PI),	Waterloo,	Canada



Overview

1.	Wolfram’s	computational	irreducibility	and	free	will

2.	John	the	cook	and	computational	sourcehood

3.	Universality	and	a	simulation	preorder	for	TMs?

inadequacy	of	that	approach

motivates	the	main	technical	question



Overview

1.	Wolfram’s	computational	irreducibility	and	free	will

2.	John	the	cook	and	computational	sourcehood

3.	Universality	and	a	simulation	preorder	for	TMs?

inadequacy	of	that	approach

motivates	the	main	technical	question



Wolfram’s	computational	irreducibility



Wolfram’s	computational	irreducibility

Some	systems	in	nature	are	comp.	reducible: 
we	can	predict	their	future	behavior	with	simple 
equations	/	theories	/	algorithms.



Wolfram’s	computational	irreducibility

Some	systems	in	nature	are	comp.	reducible: 
we	can	predict	their	future	behavior	with	simple 
equations	/	theories	/	algorithms.

Examples: 
Position	of	Jupiter 
on	Jan.	31,	2520;




Wolfram’s	computational	irreducibility

Some	systems	in	nature	are	comp.	reducible: 
we	can	predict	their	future	behavior	with	simple 
equations	/	theories	/	algorithms.

Examples: 
Position	of	Jupiter 
on	Jan.	31,	2520;


some	cellular	automata.



Wolfram’s	computational	irreducibility

Some	systems	admit	no	such	shortcuts:	computationally	irreducible.



Wolfram’s	computational	irreducibility

Some	systems	admit	no	such	shortcuts:	computationally	irreducible.

• To	predict	the	behavior	of	a	CI	system,	we	have	to	emulate	it	exactly.

• Happens	as	soon	as	computational	universality	is	reached.

• Wolfram’s	claim:	except	for	the	simplest	systems,	this	is	the	typical	behavior.



Wolfram’s	computational	irreducibility

Some	systems	admit	no	such	shortcuts:	computationally	irreducible.

• To	predict	the	behavior	of	a	CI	system,	we	have	to	emulate	it	exactly.

• Happens	as	soon	as	computational	universality	is	reached.

• Wolfram’s	claim:	except	for	the	simplest	systems,	this	is	the	typical	behavior.

Problem:	there	is	no	formal	definition	of	computational	irreducibility!
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Computational	irreducibility	≠	chaos

What is the relation of your theory with chaos and complexity 
theory. When I try to explain what you discover in your book to 
someone else they say, "Ah, chaos theory."

 
Chaos theory is really about a very specific phenomenon: that sensitive 
dependence on initial conditions can lead to randomness. And what one 
finds in the end is that the only way to get randomness out of this phenomenon 
is just to put randomness in, in the initial conditions. What I've found is that 
simple programs can actually produce randomness—and complexity—without it 
ever being put it. It's a much more powerful phenomenon.
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“And	it	is	this,	I	believe,	that	is	the	ultimate	origin	of	the	apparent	freedom

of	human	will.	For	even	though	all	the	components	of	our	brains 
presumably	follow	definite	laws,	I	strongly	suspect	that	their	overall 
behavior	corresponds	to	an	irreducible	computation	whose	outcome

can	never	in	effect	be	found	by	reasonable	laws.”

S.	Bringsjord,	Free	will	and	a	new	kind	of	science	(2013):

“If	someone’s	will	is	apparently	free,	it	hardly	follows	that	that	will	is	in	fact

free.	Nowhere	in	ANKS	[his	book]	does	Wolfram	even	intimate	that	he

maintains	that	our	decisions	are	in	fact	free.”	 
												Wolfram	is	“epistemologically	correct”,	but	“metaphysically	wrong”.
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Philosophers	argue	for	(one	of)	the	following	underpinnings	of	free	will: 

• The	freedom	to	do	otherwise. 
But	what	does	that	exactly	mean? 

• Sourcehood. 
What	matters	for	an	agent’s	freedom	and	responsibility 
is	the	source	of	her	action—how	her	action	was	brought	about.

Like	the	compatibilists,	I	will	focus	on	sourcehood: 
it	is	a	notion	of	free	will	that	is	compatible	even	with 
a	fully	deterministic	and	digital	world.

However,	I	will	argue	that	computational	irreducibility

is	not	the	correct	notion	to	study.
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• If	T	is	small	enough	(shortcut):

See,	John?	You	have	decided	to	prepare	the	Canadian	omelette.	Ha,

this	is	exactly	what	our	computer	has	predicted	half	an	hour	earlier, 
as	several	witnesses	can	testify	—	well	before	you	have	thought 
about	your	Canadian	wife!”

• If	T	is	large	(no	shortcut):

See,	John?	You	think	your	emotions	have	decided	to	prepare	the 
Canadian	omelette,	but	what	happened	in	the	safe	was	only 
determined	by	your	physical	state	and	apartment	yesterday	night. 
Your	thoughts	of	your	late	wife	this	morning	had	no	impact	on	 
the	decision	whatsoever!”

In	both	cases,	sourcefulness	of	John’s	emotions	is	equally	contested. 
“Shortcut	or	not”	is	an	irrelevant	question.	Insofar	as	computational 
irreducibility	is	understood	as	“no	shortcut”,	it	is	not	the	relevant	notion.
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the	computational	process	that	is	represented 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representation	of	the	same	process	in	the	safe. 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Computational	sourcehood:	To	predict	John’s	decision,	the	simulation	has 
to	contain	representations	of	all	of	John’s	instantaneous	states.

Clearly,	John	would	be	very	worried	if	the	computation	inside	the	safe 
had	nothing	to	do	with	the	processes	in	his	brain.
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Textbook	universal	TMs	do	this	too… 
…	and	motivate	attempts	to

				formalize	the	conjecture	rigorously.

Goal:	find	a	rigorous	formulation	of	the 
										conjecture	that	has	a	chance	to	be	true.
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A	conjecture	on	universal	Turing	machines

Hennie:	encode	the	tape	contents	of	T	on	the	tape 
																of	the	universal	machine	U.

Instantaneous	configuration	of	U	(tape	contents,	head	position,	state) 
contains	a	complete	image	of	the	instantaneous	configuration	of	T. 
One	step	for	T	corresponds	to	several	steps	for	U.



A	conjecture	on	universal	Turing	machines
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CT (x, t) := configuration	of	TM	T	on	input	x	after	t	steps.

Let						be	a	set	of	“simple	functions”,	containing	the	identity	(just	which 
set	to	choose	best	will	be	the	main	question	in	the	following).

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

Definition.	Let	T	and	T’	be	TMs,	and	suppose	there	is	some	simple 
																				function															that	maps	the	sequence	of	configurations


																				to


																				Then	we	write																						(“simulation	preorder”).

<latexit sha1_base64="w/FRZf2gds5n75oKN8PMq6MyFmg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSRF0W3LisaB/QhDKZTtqhk0mYmRRKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyb+50JlYrF4lFPE+pHeChYyAjWRurbJ94Ey2TEPCa8COsRwTx7mPXtqlNz5kCrxC1IFQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nFSxVNMBnjIe0ZKnBElZ/N48/QuVEGKIyleUKjufp7I8ORUtMoMJN5RLXs5eJ/Xi/V4Y2fMZGkmgqyOBSmHOkY5V2gAZOUaD41BBPJTFZERlhiok1jFVOCu/zlVdKu19yrWv3+stpoFHWU4RTO4AJcuIYG3EETWkAgg2d4hTfryXqx3q2PxWjJKnaO4Q+szx/tq5Yc</latexit>

' 2 S
<latexit sha1_base64="svUZKxYjYw0JULtsNsRs5EPuNrw=">AAACSnicbZDNSwJBGMZnzcrsa6tjlyUJFUR2Jaqj4MWjgV+gsszOzurg7Acz70ay+Pd16dStP6JLhyK6NKseSn1h4OH3vC/vO48TcSbBNN+0zE52d28/d5A/PDo+OdXPzrsyjAWhHRLyUPQdLClnAe0AA077kaDYdzjtOdNG6vceqZAsDNowi+jIx+OAeYxgUMjW8dDHMCGYJ425nbSL89JTxSxXtlBrK60pyt0Q5DYTinazbOsFs2ouytgU1koU0Kpatv46dEMS+zQAwrGUA8uMYJRgAYxwOs8PY0kjTKZ4TAdKBtincpQsopgb14q4hhcK9QIwFvTvRIJ9KWe+ozrTe+W6l8Jt3iAG736UsCCKgQZkuciLuQGhkeZquExQAnymBCaCqVsNMsECE1Dp51UI1vqXN0W3VrVuq7WHm0K9voojhy7RFSohC92hOmqiFuoggp7RO/pEX9qL9qF9az/L1oy2mrlA/yqT/QWGF7Fi</latexit>

CT 0(x, 0), CT 0(x, 1), CT 0(x, 2), . . . , CT 0(x, t0
H
)

<latexit sha1_base64="1B6tgsxNFIM+YpU25/KBdDzyoGo=">AAACRnicbZC7SwNBEMbn4ivG16mlzWEQEgjhLohaBtKkjJAXJMext9kki3sPdufEcOSvs7G280+wsVDE1s2j0CQDCx+/b4aZ/fxYcIW2/WZktrZ3dvey+7mDw6PjE/P0rK2iRFLWopGIZNcnigkeshZyFKwbS0YCX7CO/1Cb+Z1HJhWPwiZOYuYGZBTyIacENfJMtx8QHFMi0trUS5vTwlPJLpbWobMJVjQUgwjVBg+9erHsmXm7bM/LWhfOUuRhWQ3PfO0PIpoELEQqiFI9x47RTYlETgWb5vqJYjGhD2TEelqGJGDKTecxTK0rTQbWMJL6hWjN6d+JlARKTQJfd87OVaveDG7yegkO79yUh3GCLKSLRcNEWBhZs0ytAZeMophoQajk+laLjokkFHXyOR2Cs/rlddGulJ2bcuX+Ol+tLuPIwgVcQgEcuIUq1KEBLaDwDO/wCV/Gi/FhfBs/i9aMsZw5h3+VgV+rAbCl</latexit>

CT (x, 0), CT (x, 1), CT (x, 2), . . . , CT (x, tH).
<latexit sha1_base64="IKxLeksxHkK30oUPTJcs8nFbpvM=">AAACAXicbVDLSsNAFL3xWesr6kZwEyyiq5IUUZcFNy4r9gVNCJPptB06mcSZiVBC3Pgrblwo4ta/cOffOGmz0NYDA4dz7mXuOUHMqFS2/W0sLa+srq2XNsqbW9s7u+befltGicCkhSMWiW6AJGGUk5aiipFuLAgKA0Y6wfg69zsPREga8aaaxMQL0ZDTAcVIack3D5uunsfk3k/dEKkRRiy9y7LmqW9W7Ko9hbVInIJUoEDDN7/cfoSTkHCFGZKy59ix8lIkFMWMZGU3kSRGeIyGpKcpRyGRXjpNkFknWulbg0jox5U1VX9vpCiUchIGejK/Us57ufif10vU4MpLKY8TRTiefTRImKUiK6/D6lOdXrGJJggLqm+18AgJhJUuraxLcOYjL5J2repcVGu355V6vaijBEdwDGfgwCXU4QYa0AIMj/AMr/BmPBkvxrvxMRtdMoqdA/gD4/MH19iXIw==</latexit>

T �S T 0
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<latexit sha1_base64="hO334GSzCe03QdcjYRsXO1AYRiE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgpSkiIogFLpxWaEvaEOYTCft0MkkzNyINRR/xY0LRdz6H+78GydtF1o9MHA4517umePHnCmw7S8jt7S8srqWXy9sbG5t75i7ey0VJZLQJol4JDs+VpQzQZvAgNNOLCkOfU7b/qiW+e07KhWLRAPGMXVDPBAsYASDljzzoBdiGBLM09rEa5TuT+Hk6tozi3bZnsL6S5w5KaI56p752etHJAmpAMKxUl3HjsFNsQRGOJ0UeomiMSYjPKBdTQUOqXLTafqJdayVvhVEUj8B1lT9uZHiUKlx6OvJLKta9DLxP6+bQHDppkzECVBBZoeChFsQWVkVVp9JSoCPNcFEMp3VIkMsMQFdWEGX4Cx++S9pVcrOeblye1asVud15NEhOkIl5KALVEU3qI6aiKAH9IRe0KvxaDwbb8b7bDRnzHf20S8YH99Um5R8</latexit>

CT (x, t) := configuration	of	TM	T	on	input	x	after	t	steps.

Let						be	a	set	of	“simple	functions”,	containing	the	identity	(just	which 
set	to	choose	best	will	be	the	main	question	in	the	following).

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

Definition.	Let	T	and	T’	be	TMs,	and	suppose	there	is	some	simple 
																				function															that	maps	the	sequence	of	configurations


																				to


																				Then	we	write																						(“simulation	preorder”).

