CONCLUSIONTilings code Turingmachine computations convenientlyUsing tilings in reductions saves bothering about headpositions, states and tape symbolsResulting reductions come out to be elegant (sometimesimproving on the most elegant ones available in theliterature; E.G., Hilbert 10 example)Taking the computational origin into consideration issometimes necessary; E.G., PDL example )The Convenience of Tiling37

A BINARY COUNTER IN PDLAdditional propositional variables:c 0 , . . . . , c LBits of a binary counter , L = O(n)Initially all counter bits equal 1:c 0 � .... � cLWhen cL is decremented the game lasts too long:[a*] ( z <=> � cL )Every move the counter is decremented:[a*] ( ( � c0 � � c1 � .... � � cj-1 � cj ) =>( [a] ( c0 � c1 � .... � cj - 1 � � cj ) � ( ( cj+1 => [a] cj+1 ) � ( � cj+1 => [a] � cj+1 ) ) �...... � ( ( cL + 1 => [a] cL + 1 ) � ( � cL + 1 => [a] � cL + 1 ) )) )(for j = 0, ... , L)This later formula also proves that a polynomial sizePDL formula can describe a model with exponentiallylong terminating branches. CONCLUSIONThe Convenience of Tiling36

THE REDUCTION TO PDLNo placement at two positions at the same time:[a*] ( �qi � �qi’ ) ( i „ i’ )and placements proceed in the corect order:[a*] ( (q1 => [a]q2) � ....� (qn => [a]q1) )Everywhere a tile must be placed:[a*] ( pi,u � pi,w � pi,1 � ... � p i,n )but no two tiles at the same place:[a*] ( � pi,j � � p i,j’ ) ( j „ j’ )The adjacency conditions must be observed:[a*] ( (qi � pi,t � pi-1,t’ ) => [a] � pi,t" ), (t,t’,t") ˛ INCbut, when Alice moves, all legal moves may be chosen:[a*]((� b � qi � pi,t � pi-1,t’) =><a>pi,t"),(t,t’,t") ˇ INCEither Elias wins, or the game continues, unless itproceeds for too many moves:[a*] ( p1,w � ( <a>( b � �b) � �z ) � z )Remains to ensure that z indeed expresses that thegame takes too long: A BINARY COUNTER IN PDLThe Convenience of Tiling35

THE REDUCTION TO PDLThe reduction uses a single program a , representing amove in the