<latexit sha1_base64="w/FRZf2gds5n75oKN8PMq6MyFmg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSRF0W3LisaB/QhDKZTtqhk0mYmRRKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyb+50JlYrF4lFPE+pHeChYyAjWRurbJ94Ey2TEPCa8COsRwTx7mPXtqlNz5kCrxC1IFQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nFSxVNMBnjIe0ZKnBElZ/N48/QuVEGKIyleUKjufp7I8ORUtMoMJN5RLXs5eJ/Xi/V4Y2fMZGkmgqyOBSmHOkY5V2gAZOUaD41BBPJTFZERlhiok1jFVOCu/zlVdKu19yrWv3+stpoFHWU4RTO4AJcuIYG3EETWkAgg2d4hTfryXqx3q2PxWjJKnaO4Q+szx/tq5Yc</latexit>

' 2 S
<latexit sha1_base64="svUZKxYjYw0JULtsNsRs5EPuNrw=">AAACSnicbZDNSwJBGMZnzcrsa6tjlyUJFUR2Jaqj4MWjgV+gsszOzurg7Acz70ay+Pd16dStP6JLhyK6NKseSn1h4OH3vC/vO48TcSbBNN+0zE52d28/d5A/PDo+OdXPzrsyjAWhHRLyUPQdLClnAe0AA077kaDYdzjtOdNG6vceqZAsDNowi+jIx+OAeYxgUMjW8dDHMCGYJ425nbSL89JTxSxXtlBrK60pyt0Q5DYTinazbOsFs2ouytgU1koU0Kpatv46dEMS+zQAwrGUA8uMYJRgAYxwOs8PY0kjTKZ4TAdKBtincpQsopgb14q4hhcK9QIwFvTvRIJ9KWe+ozrTe+W6l8Jt3iAG736UsCCKgQZkuciLuQGhkeZquExQAnymBCaCqVsNMsECE1Dp51UI1vqXN0W3VrVuq7WHm0K9voojhy7RFSohC92hOmqiFuoggp7RO/pEX9qL9qF9az/L1oy2mrlA/yqT/QWGF7Fi</latexit>

CT 0(x, 0), CT 0(x, 1), CT 0(x, 2), . . . , CT 0(x, t0
H
)

<latexit sha1_base64="1B6tgsxNFIM+YpU25/KBdDzyoGo=">AAACRnicbZC7SwNBEMbn4ivG16mlzWEQEgjhLohaBtKkjJAXJMext9kki3sPdufEcOSvs7G280+wsVDE1s2j0CQDCx+/b4aZ/fxYcIW2/WZktrZ3dvey+7mDw6PjE/P0rK2iRFLWopGIZNcnigkeshZyFKwbS0YCX7CO/1Cb+Z1HJhWPwiZOYuYGZBTyIacENfJMtx8QHFMi0trUS5vTwlPJLpbWobMJVjQUgwjVBg+9erHsmXm7bM/LWhfOUuRhWQ3PfO0PIpoELEQqiFI9x47RTYlETgWb5vqJYjGhD2TEelqGJGDKTecxTK0rTQbWMJL6hWjN6d+JlARKTQJfd87OVaveDG7yegkO79yUh3GCLKSLRcNEWBhZs0ytAZeMophoQajk+laLjokkFHXyOR2Cs/rlddGulJ2bcuX+Ol+tLuPIwgVcQgEcuIUq1KEBLaDwDO/wCV/Gi/FhfBs/i9aMsZw5h3+VgV+rAbCl</latexit>

CT (x, 0), CT (x, 1), CT (x, 2), . . . , CT (x, tH).
<latexit sha1_base64="IKxLeksxHkK30oUPTJcs8nFbpvM=">AAACAXicbVDLSsNAFL3xWesr6kZwEyyiq5IUUZcFNy4r9gVNCJPptB06mcSZiVBC3Pgrblwo4ta/cOffOGmz0NYDA4dz7mXuOUHMqFS2/W0sLa+srq2XNsqbW9s7u+befltGicCkhSMWiW6AJGGUk5aiipFuLAgKA0Y6wfg69zsPREga8aaaxMQL0ZDTAcVIack3D5uunsfk3k/dEKkRRiy9y7LmqW9W7Ko9hbVInIJUoEDDN7/cfoSTkHCFGZKy59ix8lIkFMWMZGU3kSRGeIyGpKcpRyGRXjpNkFknWulbg0jox5U1VX9vpCiUchIGejK/Us57ufif10vU4MpLKY8TRTiefTRImKUiK6/D6lOdXrGJJggLqm+18AgJhJUuraxLcOYjL5J2repcVGu355V6vaijBEdwDGfgwCXU4QYa0AIMj/AMr/BmPBkvxrvxMRtdMoqdA/gD4/MH19iXIw==</latexit>

T �S T 0

<latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>' <latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>' <latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>'<latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>'
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<latexit sha1_base64="hO334GSzCe03QdcjYRsXO1AYRiE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgpSkiIogFLpxWaEvaEOYTCft0MkkzNyINRR/xY0LRdz6H+78GydtF1o9MHA4517umePHnCmw7S8jt7S8srqWXy9sbG5t75i7ey0VJZLQJol4JDs+VpQzQZvAgNNOLCkOfU7b/qiW+e07KhWLRAPGMXVDPBAsYASDljzzoBdiGBLM09rEa5TuT+Hk6tozi3bZnsL6S5w5KaI56p752etHJAmpAMKxUl3HjsFNsQRGOJ0UeomiMSYjPKBdTQUOqXLTafqJdayVvhVEUj8B1lT9uZHiUKlx6OvJLKta9DLxP6+bQHDppkzECVBBZoeChFsQWVkVVp9JSoCPNcFEMp3VIkMsMQFdWEGX4Cx++S9pVcrOeblye1asVud15NEhOkIl5KALVEU3qI6aiKAH9IRe0KvxaDwbb8b7bDRnzHf20S8YH99Um5R8</latexit>

CT (x, t) := configuration	of	TM	T	on	input	x	after	t	steps.

Let						be	a	set	of	“simple	functions”,	containing	the	identity	(just	which 
set	to	choose	best	will	be	the	main	question	in	the	following).

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

Definition.	Let	T	and	T’	be	TMs,	and	suppose	there	is	some	simple 
																				function															that	maps	the	sequence	of	configurations


																				to


																				Then	we	write																						(“simulation	preorder”).

<latexit sha1_base64="w/FRZf2gds5n75oKN8PMq6MyFmg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSRF0W3LisaB/QhDKZTtqhk0mYmRRKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyb+50JlYrF4lFPE+pHeChYyAjWRurbJ94Ey2TEPCa8COsRwTx7mPXtqlNz5kCrxC1IFQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nFSxVNMBnjIe0ZKnBElZ/N48/QuVEGKIyleUKjufp7I8ORUtMoMJN5RLXs5eJ/Xi/V4Y2fMZGkmgqyOBSmHOkY5V2gAZOUaD41BBPJTFZERlhiok1jFVOCu/zlVdKu19yrWv3+stpoFHWU4RTO4AJcuIYG3EETWkAgg2d4hTfryXqx3q2PxWjJKnaO4Q+szx/tq5Yc</latexit>

' 2 S
<latexit sha1_base64="svUZKxYjYw0JULtsNsRs5EPuNrw=">AAACSnicbZDNSwJBGMZnzcrsa6tjlyUJFUR2Jaqj4MWjgV+gsszOzurg7Acz70ay+Pd16dStP6JLhyK6NKseSn1h4OH3vC/vO48TcSbBNN+0zE52d28/d5A/PDo+OdXPzrsyjAWhHRLyUPQdLClnAe0AA077kaDYdzjtOdNG6vceqZAsDNowi+jIx+OAeYxgUMjW8dDHMCGYJ425nbSL89JTxSxXtlBrK60pyt0Q5DYTinazbOsFs2ouytgU1koU0Kpatv46dEMS+zQAwrGUA8uMYJRgAYxwOs8PY0kjTKZ4TAdKBtincpQsopgb14q4hhcK9QIwFvTvRIJ9KWe+ozrTe+W6l8Jt3iAG736UsCCKgQZkuciLuQGhkeZquExQAnymBCaCqVsNMsECE1Dp51UI1vqXN0W3VrVuq7WHm0K9voojhy7RFSohC92hOmqiFuoggp7RO/pEX9qL9qF9az/L1oy2mrlA/yqT/QWGF7Fi</latexit>

CT 0(x, 0), CT 0(x, 1), CT 0(x, 2), . . . , CT 0(x, t0
H
)

<latexit sha1_base64="1B6tgsxNFIM+YpU25/KBdDzyoGo=">AAACRnicbZC7SwNBEMbn4ivG16mlzWEQEgjhLohaBtKkjJAXJMext9kki3sPdufEcOSvs7G280+wsVDE1s2j0CQDCx+/b4aZ/fxYcIW2/WZktrZ3dvey+7mDw6PjE/P0rK2iRFLWopGIZNcnigkeshZyFKwbS0YCX7CO/1Cb+Z1HJhWPwiZOYuYGZBTyIacENfJMtx8QHFMi0trUS5vTwlPJLpbWobMJVjQUgwjVBg+9erHsmXm7bM/LWhfOUuRhWQ3PfO0PIpoELEQqiFI9x47RTYlETgWb5vqJYjGhD2TEelqGJGDKTecxTK0rTQbWMJL6hWjN6d+JlARKTQJfd87OVaveDG7yegkO79yUh3GCLKSLRcNEWBhZs0ytAZeMophoQajk+laLjokkFHXyOR2Cs/rlddGulJ2bcuX+Ol+tLuPIwgVcQgEcuIUq1KEBLaDwDO/wCV/Gi/FhfBs/i9aMsZw5h3+VgV+rAbCl</latexit>

CT (x, 0), CT (x, 1), CT (x, 2), . . . , CT (x, tH).
<latexit sha1_base64="IKxLeksxHkK30oUPTJcs8nFbpvM=">AAACAXicbVDLSsNAFL3xWesr6kZwEyyiq5IUUZcFNy4r9gVNCJPptB06mcSZiVBC3Pgrblwo4ta/cOffOGmz0NYDA4dz7mXuOUHMqFS2/W0sLa+srq2XNsqbW9s7u+befltGicCkhSMWiW6AJGGUk5aiipFuLAgKA0Y6wfg69zsPREga8aaaxMQL0ZDTAcVIack3D5uunsfk3k/dEKkRRiy9y7LmqW9W7Ko9hbVInIJUoEDDN7/cfoSTkHCFGZKy59ix8lIkFMWMZGU3kSRGeIyGpKcpRyGRXjpNkFknWulbg0jox5U1VX9vpCiUchIGejK/Us57ufif10vU4MpLKY8TRTiefTRImKUiK6/D6lOdXrGJJggLqm+18AgJhJUuraxLcOYjL5J2repcVGu355V6vaijBEdwDGfgwCXU4QYa0AIMj/AMr/BmPBkvxrvxMRtdMoqdA/gD4/MH19iXIw==</latexit>

T �S T 0

<latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>' <latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>' <latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>'

Textbook	universal	TMs	U	satisfy 
if						contains	a	function	that	decodes	T’s	configuration	from	U’s. 
Can	this	be	true	for	all	U?

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

<latexit sha1_base64="zQEP080lKVlah6yznk7952Q5baU=">AAACDXicbVC9TsMwGHTKXyl/AUYWi4JUliqpEDBWYmEsomkrNVHkuE5r1XGC7SBVUV+AhVdhYQAhVnY23ganzQAtJ1k63d0nf98FCaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjFOBiYNjFotegCRhlBNHUcVILxEERQEj3WB8nfvdByIkjXlbTRLiRWjIaUgxUlryzZO2q/OY3PuZGyE1wohld9MpdGqJ33aDlDGiznyzatWtGeAysQtSBQVavvnlDmKcRoQrzJCUfdtKlJchoShmZFpxU0kShMdoSPqachQR6WWza6bwVCsDGMZCP67gTP09kaFIykkU6GS+sVz0cvE/r5+q8MrLKE9SRTiefxSmDKoY5tXAAdVNKDbRBGFB9a4Qj5BAWOkCK7oEe/HkZdJp1O2LeuP2vNpsFnWUwRE4BjVgg0vQBDegBRyAwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzB6x5m+0=</latexit>

T �S U(pT •)

<latexit sha1_base64="QJoGS89UxF99yLLca2B2D7Pq30A=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ2Y6tl0W3LisYB/QDiWTZtrQTCYkmUIZ+hFuXCji1u9x59+YPgQVPXDhcM693HtPJDnTBqEPZ2Nza3tnt7BX3D84PDounZy2dZopQlsk5anqRlhTzgRtGWY47UpFcRJx2okmNwu/M6VKs1Tcm5mkYYJHgsWMYGOlTn+KlRyzQamMXFT1A1SByA1qHqrXLfH8anBdgZ6LliiDNZqD0nt/mJIsocIQjrXueUiaMMfKMMLpvNjPNJWYTPCI9iwVOKE6zJfnzuGlVYYwTpUtYeBS/T6R40TrWRLZzgSbsf7tLcS/vF5m4nqYMyEzQwVZLYozDk0KF7/DIVOUGD6zBBPF7K2QjLHCxNiEijaEr0/h/6Ttu17V9e+CcqOxjqMAzsEFuAIeqIEGuAVN0AIETMADeALPjnQenRfnddW64axnzsAPOG+f2VGP6w==</latexit>'



A	conjecture	on	universal	Turing	machines

Textbook	universal	TMs	U	satisfy 
if						contains	a	function	that	decodes	T’s	configuration	from	U’s. 
Can	this	be	true	for	all	U?									No.

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

<latexit sha1_base64="zQEP080lKVlah6yznk7952Q5baU=">AAACDXicbVC9TsMwGHTKXyl/AUYWi4JUliqpEDBWYmEsomkrNVHkuE5r1XGC7SBVUV+AhVdhYQAhVnY23ganzQAtJ1k63d0nf98FCaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjFOBiYNjFotegCRhlBNHUcVILxEERQEj3WB8nfvdByIkjXlbTRLiRWjIaUgxUlryzZO2q/OY3PuZGyE1wohld9MpdGqJ33aDlDGiznyzatWtGeAysQtSBQVavvnlDmKcRoQrzJCUfdtKlJchoShmZFpxU0kShMdoSPqachQR6WWza6bwVCsDGMZCP67gTP09kaFIykkU6GS+sVz0cvE/r5+q8MrLKE9SRTiefxSmDKoY5tXAAdVNKDbRBGFB9a4Qj5BAWOkCK7oEe/HkZdJp1O2LeuP2vNpsFnWUwRE4BjVgg0vQBDegBRyAwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzB6x5m+0=</latexit>

T �S U(pT •)



A	conjecture	on	universal	Turing	machines

Textbook	universal	TMs	U	satisfy 
if						contains	a	function	that	decodes	T’s	configuration	from	U’s. 
Can	this	be	true	for	all	U?									No.

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

<latexit sha1_base64="zQEP080lKVlah6yznk7952Q5baU=">AAACDXicbVC9TsMwGHTKXyl/AUYWi4JUliqpEDBWYmEsomkrNVHkuE5r1XGC7SBVUV+AhVdhYQAhVnY23ganzQAtJ1k63d0nf98FCaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjFOBiYNjFotegCRhlBNHUcVILxEERQEj3WB8nfvdByIkjXlbTRLiRWjIaUgxUlryzZO2q/OY3PuZGyE1wohld9MpdGqJ33aDlDGiznyzatWtGeAysQtSBQVavvnlDmKcRoQrzJCUfdtKlJchoShmZFpxU0kShMdoSPqachQR6WWza6bwVCsDGMZCP67gTP09kaFIykkU6GS+sVz0cvE/r5+q8MrLKE9SRTiefxSmDKoY5tXAAdVNKDbRBGFB9a4Qj5BAWOkCK7oEe/HkZdJp1O2LeuP2vNpsFnWUwRE4BjVgg0vQBDegBRyAwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzB6x5m+0=</latexit>

T �S U(pT •)

Counterexample:	Modify	a	textbook	universal	TM	U	such	that	it 
																																	begins	its	operation	with	“bullshit	detection”. 
																																	It	detects	codes	for	a	subclass	of	“bullshit	TMs”	T	that 
																																	perform	a	complicated	calculation	and	then	output	0. 
																																	U	then	just	outputs	0	and	halts,	without	simulating	T.



A	conjecture	on	universal	Turing	machines

Textbook	universal	TMs	U	satisfy 
if						contains	a	function	that	decodes	T’s	configuration	from	U’s. 
Can	this	be	true	for	all	U?									No.

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

<latexit sha1_base64="zQEP080lKVlah6yznk7952Q5baU=">AAACDXicbVC9TsMwGHTKXyl/AUYWi4JUliqpEDBWYmEsomkrNVHkuE5r1XGC7SBVUV+AhVdhYQAhVnY23ganzQAtJ1k63d0nf98FCaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjFOBiYNjFotegCRhlBNHUcVILxEERQEj3WB8nfvdByIkjXlbTRLiRWjIaUgxUlryzZO2q/OY3PuZGyE1wohld9MpdGqJ33aDlDGiznyzatWtGeAysQtSBQVavvnlDmKcRoQrzJCUfdtKlJchoShmZFpxU0kShMdoSPqachQR6WWza6bwVCsDGMZCP67gTP09kaFIykkU6GS+sVz0cvE/r5+q8MrLKE9SRTiefxSmDKoY5tXAAdVNKDbRBGFB9a4Qj5BAWOkCK7oEe/HkZdJp1O2LeuP2vNpsFnWUwRE4BjVgg0vQBDegBRyAwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzB6x5m+0=</latexit>

T �S U(pT •)

Counterexample:	Modify	a	textbook	universal	TM	U	such	that	it 
																																	begins	its	operation	with	“bullshit	detection”. 
																																	It	detects	codes	for	a	subclass	of	“bullshit	TMs”	T	that 
																																	perform	a	complicated	calculation	and	then	output	0. 
																																	U	then	just	outputs	0	and	halts,	without	simulating	T.

Conjecture.	For	every	universal	TM	U,	we	have 

 
																						for	an	infinite	(and	“sufficiently	diverse”)	set	of	TMs	T.

<latexit sha1_base64="zQEP080lKVlah6yznk7952Q5baU=">AAACDXicbVC9TsMwGHTKXyl/AUYWi4JUliqpEDBWYmEsomkrNVHkuE5r1XGC7SBVUV+AhVdhYQAhVnY23ganzQAtJ1k63d0nf98FCaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjFOBiYNjFotegCRhlBNHUcVILxEERQEj3WB8nfvdByIkjXlbTRLiRWjIaUgxUlryzZO2q/OY3PuZGyE1wohld9MpdGqJ33aDlDGiznyzatWtGeAysQtSBQVavvnlDmKcRoQrzJCUfdtKlJchoShmZFpxU0kShMdoSPqachQR6WWza6bwVCsDGMZCP67gTP09kaFIykkU6GS+sVz0cvE/r5+q8MrLKE9SRTiefxSmDKoY5tXAAdVNKDbRBGFB9a4Qj5BAWOkCK7oEe/HkZdJp1O2LeuP2vNpsFnWUwRE4BjVgg0vQBDegBRyAwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzB6x5m+0=</latexit>

T �S U(pT •)



How	not	to	choose	the	set	of	simple	functions	
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Definition.	A	clock	TM	is	a	TM	that	ignores	its	input 
																					and	counts	integer	time	steps 
																					on	its	work	tape	indefinitely.

<latexit sha1_base64="ZKnGGvMrwhFtIyQZ6fayCx0SOlw=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSlJEXRbcuJIK9gFNLJPppB06mYSZG6WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWdOkAiu0XG+rZXVtfWNzdJWeXtnd2+/cnDY1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOMr3O/88iU5rG8x0nC/IgMJQ85JWikB/S49CKCoyDIbqf9StWpOTPYy8QtSBUKNPuVL28Q0zRiEqkgWvdcJ0E/Iwo5FWxa9lLNEkLHZMh6hkoSMe1ns9RT+9QoAzuMlXkS7Zn6eyMjkdaTKDCTeUK96OXif14vxfDKz7hMUmSSzg+FqbAxtvMK7AFXjKKYGEKo4iarTUdEEYqmqLIpwV388jJp12vuRa1+d15tNIo6SnAMJ3AGLlxCA26gCS2goOAZXuHNerJerHfrYz66YhU7R/AH1ucP4SuSwg==</latexit>

t 2 N



How	not	to	choose	the	set	of	simple	functions	
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Definition.	A	clock	TM	is	a	TM	that	ignores	its	input 
																					and	counts	integer	time	steps 
																					on	its	work	tape	indefinitely.

<latexit sha1_base64="ZKnGGvMrwhFtIyQZ6fayCx0SOlw=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSlJEXRbcuJIK9gFNLJPppB06mYSZG6WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWdOkAiu0XG+rZXVtfWNzdJWeXtnd2+/cnDY1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOMr3O/88iU5rG8x0nC/IgMJQ85JWikB/S49CKCoyDIbqf9StWpOTPYy8QtSBUKNPuVL28Q0zRiEqkgWvdcJ0E/Iwo5FWxa9lLNEkLHZMh6hkoSMe1ns9RT+9QoAzuMlXkS7Zn6eyMjkdaTKDCTeUK96OXif14vxfDKz7hMUmSSzg+FqbAxtvMK7AFXjKKYGEKo4iarTUdEEYqmqLIpwV388jJp12vuRa1+d15tNIo6SnAMJ3AGLlxCA26gCS2goOAZXuHNerJerHfrYz66YhU7R/AH1ucP4SuSwg==</latexit>

t 2 N

Lemma.	Let	C	be	a	clock	TM.	If	we	define						to	be	the	set	of	all 
																total	computable	functions	on	the	configurations,	then 

																																													 
																That	is,	the	clock	TM	C	will	formally	be	considered	to 
																simulate	all	other	TMs	step	by	step.				:-(

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

for	all	TMs
<latexit sha1_base64="NE6ClVDJ4TZxCSZw2M1wCjW4L+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF49V+gVtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUem9VBueJW3QXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tIZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8bTLkCpkRU0soU9zeStiYKsqMDadkQ/BWX14n7VrVu67WHq4q9XoeRxHO4BwuwYMbqMM9NKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+ABxYjRU=</latexit>

T.
<latexit sha1_base64="c0YS6Um971ad97VwUNDnFbWI+80=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyUpoi4L3bis2Be0IUymk3boZBIzE6GEuPFX3LhQxK1/4c6/cdJmoa0HBg7n3Mvcc7yIM6ks69tYWV1b39gsbZW3d3b39s2Dw44Mk5jQNgl5GPc8LClngrYVU5z2opjiwOO0600aud99oLFkoWipaUSdAI8E8xnBSkuuedwa6HlC7910EGA1Jpind1mGGq5ZsarWDGiZ2AWpQIGma34NhiFJAioU4VjKvm1FyklxrBjhNCsPEkkjTCZ4RPuaChxQ6aSzBBk608oQ+WGsn1Bopv7eSHEg5TTw9GR+pVz0cvE/r58o/9pJmYgSRQWZf+QnHKkQ5XWgIdPpFZ9qgknM9K2IjHGMidKllXUJ9mLkZdKpVe3Lau32olKvF3WU4ARO4RxsuII63EAT2kDgEZ7hFd6MJ+PFeDc+5qMrRrFzBH9gfP4As0SXCw==</latexit>

T �S C



How	not	to	choose	the	set	of	simple	functions	
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Definition.	A	clock	TM	is	a	TM	that	ignores	its	input 
																					and	counts	integer	time	steps 
																					on	its	work	tape	indefinitely.

<latexit sha1_base64="ZKnGGvMrwhFtIyQZ6fayCx0SOlw=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSlJEXRbcuJIK9gFNLJPppB06mYSZG6WE/ocbF4q49V/c+TdO2iy09cDA4Zx7uWdOkAiu0XG+rZXVtfWNzdJWeXtnd2+/cnDY1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOMr3O/88iU5rG8x0nC/IgMJQ85JWikB/S49CKCoyDIbqf9StWpOTPYy8QtSBUKNPuVL28Q0zRiEqkgWvdcJ0E/Iwo5FWxa9lLNEkLHZMh6hkoSMe1ns9RT+9QoAzuMlXkS7Zn6eyMjkdaTKDCTeUK96OXif14vxfDKz7hMUmSSzg+FqbAxtvMK7AFXjKKYGEKo4iarTUdEEYqmqLIpwV388jJp12vuRa1+d15tNIo6SnAMJ3AGLlxCA26gCS2goOAZXuHNerJerHfrYz66YhU7R/AH1ucP4SuSwg==</latexit>

t 2 N

Lemma.	Let	C	be	a	clock	TM.	If	we	define						to	be	the	set	of	all 
																total	computable	functions	on	the	configurations,	then 

																																													 
																That	is,	the	clock	TM	C	will	formally	be	considered	to 
																simulate	all	other	TMs	step	by	step.				:-(

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

for	all	TMs
<latexit sha1_base64="NE6ClVDJ4TZxCSZw2M1wCjW4L+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF49V+gVtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUem9VBueJW3QXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tIZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8bTLkCpkRU0soU9zeStiYKsqMDadkQ/BWX14n7VrVu67WHq4q9XoeRxHO4BwuwYMbqMM9NKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+ABxYjRU=</latexit>

T.
<latexit sha1_base64="c0YS6Um971ad97VwUNDnFbWI+80=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyUpoi4L3bis2Be0IUymk3boZBIzE6GEuPFX3LhQxK1/4c6/cdJmoa0HBg7n3Mvcc7yIM6ks69tYWV1b39gsbZW3d3b39s2Dw44Mk5jQNgl5GPc8LClngrYVU5z2opjiwOO0600aud99oLFkoWipaUSdAI8E8xnBSkuuedwa6HlC7910EGA1Jpind1mGGq5ZsarWDGiZ2AWpQIGma34NhiFJAioU4VjKvm1FyklxrBjhNCsPEkkjTCZ4RPuaChxQ6aSzBBk608oQ+WGsn1Bopv7eSHEg5TTw9GR+pVz0cvE/r58o/9pJmYgSRQWZf+QnHKkQ5XWgIdPpFZ9qgknM9K2IjHGMidKllXUJ9mLkZdKpVe3Lau32olKvF3WU4ARO4RxsuII63EAT2kDgEZ7hFd6MJ+PFeDc+5qMrRrFzBH9gfP4As0SXCw==</latexit>

T �S C

Proof	idea.	There	will	be	a	function																	that	reads	x	and	t 
																						from																		and	simply	recomputes	

<latexit sha1_base64="w/FRZf2gds5n75oKN8PMq6MyFmg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSRF0W3LisaB/QhDKZTtqhk0mYmRRKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyb+50JlYrF4lFPE+pHeChYyAjWRurbJ94Ey2TEPCa8COsRwTx7mPXtqlNz5kCrxC1IFQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nFSxVNMBnjIe0ZKnBElZ/N48/QuVEGKIyleUKjufp7I8ORUtMoMJN5RLXs5eJ/Xi/V4Y2fMZGkmgqyOBSmHOkY5V2gAZOUaD41BBPJTFZERlhiok1jFVOCu/zlVdKu19yrWv3+stpoFHWU4RTO4AJcuIYG3EETWkAgg2d4hTfryXqx3q2PxWjJKnaO4Q+szx/tq5Yc</latexit>

' 2 S
<latexit sha1_base64="fgMUIOxwRt8o/gPYaKy9ciMgv6c=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAgVpCRF1GWhG5cV7APaECbTSTt0MgkzN9IS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZAtv+NjY2t7Z3dkt75f2Dw6Nj86TSVVEiCe2QiEey72NFORO0Aww47ceS4tDntOdPW7nfe6JSsUg8wjymbojHggWMYNCSZ1aGIYYJwTxtZV6rNruCS8+s2nV7AWudOAWpogJtz/wajiKShFQA4VipgWPH4KZYAiOcZuVhomiMyRSP6UBTgUOq3HSRPbMutDKygkjqJ8BaqL83UhwqNQ99PZknVateLv7nDRII7tyUiTgBKsjyUJBwCyIrL8IaMUkJ8LkmmEims1pkgiUmoOsq6xKc1S+vk26j7tzUGw/X1WazqKOEztA5qiEH3aImukdt1EEEzdAzekVvRma8GO/Gx3J0wyh2TtEfGJ8/LneT4A==</latexit>

CC(x, t)
<latexit sha1_base64="XNgqWzicwJ4y6KijUMaKyJboY5w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUJSRF0WunFZoS9oQ5hMJ+3QySTMTMQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vm+DGjUtn2t1Ha2Nza3invVvb2Dw6PzOOTnowSgUkXRywSAx9JwignXUUVI4NYEBT6jPT9WSv3+w9ESBrxjkpj4oZowmlAMVJa8szqKERqihHLWnOvU3+8VBeWZ9Zsy14ArhOnIDVQoO2ZX6NxhJOQcIUZknLo2LFyMyQUxYzMK6NEkhjhGZqQoaYchUS62SL8HJ5rZQyDSOjHFVyovzcyFEqZhr6ezKPKVS8X//OGiQpu3YzyOFGE4+WhIGFQRTBvAo6pIFixVBOEBdVZIZ4igbDSfVV0Cc7ql9dJr2E511bj/qrWbBZ1lMEpOAN14IAb0AR3oA26AIMUPINX8GY8GS/Gu/GxHC0ZxU4V/IHx+QO5+pQp</latexit>

CT (x, t).



How	not	to	choose	the	set	of	simple	functions	
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Clearly,	the	total	computable	functions	are	not	intuitively	“simple”.

We	need	a	much	smaller	set	of	much	simpler	functions.	But	wait:



How	not	to	choose	the	set	of	simple	functions	
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Clearly,	the	total	computable	functions	are	not	intuitively	“simple”.

We	need	a	much	smaller	set	of	much	simpler	functions.	But	wait:

Lemma.	Let	C	be	a	clock	TM.	If	we	define						to	be	the	set	of	all 
																functions	on	the	configurations	with	linear	run	time,	then 

																																													 
																That	is,	the	clock	TM	C	will	formally	be	considered	to 
																simulate	all	other	TMs	step	by	step.				:-(

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

for	all	TMs
<latexit sha1_base64="NE6ClVDJ4TZxCSZw2M1wCjW4L+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF49V+gVtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUem9VBueJW3QXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tIZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8bTLkCpkRU0soU9zeStiYKsqMDadkQ/BWX14n7VrVu67WHq4q9XoeRxHO4BwuwYMbqMM9NKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+ABxYjRU=</latexit>

T.
<latexit sha1_base64="c0YS6Um971ad97VwUNDnFbWI+80=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyUpoi4L3bis2Be0IUymk3boZBIzE6GEuPFX3LhQxK1/4c6/cdJmoa0HBg7n3Mvcc7yIM6ks69tYWV1b39gsbZW3d3b39s2Dw44Mk5jQNgl5GPc8LClngrYVU5z2opjiwOO0600aud99oLFkoWipaUSdAI8E8xnBSkuuedwa6HlC7910EGA1Jpind1mGGq5ZsarWDGiZ2AWpQIGma34NhiFJAioU4VjKvm1FyklxrBjhNCsPEkkjTCZ4RPuaChxQ6aSzBBk608oQ+WGsn1Bopv7eSHEg5TTw9GR+pVz0cvE/r58o/9pJmYgSRQWZf+QnHKkQ5XWgIdPpFZ9qgknM9K2IjHGMidKllXUJ9mLkZdKpVe3Lau32olKvF3WU4ARO4RxsuII63EAT2kDgEZ7hFd6MJ+PFeDc+5qMrRrFzBH9gfP4As0SXCw==</latexit>

T �S C



How	not	to	choose	the	set	of	simple	functions	
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Clearly,	the	total	computable	functions	are	not	intuitively	“simple”.

We	need	a	much	smaller	set	of	much	simpler	functions.	But	wait:

Lemma.	Let	C	be	a	clock	TM.	If	we	define						to	be	the	set	of	all 
																functions	on	the	configurations	with	linear	run	time,	then 

																																													 
																That	is,	the	clock	TM	C	will	formally	be	considered	to 
																simulate	all	other	TMs	step	by	step.				:-(

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

for	all	TMs
<latexit sha1_base64="NE6ClVDJ4TZxCSZw2M1wCjW4L+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF49V+gVtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUem9VBueJW3QXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tIZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8bTLkCpkRU0soU9zeStiYKsqMDadkQ/BWX14n7VrVu67WHq4q9XoeRxHO4BwuwYMbqMM9NKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+ABxYjRU=</latexit>

T.
<latexit sha1_base64="c0YS6Um971ad97VwUNDnFbWI+80=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyUpoi4L3bis2Be0IUymk3boZBIzE6GEuPFX3LhQxK1/4c6/cdJmoa0HBg7n3Mvcc7yIM6ks69tYWV1b39gsbZW3d3b39s2Dw44Mk5jQNgl5GPc8LClngrYVU5z2opjiwOO0600aud99oLFkoWipaUSdAI8E8xnBSkuuedwa6HlC7910EGA1Jpind1mGGq5ZsarWDGiZ2AWpQIGma34NhiFJAioU4VjKvm1FyklxrBjhNCsPEkkjTCZ4RPuaChxQ6aSzBBk608oQ+WGsn1Bopv7eSHEg5TTw9GR+pVz0cvE/r58o/9pJmYgSRQWZf+QnHKkQ5XWgIdPpFZ9qgknM9K2IjHGMidKllXUJ9mLkZdKpVe3Lau32olKvF3WU4ARO4RxsuII63EAT2kDgEZ7hFd6MJ+PFeDc+5qMrRrFzBH9gfP4As0SXCw==</latexit>

T �S C

Proof	idea.	Recomputation	takes	only	linear	time.			:-(



How	not	to	choose	the	set	of	simple	functions	
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Clearly,	the	total	computable	functions	are	not	intuitively	“simple”.

We	need	a	much	smaller	set	of	much	simpler	functions.	But	wait:

Lemma.	Let	C	be	a	clock	TM.	If	we	define						to	be	the	set	of	all 
																functions	on	the	configurations	with	linear	run	time,	then 

																																													 
																That	is,	the	clock	TM	C	will	formally	be	considered	to 
																simulate	all	other	TMs	step	by	step.				:-(

<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S

for	all	TMs
<latexit sha1_base64="NE6ClVDJ4TZxCSZw2M1wCjW4L+c=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF49V+gVtKJvtpF262YTdjVBC/4EXD4p49R9589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUem9VBueJW3QXIOvFyUoEcjUH5qz+MWRqhNExQrXuemxg/o8pwJnBW6qcaE8omdIQ9SyWNUPvZ4tIZubDKkISxsiUNWai/JzIaaT2NAtsZUTPWq95c/M/rpSa89TMuk9SgZMtFYSqIicn8bTLkCpkRU0soU9zeStiYKsqMDadkQ/BWX14n7VrVu67WHq4q9XoeRxHO4BwuwYMbqMM9NKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+ABxYjRU=</latexit>

T.
<latexit sha1_base64="c0YS6Um971ad97VwUNDnFbWI+80=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyUpoi4L3bis2Be0IUymk3boZBIzE6GEuPFX3LhQxK1/4c6/cdJmoa0HBg7n3Mvcc7yIM6ks69tYWV1b39gsbZW3d3b39s2Dw44Mk5jQNgl5GPc8LClngrYVU5z2opjiwOO0600aud99oLFkoWipaUSdAI8E8xnBSkuuedwa6HlC7910EGA1Jpind1mGGq5ZsarWDGiZ2AWpQIGma34NhiFJAioU4VjKvm1FyklxrBjhNCsPEkkjTCZ4RPuaChxQ6aSzBBk608oQ+WGsn1Bopv7eSHEg5TTw9GR+pVz0cvE/r58o/9pJmYgSRQWZf+QnHKkQ5XWgIdPpFZ9qgknM9K2IjHGMidKllXUJ9mLkZdKpVe3Lau32olKvF3WU4ARO4RxsuII63EAT2kDgEZ7hFd6MJ+PFeDc+5qMrRrFzBH9gfP4As0SXCw==</latexit>

T �S C

Proof	idea.	Recomputation	takes	only	linear	time.			:-(

Shall	we	go	even	simpler	than	linear	time? 
Wait	a	minute…



The	set	of	simple	functions						must	contain	very	complex	functions
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S



The	set	of	simple	functions						must	contain	very	complex	functions
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Start	with	a	textbook	universal	TM	U,	and	modify	it	as	follows: 
After	every	step,	U	makes	a	brute-force	encryption	of	all	the 
tape	cells	that	are	not	relevant	for	the	next	computation	step, 
and	decrypts	the	cells	that	are	relevant. 

 
Then	U	will	be	extremely	slow,	but	still	universal.
Details	cumbersome;	see	paper.



The	set	of	simple	functions						must	contain	very	complex	functions
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Start	with	a	textbook	universal	TM	U,	and	modify	it	as	follows: 
After	every	step,	U	makes	a	brute-force	encryption	of	all	the 
tape	cells	that	are	not	relevant	for	the	next	computation	step, 
and	decrypts	the	cells	that	are	relevant. 

 
Then	U	will	be	extremely	slow,	but	still	universal.
Details	cumbersome;	see	paper.

To	decode	the	simulated	TM	configuration, 
must	perform	an	immensely	complex	decryption.

<latexit sha1_base64="w/FRZf2gds5n75oKN8PMq6MyFmg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSRF0W3LisaB/QhDKZTtqhk0mYmRRKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyb+50JlYrF4lFPE+pHeChYyAjWRurbJ94Ey2TEPCa8COsRwTx7mPXtqlNz5kCrxC1IFQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nFSxVNMBnjIe0ZKnBElZ/N48/QuVEGKIyleUKjufp7I8ORUtMoMJN5RLXs5eJ/Xi/V4Y2fMZGkmgqyOBSmHOkY5V2gAZOUaD41BBPJTFZERlhiok1jFVOCu/zlVdKu19yrWv3+stpoFHWU4RTO4AJcuIYG3EETWkAgg2d4hTfryXqx3q2PxWjJKnaO4Q+szx/tq5Yc</latexit>

' 2 S



The	set	of	simple	functions						must	contain	very	complex	functions
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S

Start	with	a	textbook	universal	TM	U,	and	modify	it	as	follows: 
After	every	step,	U	makes	a	brute-force	encryption	of	all	the 
tape	cells	that	are	not	relevant	for	the	next	computation	step, 
and	decrypts	the	cells	that	are	relevant. 

 
Then	U	will	be	extremely	slow,	but	still	universal.
Details	cumbersome;	see	paper.

To	decode	the	simulated	TM	configuration, 
must	perform	an	immensely	complex	decryption.

<latexit sha1_base64="w/FRZf2gds5n75oKN8PMq6MyFmg=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkpSRF0W3LisaB/QhDKZTtqhk0mYmRRKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyb+50JlYrF4lFPE+pHeChYyAjWRurbJ94Ey2TEPCa8COsRwTx7mPXtqlNz5kCrxC1IFQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nFSxVNMBnjIe0ZKnBElZ/N48/QuVEGKIyleUKjufp7I8ORUtMoMJN5RLXs5eJ/Xi/V4Y2fMZGkmgqyOBSmHOkY5V2gAZOUaD41BBPJTFZERlhiok1jFVOCu/zlVdKu19yrWv3+stpoFHWU4RTO4AJcuIYG3EETWkAgg2d4hTfryXqx3q2PxWjJKnaO4Q+szx/tq5Yc</latexit>

' 2 S

Conjecture.	For	every	universal	TM	U,	we	have 

 
																						for	an	infinite	(and	“sufficiently	diverse”)	set	of	TMs	T.

<latexit sha1_base64="zQEP080lKVlah6yznk7952Q5baU=">AAACDXicbVC9TsMwGHTKXyl/AUYWi4JUliqpEDBWYmEsomkrNVHkuE5r1XGC7SBVUV+AhVdhYQAhVnY23ganzQAtJ1k63d0nf98FCaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjFOBiYNjFotegCRhlBNHUcVILxEERQEj3WB8nfvdByIkjXlbTRLiRWjIaUgxUlryzZO2q/OY3PuZGyE1wohld9MpdGqJ33aDlDGiznyzatWtGeAysQtSBQVavvnlDmKcRoQrzJCUfdtKlJchoShmZFpxU0kShMdoSPqachQR6WWza6bwVCsDGMZCP67gTP09kaFIykkU6GS+sVz0cvE/r5+q8MrLKE9SRTiefxSmDKoY5tXAAdVNKDbRBGFB9a4Qj5BAWOkCK7oEe/HkZdJp1O2LeuP2vNpsFnWUwRE4BjVgg0vQBDegBRyAwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzB6x5m+0=</latexit>

T �S U(pT •)

To	have	any	chance	that	our	conjecture	is	true,

the	set							must	be	characterized	by	something	else	than	simplicity.
<latexit sha1_base64="Ju8hk+mSTq5c+EmmYR92W90RlH4=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2gdMh5JJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTDjTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkqQttEcql6IdaUM0HbhhlOe4miOA457YaT29zvPlGlmRSPZprQIMYjwSJGsLGS34+xGRPMs4fZoFpz6+4caJV4BalBgdag+tUfSpLGVBjCsda+5yYmyLAyjHA6q/RTTRNMJnhEfUsFjqkOsnnkGTqzyhBFUtknDJqrvzcyHGs9jUM7mUfUy14u/uf5qYmug4yJJDVUkMVHUcqRkSi/Hw2ZosTwqSWYKGazIjLGChNjW6rYErzlk1dJp1H3LuuN+4ta86aoowwncArn4MEVNOEOWtAGAhKe4RXeHOO8OO/Ox2K05BQ7x/AHzucPjfKRcA==</latexit>

S



From	simplicity	to	preservation	of	structure



From	simplicity	to	preservation	of	structure

Attempt	of	Definition:	A	function							on	TM	configurations	is 
structure-preserving	if	for	every	pair	of	configurations											such	that 

																																											is	small, 
there	is	a	pair	of	configurations																with 
such	that


																															is	not	too	large.

<latexit sha1_base64="c/Do+UofHM3EfTftGsmWTbq9B+s=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxiBSkzRdRlQRcuK9gHtEPJpGkbmskMSUYpYz/FjQtF3Pol7vwbM+0stPVA4HDOvdyT40ecKe0431ZuZXVtfSO/Wdja3tnds4v7TRXGktAGCXko2z5WlDNBG5ppTtuRpDjwOW354+vUbz1QqVgo7vUkol6Ah4INGMHaSD272A2wHhHMk5tpmZyRk9OeXXIqzgxombgZKUGGes/+6vZDEgdUaMKxUh3XibSXYKkZ4XRa6MaKRpiM8ZB2DBU4oMpLZtGn6NgofTQIpXlCo5n6eyPBgVKTwDeTaVC16KXif14n1oMrL2EiijUVZH5oEHOkQ5T2gPpMUqL5xBBMJDNZERlhiYk2bRVMCe7il5dJs1pxLyrVu/NSrZbVkYdDOIIyuHAJNbiFOjSAwCM8wyu8WU/Wi/VufcxHc1a2cwB/YH3+AA/DkzY=</latexit>

D(c, c0)

<latexit sha1_base64="x/K/6lzCIPct/sS1t++DGJmPWTs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRg5SkiHoMePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJXJJzgfVmlt350CrxCtIDQo0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0G3Xvut54uKr5fhFHGU7gFC7Agxvw4R6a0AICY3iGV3hzhPPivDsfi9aSU8wcwx84nz9MoY3A</latexit>

c, c0
<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'

<latexit sha1_base64="JnE9qgclrRJUsjLTdJhfHiLa/d8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbRg5TdUtRjoRePFewHtEvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTJuZ332iSrNIPppZTH2Bx5KFjGCTSc3r5uWwXHGr7gJonXg5qUCO1rD8NRhFJBFUGsKx1n3PjY2fYmUY4XReGiSaxphM8Zj2LZVYUO2ni1vn6MIqIxRGypY0aKH+nkix0HomAtspsJnoVS8T//P6iQnv/JTJODFUkuWiMOHIRCh7HI2YosTwmSWYKGZvRWSCFSbGxlOyIXirL6+TTq3q3VRrD/VKo5HHUYQzOIcr8OAWGnAPLWgDgQk8wyu8OcJ5cd6dj2VrwclnTuEPnM8f6xKNgA==</latexit>

C,C 0 <latexit sha1_base64="Jc/0Mup6ASVQWabaA9sjAw7eJbg=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2AprSBlpoi6EQrduKxgL9AZSiY9bUMzmSHJFErpE7jxVdy4UMSta3e+jekF0dYfAj/fOYeT8wcxZ0o7zpeVWlvf2NxKb2d2dvf2D+zDo7qKEkmhRiMeyWZAFHAmoKaZ5tCMJZAw4NAIBpVpvTEEqVgk7vUoBj8kPcG6jBJtUNvOeUMi4z4rVM5u6Dn2QKiYUMA/OG94vm1nnaIzE1417sJk0ULVtv3pdSKahCA05USpluvE2h8TqRnlMMl4iQKzZ0B60DJWkBCUP56dM8E5Qzq4G0nzhMYz+ntiTEKlRmFgOkOi+2q5NoX/1VqJ7l77YybiRIOg80XdhGMd4Wk2uMMkUM1HxhAqmfkrpn0iCdUmwYwJwV0+edXUS0X3sli6u8iWy4s40ugEnaICctEVKqNbVEU1RNEDekIv6NV6tJ6tN+t93pqyFjPH6I+sj282KppL</latexit>

'(C) = c, '(C 0) = c0

<latexit sha1_base64="7ODonAIDjzBvELKP3fGJQihrULA=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxiBSkzRdRloS5cVrAPaIeSSdM2NJMZkoxSxn6KGxeKuPVL3Pk3ZtpZaPVA4HDOvdyT40ecKe04X1ZuZXVtfSO/Wdja3tnds4v7LRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k3rqt++pVCwUd3oaUS/AI8GGjGBtpL5d7AVYjwnmyfWsXD+rn5z27ZJTceZAf4mbkRJkaPTtz94gJHFAhSYcK9V1nUh7CZaaEU5nhV6saITJBI9o11CBA6q8ZB59ho6NMkDDUJonNJqrPzcSHCg1DXwzmQZVy14q/ud1Yz288hImolhTQRaHhjFHOkRpD2jAJCWaTw3BRDKTFZExlpho01bBlOAuf/kvaVUr7kWlenteqtWyOvJwCEdQBhcuoQY30IAmEHiAJ3iBV+vRerberPfFaM7Kdg7gF6yPb630kvY=</latexit>

D(C,C 0)



From	simplicity	to	preservation	of	structure

Attempt	of	Definition:	A	function							on	TM	configurations	is 
structure-preserving	if	for	every	pair	of	configurations											such	that 

																																											is	small, 
there	is	a	pair	of	configurations																with 
such	that


																															is	not	too	large.

<latexit sha1_base64="c/Do+UofHM3EfTftGsmWTbq9B+s=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxiBSkzRdRlQRcuK9gHtEPJpGkbmskMSUYpYz/FjQtF3Pol7vwbM+0stPVA4HDOvdyT40ecKe0431ZuZXVtfSO/Wdja3tnds4v7TRXGktAGCXko2z5WlDNBG5ppTtuRpDjwOW354+vUbz1QqVgo7vUkol6Ah4INGMHaSD272A2wHhHMk5tpmZyRk9OeXXIqzgxombgZKUGGes/+6vZDEgdUaMKxUh3XibSXYKkZ4XRa6MaKRpiM8ZB2DBU4oMpLZtGn6NgofTQIpXlCo5n6eyPBgVKTwDeTaVC16KXif14n1oMrL2EiijUVZH5oEHOkQ5T2gPpMUqL5xBBMJDNZERlhiYk2bRVMCe7il5dJs1pxLyrVu/NSrZbVkYdDOIIyuHAJNbiFOjSAwCM8wyu8WU/Wi/VufcxHc1a2cwB/YH3+AA/DkzY=</latexit>

D(c, c0)

<latexit sha1_base64="x/K/6lzCIPct/sS1t++DGJmPWTs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRg5SkiHoMePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJXJJzgfVmlt350CrxCtIDQo0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0G3Xvut54uKr5fhFHGU7gFC7Agxvw4R6a0AICY3iGV3hzhPPivDsfi9aSU8wcwx84nz9MoY3A</latexit>

c, c0
<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'

<latexit sha1_base64="JnE9qgclrRJUsjLTdJhfHiLa/d8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbRg5TdUtRjoRePFewHtEvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTJuZ332iSrNIPppZTH2Bx5KFjGCTSc3r5uWwXHGr7gJonXg5qUCO1rD8NRhFJBFUGsKx1n3PjY2fYmUY4XReGiSaxphM8Zj2LZVYUO2ni1vn6MIqIxRGypY0aKH+nkix0HomAtspsJnoVS8T//P6iQnv/JTJODFUkuWiMOHIRCh7HI2YosTwmSWYKGZvRWSCFSbGxlOyIXirL6+TTq3q3VRrD/VKo5HHUYQzOIcr8OAWGnAPLWgDgQk8wyu8OcJ5cd6dj2VrwclnTuEPnM8f6xKNgA==</latexit>

C,C 0 <latexit sha1_base64="Jc/0Mup6ASVQWabaA9sjAw7eJbg=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2AprSBlpoi6EQrduKxgL9AZSiY9bUMzmSHJFErpE7jxVdy4UMSta3e+jekF0dYfAj/fOYeT8wcxZ0o7zpeVWlvf2NxKb2d2dvf2D+zDo7qKEkmhRiMeyWZAFHAmoKaZ5tCMJZAw4NAIBpVpvTEEqVgk7vUoBj8kPcG6jBJtUNvOeUMi4z4rVM5u6Dn2QKiYUMA/OG94vm1nnaIzE1417sJk0ULVtv3pdSKahCA05USpluvE2h8TqRnlMMl4iQKzZ0B60DJWkBCUP56dM8E5Qzq4G0nzhMYz+ntiTEKlRmFgOkOi+2q5NoX/1VqJ7l77YybiRIOg80XdhGMd4Wk2uMMkUM1HxhAqmfkrpn0iCdUmwYwJwV0+edXUS0X3sli6u8iWy4s40ugEnaICctEVKqNbVEU1RNEDekIv6NV6tJ6tN+t93pqyFjPH6I+sj282KppL</latexit>

'(C) = c, '(C 0) = c0

<latexit sha1_base64="7ODonAIDjzBvELKP3fGJQihrULA=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxiBSkzRdRloS5cVrAPaIeSSdM2NJMZkoxSxn6KGxeKuPVL3Pk3ZtpZaPVA4HDOvdyT40ecKe04X1ZuZXVtfSO/Wdja3tnds4v7LRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k3rqt++pVCwUd3oaUS/AI8GGjGBtpL5d7AVYjwnmyfWsXD+rn5z27ZJTceZAf4mbkRJkaPTtz94gJHFAhSYcK9V1nUh7CZaaEU5nhV6saITJBI9o11CBA6q8ZB59ho6NMkDDUJonNJqrPzcSHCg1DXwzmQZVy14q/ud1Yz288hImolhTQRaHhjFHOkRpD2jAJCWaTw3BRDKTFZExlpho01bBlOAuf/kvaVUr7kWlenteqtWyOvJwCEdQBhcuoQY30IAmEHiAJ3iBV+vRerberPfFaM7Kdg7gF6yPb630kvY=</latexit>

D(C,C 0)

This	assumes	the	choice	of	some	distance	function 
e.g.	the	sum	of	the	Hamming	distances	of	the	tape	contents.

<latexit sha1_base64="4FFpEuK0+brzXgMiYcAKkw1K2SE=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWsUEpSRF0WdOGygn1AG8rkdtIOnUzCzEQsIb/ixoUibv0Rd/6NkzYLbT0wcDjnXu6Z40WMSmXb30ZhbX1jc6u4XdrZ3ds/MA/LHRnGAkgbQhaKnoclYZSTtqKKkV4kCA48Rrre9Cbzu49ESBryBzWLiBvgMac+Bay0NDTLgwCrCWCW3KZVqMHZeW1oVuy6PYe1SpycVFCO1tD8GoxCiAPCFTAsZd+xI+UmWCgKjKSlQSxJhGGKx6SvKccBkW4yz55ap1oZWX4o9OPKmqu/NxIcSDkLPD2ZJZXLXib+5/Vj5V+7CeVRrAiHxSE/ZpYKrawIa0QFAcVmmmAQVGe1YIIFBqXrKukSnOUvr5JOo+5c1hv3F5VmM6+jiI7RCaoiB12hJrpDLdRGgJ7QM3pFb0ZqvBjvxsditGDkO0foD4zPH31yk2w=</latexit>

D(c, c0),



From	simplicity	to	preservation	of	structure

Attempt	of	Definition:	A	function							on	TM	configurations	is 
structure-preserving	if	for	every	pair	of	configurations											such	that 

																																											is	small, 
there	is	a	pair	of	configurations																with 
such	that


																															is	not	too	large.

<latexit sha1_base64="c/Do+UofHM3EfTftGsmWTbq9B+s=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxiBSkzRdRlQRcuK9gHtEPJpGkbmskMSUYpYz/FjQtF3Pol7vwbM+0stPVA4HDOvdyT40ecKe0431ZuZXVtfSO/Wdja3tnds4v7TRXGktAGCXko2z5WlDNBG5ppTtuRpDjwOW354+vUbz1QqVgo7vUkol6Ah4INGMHaSD272A2wHhHMk5tpmZyRk9OeXXIqzgxombgZKUGGes/+6vZDEgdUaMKxUh3XibSXYKkZ4XRa6MaKRpiM8ZB2DBU4oMpLZtGn6NgofTQIpXlCo5n6eyPBgVKTwDeTaVC16KXif14n1oMrL2EiijUVZH5oEHOkQ5T2gPpMUqL5xBBMJDNZERlhiYk2bRVMCe7il5dJs1pxLyrVu/NSrZbVkYdDOIIyuHAJNbiFOjSAwCM8wyu8WU/Wi/VufcxHc1a2cwB/YH3+AA/DkzY=</latexit>

D(c, c0)

<latexit sha1_base64="x/K/6lzCIPct/sS1t++DGJmPWTs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRg5SkiHoMePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJXJJzgfVmlt350CrxCtIDQo0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0G3Xvut54uKr5fhFHGU7gFC7Agxvw4R6a0AICY3iGV3hzhPPivDsfi9aSU8wcwx84nz9MoY3A</latexit>

c, c0
<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'

<latexit sha1_base64="JnE9qgclrRJUsjLTdJhfHiLa/d8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbRg5TdUtRjoRePFewHtEvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTJuZ332iSrNIPppZTH2Bx5KFjGCTSc3r5uWwXHGr7gJonXg5qUCO1rD8NRhFJBFUGsKx1n3PjY2fYmUY4XReGiSaxphM8Zj2LZVYUO2ni1vn6MIqIxRGypY0aKH+nkix0HomAtspsJnoVS8T//P6iQnv/JTJODFUkuWiMOHIRCh7HI2YosTwmSWYKGZvRWSCFSbGxlOyIXirL6+TTq3q3VRrD/VKo5HHUYQzOIcr8OAWGnAPLWgDgQk8wyu8OcJ5cd6dj2VrwclnTuEPnM8f6xKNgA==</latexit>

C,C 0 <latexit sha1_base64="Jc/0Mup6ASVQWabaA9sjAw7eJbg=">AAACDnicbZDLSgMxFIYz9VbrbdSlm2AprSBlpoi6EQrduKxgL9AZSiY9bUMzmSHJFErpE7jxVdy4UMSta3e+jekF0dYfAj/fOYeT8wcxZ0o7zpeVWlvf2NxKb2d2dvf2D+zDo7qKEkmhRiMeyWZAFHAmoKaZ5tCMJZAw4NAIBpVpvTEEqVgk7vUoBj8kPcG6jBJtUNvOeUMi4z4rVM5u6Dn2QKiYUMA/OG94vm1nnaIzE1417sJk0ULVtv3pdSKahCA05USpluvE2h8TqRnlMMl4iQKzZ0B60DJWkBCUP56dM8E5Qzq4G0nzhMYz+ntiTEKlRmFgOkOi+2q5NoX/1VqJ7l77YybiRIOg80XdhGMd4Wk2uMMkUM1HxhAqmfkrpn0iCdUmwYwJwV0+edXUS0X3sli6u8iWy4s40ugEnaICctEVKqNbVEU1RNEDekIv6NV6tJ6tN+t93pqyFjPH6I+sj282KppL</latexit>

'(C) = c, '(C 0) = c0

<latexit sha1_base64="7ODonAIDjzBvELKP3fGJQihrULA=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyxiBSkzRdRloS5cVrAPaIeSSdM2NJMZkoxSxn6KGxeKuPVL3Pk3ZtpZaPVA4HDOvdyT40ecKe04X1ZuZXVtfSO/Wdja3tnds4v7LRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k3rqt++pVCwUd3oaUS/AI8GGjGBtpL5d7AVYjwnmyfWsXD+rn5z27ZJTceZAf4mbkRJkaPTtz94gJHFAhSYcK9V1nUh7CZaaEU5nhV6saITJBI9o11CBA6q8ZB59ho6NMkDDUJonNJqrPzcSHCg1DXwzmQZVy14q/ud1Yz288hImolhTQRaHhjFHOkRpD2jAJCWaTw3BRDKTFZExlpho01bBlOAuf/kvaVUr7kWlenteqtWyOvJwCEdQBhcuoQY30IAmEHiAJ3iBV+vRerberPfFaM7Kdg7gF6yPb630kvY=</latexit>

D(C,C 0)

This	assumes	the	choice	of	some	distance	function 
e.g.	the	sum	of	the	Hamming	distances	of	the	tape	contents.

<latexit sha1_base64="4FFpEuK0+brzXgMiYcAKkw1K2SE=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWsUEpSRF0WdOGygn1AG8rkdtIOnUzCzEQsIb/ixoUibv0Rd/6NkzYLbT0wcDjnXu6Z40WMSmXb30ZhbX1jc6u4XdrZ3ds/MA/LHRnGAkgbQhaKnoclYZSTtqKKkV4kCA48Rrre9Cbzu49ESBryBzWLiBvgMac+Bay0NDTLgwCrCWCW3KZVqMHZeW1oVuy6PYe1SpycVFCO1tD8GoxCiAPCFTAsZd+xI+UmWCgKjKSlQSxJhGGKx6SvKccBkW4yz55ap1oZWX4o9OPKmqu/NxIcSDkLPD2ZJZXLXib+5/Vj5V+7CeVRrAiHxSE/ZpYKrawIa0QFAcVmmmAQVGe1YIIFBqXrKukSnOUvr5JOo+5c1hv3F5VmM6+jiI7RCaoiB12hJrpDLdRGgJ7QM3pFb0ZqvBjvxsditGDkO0foD4zPH31yk2w=</latexit>

D(c, c0),

Decoding	functions	for	standard	textbook	universal	TMs 
are	structure-preserving	in	this	sense!



Hennie’s	U	and	structure-preserving	decoding

U

T 11011011000000…

<latexit sha1_base64="v0NRfD7dsgPmlTd8+9KwrlLwTbU=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJttc6u4MaVVLAPaIeSSTNtaCYTkkyhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69J5ScaYPQh5NbW9/Y3MpvF3Z29/YPiodHLZ2kitAmSXiiOiHWlDNBm4YZTjtSURyHnLbD8fXcb0+o0iwR92YqaRDjoWARI9hYqd2bYCVHrF8sIRdVLyo+gsiteL7v1SxBftlS6LlogRJYodEvvvcGCUljKgzhWOuuh6QJMqwMI5zOCr1UU4nJGA9p11KBY6qDbHHuDJ5ZZQCjRNkSBi7U7xMZjrWexqHtjLEZ6d/eXPzL66YmugoyJmRqqCDLRVHKoUng/Hc4YIoSw6eWYKKYvRWSEVaYGJtQwYbw9Sn8n7TKrnfplu+qpfrtKo48OAGn4Bx4oAbq4AY0QBMQMAYP4Ak8O9J5dF6c12VrzlnNHIMfcN4+AfXzkAo=</latexit>'



Hennie’s	U	and	structure-preserving	decoding

U

T 11011011100000…

<latexit sha1_base64="v0NRfD7dsgPmlTd8+9KwrlLwTbU=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJttc6u4MaVVLAPaIeSSTNtaCYTkkyhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69J5ScaYPQh5NbW9/Y3MpvF3Z29/YPiodHLZ2kitAmSXiiOiHWlDNBm4YZTjtSURyHnLbD8fXcb0+o0iwR92YqaRDjoWARI9hYqd2bYCVHrF8sIRdVLyo+gsiteL7v1SxBftlS6LlogRJYodEvvvcGCUljKgzhWOuuh6QJMqwMI5zOCr1UU4nJGA9p11KBY6qDbHHuDJ5ZZQCjRNkSBi7U7xMZjrWexqHtjLEZ6d/eXPzL66YmugoyJmRqqCDLRVHKoUng/Hc4YIoSw6eWYKKYvRWSEVaYGJtQwYbw9Sn8n7TKrnfplu+qpfrtKo48OAGn4Bx4oAbq4AY0QBMQMAYP4Ak8O9J5dF6c12VrzlnNHIMfcN4+AfXzkAo=</latexit>'

!

!
1



Hennie’s	U	and	structure-preserving	decoding

U

T 11011011100000…

<latexit sha1_base64="v0NRfD7dsgPmlTd8+9KwrlLwTbU=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJttc6u4MaVVLAPaIeSSTNtaCYTkkyhDP0INy4Ucev3uPNvTB+Cih64cDjnXu69J5ScaYPQh5NbW9/Y3MpvF3Z29/YPiodHLZ2kitAmSXiiOiHWlDNBm4YZTjtSURyHnLbD8fXcb0+o0iwR92YqaRDjoWARI9hYqd2bYCVHrF8sIRdVLyo+gsiteL7v1SxBftlS6LlogRJYodEvvvcGCUljKgzhWOuuh6QJMqwMI5zOCr1UU4nJGA9p11KBY6qDbHHuDJ5ZZQCjRNkSBi7U7xMZjrWexqHtjLEZ6d/eXPzL66YmugoyJmRqqCDLRVHKoUng/Hc4YIoSw6eWYKKYvRWSEVaYGJtQwYbw9Sn8n7TKrnfplu+qpfrtKo48OAGn4Bx4oAbq4AY0QBMQMAYP4Ak8O9J5dF6c12VrzlnNHIMfcN4+AfXzkAo=</latexit>'

!

!
1

For	these	two	configurations																with 
we	find																			with																																																				and

<latexit sha1_base64="xS/2Pfu8KdZ6JSQFZ7B7FxvSA+U=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbRg5TdIuqx4MVjhX5BuyzZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+G7md56o0iyWTTNJqC/wULKIEWys1CVB85KcB82gXHGr7hxolXg5qUCORlD+6g9ikgoqDeFY657nJsbPsDKMcDot9VNNE0zGeEh7lkosqPaz+b1TdGaVAYpiZUsaNFd/T2RYaD0Roe0U2Iz0sjcT//N6qYlu/YzJJDVUksWiKOXIxGj2PBowRYnhE0swUczeisgIK0yMjahkQ/CWX14l7VrVu67WHq4q9XoeRxFO4BQuwIMbqMM9NKAFBDg8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AAZPj04=</latexit>

cT , c
0
T

<latexit sha1_base64="kSNnTp2W6cP0JJrCJPcla+vQ2x8=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTCIEULYDaJehIAePEbIC5Jlme3MJkNmH8zMCmGJF3/FiwdFvPoX3vwbZ5McNLGgoajqprvLizmTyrK+jaXlldW19dxGfnNre2fX3NtvyigRQBsQ8Ui0PSIpZyFtKKY4bceCksDjtOUNbzK/9UCFZFFYV6OYOgHph8xnQJSWXPOwGxA1AMLT23ER3HoJTt362bVdcs2CVbYmwIvEnpECmqHmml/dXgRJQEMFnEjZsa1YOSkRigGn43w3kTQmMCR92tE0JAGVTjr5YIxPtNLDfiR0hQpP1N8TKQmkHAWe7szulfNeJv7ndRLlXzkpC+NE0RCmi/yEYxXhLA7cY4KC4iNNCAimb8UwIIKA0qHldQj2/MuLpFkp2xflyv15oVqdxZFDR+gYFZGNLlEV3aEaaiBAj+gZvaI348l4Md6Nj2nrkjGbOUB/YHz+AE2SlXw=</latexit>

D(cT , c
0
T ) = 1,

<latexit sha1_base64="32kRQxS7keF58Ad/TjymTFJfhP0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRg5SkiHoM9OKxgmkLbQib7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZF6acKW3b31ZpbX1jc6u8XdnZ3ds/qB4etVWSSUI9kvBEdkOsKGeCepppTruppDgOOe2E4+bM7zxRqVgiHvQkpX6Mh4JFjGBtpG4z8C6b54EXVGt23Z4DrRKnIDUo0AqqX/1BQrKYCk04Vqrn2Kn2cyw1I5xOK/1M0RSTMR7SnqECx1T5+fzeKTozygBFiTQlNJqrvydyHCs1iUPTGWM9UsveTPzP62U6uvVzJtJMU0EWi6KMI52g2fNowCQlmk8MwUQycysiIywx0SaiignBWX55lbQbdee63ri/qrluEUcZTuAULsCBG3DhDlrgAQEOz/AKb9aj9WK9Wx+L1pJVzBzDH1ifP6cNjxA=</latexit>

CU , C
0
U

<latexit sha1_base64="8fCNDmQHs4y2hjYJGWAyP/Rr7W4=">AAACDXicbZDNSsNAFIUn9a/Wv6hLN4NVWkFKUkTdCIVuXFZo2kIbwmQ6bYdOJmFmUiihL+DGV3HjQhG37t35Nk7TIFo9MHD47r3cucePGJXKsj6N3Mrq2vpGfrOwtb2zu2fuH7RkGAtMHByyUHR8JAmjnDiKKkY6kSAo8Blp++P6vN6eECFpyJtqGhE3QENOBxQjpZFnnvQmSEQjWq57ztkN9prn8JuUUlTymp5ZtCpWKvjX2JkpgkwNz/zo9UMcB4QrzJCUXduKlJsgoShmZFboxZJECI/RkHS15Sgg0k3Sa2bwVJM+HIRCP65gSn9OJCiQchr4ujNAaiSXa3P4X60bq8G1m1AexYpwvFg0iBlUIZxHA/tUEKzYVBuEBdV/hXiEBMJKB1jQIdjLJ/81rWrFvqxU7y6KtVoWRx4cgWNQBja4AjVwCxrAARjcg0fwDF6MB+PJeDXeFq05I5s5BL9kvH8BK3yZtA==</latexit>

'(CU ) = cT ,'(C
0
U ) = c0T

<latexit sha1_base64="O9oCq4m2vH40COwdrfBMRIxaD7A=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tFrCAlKaJehEI9eKxg2kIbwma7aZduNmF3I5RQL/4VLx4U8eq/8Oa/cdPmoK0PBh7vzTAzz48Zlcqyvo3C0vLK6lpxvbSxubW9Y+7utWSUCEwcHLFIdHwkCaOcOIoqRjqxICj0GWn7o0bmtx+IkDTi92ocEzdEA04DipHSkmce9EKkhhix9GZSaXjOWePEc06v7apnlq2qNQVcJHZOyiBH0zO/ev0IJyHhCjMkZde2YuWmSCiKGZmUeokkMcIjNCBdTTkKiXTT6QcTeKyVPgwioYsrOFV/T6QolHIc+rozu1fOe5n4n9dNVHDlppTHiSIczxYFCYMqglkcsE8FwYqNNUFYUH0rxEMkEFY6tJIOwZ5/eZG0alX7olq7Oy/X63kcRXAIjkAF2OAS1MEtaAIHYPAInsEreDOejBfj3fiYtRaMfGYf/IHx+QPwYJVA</latexit>

D(CU , C
0
U ) = 1.



Clock	TMs	violate	this	condition



Clock	TMs	violate	this	condition

<latexit sha1_base64="fgMUIOxwRt8o/gPYaKy9ciMgv6c=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAgVpCRF1GWhG5cV7APaECbTSTt0MgkzN9IS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZAtv+NjY2t7Z3dkt75f2Dw6Nj86TSVVEiCe2QiEey72NFORO0Aww47ceS4tDntOdPW7nfe6JSsUg8wjymbojHggWMYNCSZ1aGIYYJwTxtZV6rNruCS8+s2nV7AWudOAWpogJtz/wajiKShFQA4VipgWPH4KZYAiOcZuVhomiMyRSP6UBTgUOq3HSRPbMutDKygkjqJ8BaqL83UhwqNQ99PZknVateLv7nDRII7tyUiTgBKsjyUJBwCyIrL8IaMUkJ8LkmmEims1pkgiUmoOsq6xKc1S+vk26j7tzUGw/X1WazqKOEztA5qiEH3aImukdt1EEEzdAzekVvRma8GO/Gx3J0wyh2TtEfGJ8/LneT4A==</latexit>

CC(x, t)
<latexit sha1_base64="XNgqWzicwJ4y6KijUMaKyJboY5w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUJSRF0WunFZoS9oQ5hMJ+3QySTMTMQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vm+DGjUtn2t1Ha2Nza3invVvb2Dw6PzOOTnowSgUkXRywSAx9JwignXUUVI4NYEBT6jPT9WSv3+w9ESBrxjkpj4oZowmlAMVJa8szqKERqihHLWnOvU3+8VBeWZ9Zsy14ArhOnIDVQoO2ZX6NxhJOQcIUZknLo2LFyMyQUxYzMK6NEkhjhGZqQoaYchUS62SL8HJ5rZQyDSOjHFVyovzcyFEqZhr6ezKPKVS8X//OGiQpu3YzyOFGE4+WhIGFQRTBvAo6pIFixVBOEBdVZIZ4igbDSfVV0Cc7ql9dJr2E511bj/qrWbBZ1lMEpOAN14IAb0AR3oA26AIMUPINX8GY8GS/Gu/GxHC0ZxU4V/IHx+QO5+pQp</latexit>

CT (x, t).
Recall	the	clock	TM	C	and	the	“cheating”	function 
It	reads	x	and	t	from																			and	recomputes

<latexit sha1_base64="Fe/DUC633XHgEMhZHD4d9gsmGJY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWy2m3bpZhN3J4US+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M7+Z+e8K1EbF6xGnC/YgOlQgFo2ilTm9CdTIS1X654lbdBcg68XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPiv1UsMTysZ0yLuWKhpx42eLe2fkwioDEsbalkKyUH9PZDQyZhoFtjOiODKr3lz8z+umGN76mVBJilyx5aIwlQRjMn+eDITmDOXUEsq0sLcSNqKaMrQRlWwI3urL66RVq3rX1drDVaVez+MowhmcwyV4cAN1uIcGNIGBhGd4hTfnyXlx3p2PZWvByWdO4Q+czx/qiI/j</latexit>'.



Clock	TMs	violate	this	condition

<latexit sha1_base64="fgMUIOxwRt8o/gPYaKy9ciMgv6c=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAgVpCRF1GWhG5cV7APaECbTSTt0MgkzN9IS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZAtv+NjY2t7Z3dkt75f2Dw6Nj86TSVVEiCe2QiEey72NFORO0Aww47ceS4tDntOdPW7nfe6JSsUg8wjymbojHggWMYNCSZ1aGIYYJwTxtZV6rNruCS8+s2nV7AWudOAWpogJtz/wajiKShFQA4VipgWPH4KZYAiOcZuVhomiMyRSP6UBTgUOq3HSRPbMutDKygkjqJ8BaqL83UhwqNQ99PZknVateLv7nDRII7tyUiTgBKsjyUJBwCyIrL8IaMUkJ8LkmmEims1pkgiUmoOsq6xKc1S+vk26j7tzUGw/X1WazqKOEztA5qiEH3aImukdt1EEEzdAzekVvRma8GO/Gx3J0wyh2TtEfGJ8/LneT4A==</latexit>

CC(x, t)
<latexit sha1_base64="XNgqWzicwJ4y6KijUMaKyJboY5w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUJSRF0WunFZoS9oQ5hMJ+3QySTMTMQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vm+DGjUtn2t1Ha2Nza3invVvb2Dw6PzOOTnowSgUkXRywSAx9JwignXUUVI4NYEBT6jPT9WSv3+w9ESBrxjkpj4oZowmlAMVJa8szqKERqihHLWnOvU3+8VBeWZ9Zsy14ArhOnIDVQoO2ZX6NxhJOQcIUZknLo2LFyMyQUxYzMK6NEkhjhGZqQoaYchUS62SL8HJ5rZQyDSOjHFVyovzcyFEqZhr6ezKPKVS8X//OGiQpu3YzyOFGE4+WhIGFQRTBvAo6pIFixVBOEBdVZIZ4igbDSfVV0Cc7ql9dJr2E511bj/qrWbBZ1lMEpOAN14IAb0AR3oA26AIMUPINX8GY8GS/Gu/GxHC0ZxU4V/IHx+QO5+pQp</latexit>

CT (x, t).
Recall	the	clock	TM	C	and	the	“cheating”	function 
It	reads	x	and	t	from																			and	recomputes

<latexit sha1_base64="Fe/DUC633XHgEMhZHD4d9gsmGJY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWy2m3bpZhN3J4US+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M7+Z+e8K1EbF6xGnC/YgOlQgFo2ilTm9CdTIS1X654lbdBcg68XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPiv1UsMTysZ0yLuWKhpx42eLe2fkwioDEsbalkKyUH9PZDQyZhoFtjOiODKr3lz8z+umGN76mVBJilyx5aIwlQRjMn+eDITmDOXUEsq0sLcSNqKaMrQRlWwI3urL66RVq3rX1drDVaVez+MowhmcwyV4cAN1uIcGNIGBhGd4hTfnyXlx3p2PZWvByWdO4Q+czx/qiI/j</latexit>'.

Such					should	not	be	allowed.	Because	otherwise, 
our	definition	would	claim	that	C	simulates	T	step-by-step.

<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'



Clock	TMs	violate	this	condition

<latexit sha1_base64="fgMUIOxwRt8o/gPYaKy9ciMgv6c=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAgVpCRF1GWhG5cV7APaECbTSTt0MgkzN9IS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZAtv+NjY2t7Z3dkt75f2Dw6Nj86TSVVEiCe2QiEey72NFORO0Aww47ceS4tDntOdPW7nfe6JSsUg8wjymbojHggWMYNCSZ1aGIYYJwTxtZV6rNruCS8+s2nV7AWudOAWpogJtz/wajiKShFQA4VipgWPH4KZYAiOcZuVhomiMyRSP6UBTgUOq3HSRPbMutDKygkjqJ8BaqL83UhwqNQ99PZknVateLv7nDRII7tyUiTgBKsjyUJBwCyIrL8IaMUkJ8LkmmEims1pkgiUmoOsq6xKc1S+vk26j7tzUGw/X1WazqKOEztA5qiEH3aImukdt1EEEzdAzekVvRma8GO/Gx3J0wyh2TtEfGJ8/LneT4A==</latexit>

CC(x, t)
<latexit sha1_base64="XNgqWzicwJ4y6KijUMaKyJboY5w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUJSRF0WunFZoS9oQ5hMJ+3QySTMTMQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vm+DGjUtn2t1Ha2Nza3invVvb2Dw6PzOOTnowSgUkXRywSAx9JwignXUUVI4NYEBT6jPT9WSv3+w9ESBrxjkpj4oZowmlAMVJa8szqKERqihHLWnOvU3+8VBeWZ9Zsy14ArhOnIDVQoO2ZX6NxhJOQcIUZknLo2LFyMyQUxYzMK6NEkhjhGZqQoaYchUS62SL8HJ5rZQyDSOjHFVyovzcyFEqZhr6ezKPKVS8X//OGiQpu3YzyOFGE4+WhIGFQRTBvAo6pIFixVBOEBdVZIZ4igbDSfVV0Cc7ql9dJr2E511bj/qrWbBZ1lMEpOAN14IAb0AR3oA26AIMUPINX8GY8GS/Gu/GxHC0ZxU4V/IHx+QO5+pQp</latexit>

CT (x, t).
Recall	the	clock	TM	C	and	the	“cheating”	function 
It	reads	x	and	t	from																			and	recomputes

<latexit sha1_base64="Fe/DUC633XHgEMhZHD4d9gsmGJY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWy2m3bpZhN3J4US+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M7+Z+e8K1EbF6xGnC/YgOlQgFo2ilTm9CdTIS1X654lbdBcg68XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPiv1UsMTysZ0yLuWKhpx42eLe2fkwioDEsbalkKyUH9PZDQyZhoFtjOiODKr3lz8z+umGN76mVBJilyx5aIwlQRjMn+eDITmDOXUEsq0sLcSNqKaMrQRlWwI3urL66RVq3rX1drDVaVez+MowhmcwyV4cAN1uIcGNIGBhGd4hTfnyXlx3p2PZWvByWdO4Q+czx/qiI/j</latexit>'.

Such					should	not	be	allowed.	Because	otherwise, 
our	definition	would	claim	that	C	simulates	T	step-by-step.

<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'

Indeed,						is	not	structure-preserving:	for	every	N,

there	are	configurations																	with	

<latexit sha1_base64="xS/2Pfu8KdZ6JSQFZ7B7FxvSA+U=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbRg5TdIuqx4MVjhX5BuyzZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+G7md56o0iyWTTNJqC/wULKIEWys1CVB85KcB82gXHGr7hxolXg5qUCORlD+6g9ikgoqDeFY657nJsbPsDKMcDot9VNNE0zGeEh7lkosqPaz+b1TdGaVAYpiZUsaNFd/T2RYaD0Roe0U2Iz0sjcT//N6qYlu/YzJJDVUksWiKOXIxGj2PBowRYnhE0swUczeisgIK0yMjahkQ/CWX14l7VrVu67WHq4q9XoeRxFO4BQuwIMbqMM9NKAFBDg8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AAZPj04=</latexit>

cT , c
0
T

such	that	all																		with	

<latexit sha1_base64="W23D++Xviy7DB1LuR0BodR/PcUI=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLWEFKUkTdCAVduKzQF7QhTG4n7dDJg5mJUEI2/oobF4q49TPc+TdO2i60euDC4Zx7ufceL+ZMKsv6MgpLyyura8X10sbm1vaOubvXllEigLYg4pHoekRSzkLaUkxx2o0FJYHHaccb3+R+54EKyaKwqSYxdQIyDJnPgCgtueZBPyBqBISnt1kF3OYZnLjN02vbNctW1ZoC/yX2nJTRHA3X/OwPIkgCGirgRMqebcXKSYlQDDjNSv1E0pjAmAxpT9OQBFQ66fSBDB9rZYD9SOgKFZ6qPydSEkg5CTzdmZ8rF71c/M/rJcq/clIWxomiIcwW+QnHKsJ5GnjABAXFJ5oQEEzfimFEBAGlMyvpEOzFl/+Sdq1qX1Rr9+flen0eRxEdoiNUQTa6RHV0hxqohQBl6Am9oFfj0Xg23oz3WWvBmM/so18wPr4B3fSVRg==</latexit>

D(cT , c
0
T ) = 1

<latexit sha1_base64="32kRQxS7keF58Ad/TjymTFJfhP0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRg5SkiHoM9OKxgmkLbQib7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZF6acKW3b31ZpbX1jc6u8XdnZ3ds/qB4etVWSSUI9kvBEdkOsKGeCepppTruppDgOOe2E4+bM7zxRqVgiHvQkpX6Mh4JFjGBtpG4z8C6b54EXVGt23Z4DrRKnIDUo0AqqX/1BQrKYCk04Vqrn2Kn2cyw1I5xOK/1M0RSTMR7SnqECx1T5+fzeKTozygBFiTQlNJqrvydyHCs1iUPTGWM9UsveTPzP62U6uvVzJtJMU0EWi6KMI52g2fNowCQlmk8MwUQycysiIywx0SaiignBWX55lbQbdee63ri/qrluEUcZTuAULsCBG3DhDlrgAQEOz/AKb9aj9WK9Wx+L1pJVzBzDH1ifP6cNjxA=</latexit>

CU , C
0
U

<latexit sha1_base64="c0xIlOvLX18r3AIisGjhY4SKc6s=">AAACDHicbVDNSsNAGNzUv1r/qh69LBZpBSlJEfUiFHrxWKFpC20Im+2mXbrZhN1NoYQ+gBdfxYsHRbz6AN58G7dpEG0dWBhm5uPbb7yIUalM88vIra1vbG7ltws7u3v7B8XDo7YMY4GJjUMWiq6HJGGUE1tRxUg3EgQFHiMdb9yY+50JEZKGvKWmEXECNOTUpxgpLbnFUn+CRDSilYZrn99it3XxI5RTpey2dMqsmingKrEyUgIZmm7xsz8IcRwQrjBDUvYsM1JOgoSimJFZoR9LEiE8RkPS05SjgEgnSY+ZwTOtDKAfCv24gqn6eyJBgZTTwNPJAKmRXPbm4n9eL1b+jZNQHsWKcLxY5McMqhDOm4EDKghWbKoJwoLqv0I8QgJhpfsr6BKs5ZNXSbtWta6qtfvLUr2e1ZEHJ+AUVIAFrkEd3IEmsAEGD+AJvIBX49F4Nt6M90U0Z2Qzx+APjI9vzbmZig==</latexit>

'(CU ) = cT ,'(C
0
U ) = c0T

have	Hamming	distance
<latexit sha1_base64="jvSTSQaLiupvSfZAG6BkI+HumiE=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tFrCAlKaKepFAPnqSCaQttCJvtpl262YTdjVBCvfhXvHhQxKv/wpv/xk2bg1YfDDzem2Fmnh8zKpVlfRmFhcWl5ZXiamltfWNzy9zeackoEZg4OGKR6PhIEkY5cRRVjHRiQVDoM9L2R43Mb98TIWnE79Q4Jm6IBpwGFCOlJc/c64VIDTFi6dWk0vCck8aR5xxf3lQ9s2xVrSngX2LnpAxyND3zs9ePcBISrjBDUnZtK1ZuioSimJFJqZdIEiM8QgPS1ZSjkEg3nX4wgYda6cMgErq4glP150SKQinHoa87s3vlvJeJ/3ndRAUXbkp5nCjC8WxRkDCoIpjFAftUEKzYWBOEBdW3QjxEAmGlQyvpEOz5l/+SVq1qn1Vrt6flej2Powj2wQGoABucgzq4Bk3gAAwewBN4Aa/Go/FsvBnvs9aCkc/sgl8wPr4BHgaVXg==</latexit>

D(CU , C
0
U ) > N.

<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'



Clock	TMs	violate	this	condition

<latexit sha1_base64="fgMUIOxwRt8o/gPYaKy9ciMgv6c=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAgVpCRF1GWhG5cV7APaECbTSTt0MgkzN9IS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45fsyZAtv+NjY2t7Z3dkt75f2Dw6Nj86TSVVEiCe2QiEey72NFORO0Aww47ceS4tDntOdPW7nfe6JSsUg8wjymbojHggWMYNCSZ1aGIYYJwTxtZV6rNruCS8+s2nV7AWudOAWpogJtz/wajiKShFQA4VipgWPH4KZYAiOcZuVhomiMyRSP6UBTgUOq3HSRPbMutDKygkjqJ8BaqL83UhwqNQ99PZknVateLv7nDRII7tyUiTgBKsjyUJBwCyIrL8IaMUkJ8LkmmEims1pkgiUmoOsq6xKc1S+vk26j7tzUGw/X1WazqKOEztA5qiEH3aImukdt1EEEzdAzekVvRma8GO/Gx3J0wyh2TtEfGJ8/LneT4A==</latexit>

CC(x, t)
<latexit sha1_base64="XNgqWzicwJ4y6KijUMaKyJboY5w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUJSRF0WunFZoS9oQ5hMJ+3QySTMTMQQ6q+4caGIWz/EnX/jpM1CWw8MHM65l3vm+DGjUtn2t1Ha2Nza3invVvb2Dw6PzOOTnowSgUkXRywSAx9JwignXUUVI4NYEBT6jPT9WSv3+w9ESBrxjkpj4oZowmlAMVJa8szqKERqihHLWnOvU3+8VBeWZ9Zsy14ArhOnIDVQoO2ZX6NxhJOQcIUZknLo2LFyMyQUxYzMK6NEkhjhGZqQoaYchUS62SL8HJ5rZQyDSOjHFVyovzcyFEqZhr6ezKPKVS8X//OGiQpu3YzyOFGE4+WhIGFQRTBvAo6pIFixVBOEBdVZIZ4igbDSfVV0Cc7ql9dJr2E511bj/qrWbBZ1lMEpOAN14IAb0AR3oA26AIMUPINX8GY8GS/Gu/GxHC0ZxU4V/IHx+QO5+pQp</latexit>

CT (x, t).
Recall	the	clock	TM	C	and	the	“cheating”	function 
It	reads	x	and	t	from																			and	recomputes

<latexit sha1_base64="Fe/DUC633XHgEMhZHD4d9gsmGJY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWy2m3bpZhN3J4US+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2M7+Z+e8K1EbF6xGnC/YgOlQgFo2ilTm9CdTIS1X654lbdBcg68XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPiv1UsMTysZ0yLuWKhpx42eLe2fkwioDEsbalkKyUH9PZDQyZhoFtjOiODKr3lz8z+umGN76mVBJilyx5aIwlQRjMn+eDITmDOXUEsq0sLcSNqKaMrQRlWwI3urL66RVq3rX1drDVaVez+MowhmcwyV4cAN1uIcGNIGBhGd4hTfnyXlx3p2PZWvByWdO4Q+czx/qiI/j</latexit>'.

Such					should	not	be	allowed.	Because	otherwise, 
our	definition	would	claim	that	C	simulates	T	step-by-step.

<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'

Indeed,						is	not	structure-preserving:	for	every	N,

there	are	configurations																	with	

<latexit sha1_base64="xS/2Pfu8KdZ6JSQFZ7B7FxvSA+U=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbRg5TdIuqx4MVjhX5BuyzZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+G7md56o0iyWTTNJqC/wULKIEWys1CVB85KcB82gXHGr7hxolXg5qUCORlD+6g9ikgoqDeFY657nJsbPsDKMcDot9VNNE0zGeEh7lkosqPaz+b1TdGaVAYpiZUsaNFd/T2RYaD0Roe0U2Iz0sjcT//N6qYlu/YzJJDVUksWiKOXIxGj2PBowRYnhE0swUczeisgIK0yMjahkQ/CWX14l7VrVu67WHq4q9XoeRxFO4BQuwIMbqMM9NKAFBDg8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AAZPj04=</latexit>

cT , c
0
T

such	that	all																		with	

<latexit sha1_base64="W23D++Xviy7DB1LuR0BodR/PcUI=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLWEFKUkTdCAVduKzQF7QhTG4n7dDJg5mJUEI2/oobF4q49TPc+TdO2i60euDC4Zx7ufceL+ZMKsv6MgpLyyura8X10sbm1vaOubvXllEigLYg4pHoekRSzkLaUkxx2o0FJYHHaccb3+R+54EKyaKwqSYxdQIyDJnPgCgtueZBPyBqBISnt1kF3OYZnLjN02vbNctW1ZoC/yX2nJTRHA3X/OwPIkgCGirgRMqebcXKSYlQDDjNSv1E0pjAmAxpT9OQBFQ66fSBDB9rZYD9SOgKFZ6qPydSEkg5CTzdmZ8rF71c/M/rJcq/clIWxomiIcwW+QnHKsJ5GnjABAXFJ5oQEEzfimFEBAGlMyvpEOzFl/+Sdq1qX1Rr9+flen0eRxEdoiNUQTa6RHV0hxqohQBl6Am9oFfj0Xg23oz3WWvBmM/so18wPr4B3fSVRg==</latexit>

D(cT , c
0
T ) = 1

<latexit sha1_base64="32kRQxS7keF58Ad/TjymTFJfhP0=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbRg5SkiHoM9OKxgmkLbQib7aZdutnE3Y1QQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZF6acKW3b31ZpbX1jc6u8XdnZ3ds/qB4etVWSSUI9kvBEdkOsKGeCepppTruppDgOOe2E4+bM7zxRqVgiHvQkpX6Mh4JFjGBtpG4z8C6b54EXVGt23Z4DrRKnIDUo0AqqX/1BQrKYCk04Vqrn2Kn2cyw1I5xOK/1M0RSTMR7SnqECx1T5+fzeKTozygBFiTQlNJqrvydyHCs1iUPTGWM9UsveTPzP62U6uvVzJtJMU0EWi6KMI52g2fNowCQlmk8MwUQycysiIywx0SaiignBWX55lbQbdee63ri/qrluEUcZTuAULsCBG3DhDlrgAQEOz/AKb9aj9WK9Wx+L1pJVzBzDH1ifP6cNjxA=</latexit>

CU , C
0
U

<latexit sha1_base64="c0xIlOvLX18r3AIisGjhY4SKc6s=">AAACDHicbVDNSsNAGNzUv1r/qh69LBZpBSlJEfUiFHrxWKFpC20Im+2mXbrZhN1NoYQ+gBdfxYsHRbz6AN58G7dpEG0dWBhm5uPbb7yIUalM88vIra1vbG7ltws7u3v7B8XDo7YMY4GJjUMWiq6HJGGUE1tRxUg3EgQFHiMdb9yY+50JEZKGvKWmEXECNOTUpxgpLbnFUn+CRDSilYZrn99it3XxI5RTpey2dMqsmingKrEyUgIZmm7xsz8IcRwQrjBDUvYsM1JOgoSimJFZoR9LEiE8RkPS05SjgEgnSY+ZwTOtDKAfCv24gqn6eyJBgZTTwNPJAKmRXPbm4n9eL1b+jZNQHsWKcLxY5McMqhDOm4EDKghWbKoJwoLqv0I8QgJhpfsr6BKs5ZNXSbtWta6qtfvLUr2e1ZEHJ+AUVIAFrkEd3IEmsAEGD+AJvIBX49F4Nt6M90U0Z2Qzx+APjI9vzbmZig==</latexit>

'(CU ) = cT ,'(C
0
U ) = c0T

have	Hamming	distance
<latexit sha1_base64="jvSTSQaLiupvSfZAG6BkI+HumiE=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tFrCAlKaKepFAPnqSCaQttCJvtpl262YTdjVBCvfhXvHhQxKv/wpv/xk2bg1YfDDzem2Fmnh8zKpVlfRmFhcWl5ZXiamltfWNzy9zeackoEZg4OGKR6PhIEkY5cRRVjHRiQVDoM9L2R43Mb98TIWnE79Q4Jm6IBpwGFCOlJc/c64VIDTFi6dWk0vCck8aR5xxf3lQ9s2xVrSngX2LnpAxyND3zs9ePcBISrjBDUnZtK1ZuioSimJFJqZdIEiM8QgPS1ZSjkEg3nX4wgYda6cMgErq4glP150SKQinHoa87s3vlvJeJ/3ndRAUXbkp5nCjC8WxRkDCoIpjFAftUEKzYWBOEBdW3QjxEAmGlQyvpEOz5l/+SVq1qn1Vrt6flej2Powj2wQGoABucgzq4Bk3gAAwewBN4Aa/Go/FsvBnvs9aCkc/sgl8wPr4BHgaVXg==</latexit>

D(CU , C
0
U ) > N.

<latexit sha1_base64="acTf5VIY420Q0rpkXLFpzH8xU8o=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWME84BkCbOT2WTI7Oww0xsIIR/hxYMiXv0eb/6Nk2QPmljQUFR1090VaSks+v63t7G5tb2zW9gr7h8cHh2XTk6bNs0M4w2WytS0I2q5FIo3UKDkbW04TSLJW9Hofu63xtxYkaonnGgeJnSgRCwYRSe1umNq9FD0SmW/4i9A1kmQkzLkqPdKX91+yrKEK2SSWtsJfI3hlBoUTPJZsZtZrikb0QHvOKpowm04XZw7I5dO6ZM4Na4UkoX6e2JKE2snSeQ6E4pDu+rNxf+8TobxXTgVSmfIFVsuijNJMCXz30lfGM5QThyhzAh3K2FDaihDl1DRhRCsvrxOmtVKcFOpPl6Xa7U8jgKcwwVcQQC3UIMHqEMDGIzgGV7hzdPei/fufSxbN7x85gz+wPv8AXz6j6s=</latexit>'

Amended	conjecture.	For	every	universal	TM	U,	we	have


for	an	infinite	and	diverse	set	of	TMs	T,	where							is	a	natural 
set	of	structure-preserving	functions	on	TM	configurations.

<latexit sha1_base64="zQEP080lKVlah6yznk7952Q5baU=">AAACDXicbVC9TsMwGHTKXyl/AUYWi4JUliqpEDBWYmEsomkrNVHkuE5r1XGC7SBVUV+AhVdhYQAhVnY23ganzQAtJ1k63d0nf98FCaNSWda3UVpZXVvfKG9WtrZ3dvfM/YOOjFOBiYNjFotegCRhlBNHUcVILxEERQEj3WB8nfvdByIkjXlbTRLiRWjIaUgxUlryzZO2q/OY3PuZGyE1wohld9MpdGqJ33aDlDGiznyzatWtGeAysQtSBQVavvnlDmKcRoQrzJCUfdtKlJchoShmZFpxU0kShMdoSPqachQR6WWza6bwVCsDGMZCP67gTP09kaFIykkU6GS+sVz0cvE/r5+q8MrLKE9SRTiefxSmDKoY5tXAAdVNKDbRBGFB9a4Qj5BAWOkCK7oEe/HkZdJp1O2LeuP2vNpsFnWUwRE4BjVgg0vQBDegBRyAwSN4Bq/gzXgyXox342MeLRnFzCH4A+PzB6x5m+0=</latexit>

T �S U(pT •)
<latexit sha1_base64="lcHgQu76jgIjXgXwAb8k0XqZ60E=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaSIuiy4cVnRPqANZTKdtEMnkzBzI5TQz3DjQhG3fo07/8ZJm4W2Hhg4nHMvc+4JEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK3U60cUx4zK7GE2qFTdmjsHWSVeQapQoDmofPWHMUsjrpBJakzPcxP0M6pRMMln5X5qeELZhI54z1JFI278bB55Rs6tMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUtmW4C2fvEra9Zp3VavfX1YbjaKOEpzCGVyAB9fQgDtoQgsYxPAMr/DmoPPivDsfi9E1p9g5gT9wPn8AjViRbg==</latexit>

S



Conclusions

• Wolfram’s	Computational	Irreducibility	and	apparent	free	will	

• Computational	sourcehood	as	an	attempt	at	defining	an	aspect 
of	actual	free	will.	Motivation:	thought	experiment	of	John	the	cook

• Conjecture	on	universal	TMs:	they	must	typically	simulate	step-by-step.

M.	Krumm	and	M.	P.	Müller,	arXiv:2101.12033 
(To	be	updated	soon)

Thank	you!

• Attempt	at	formalization	via	simple	structure-preserving	functions


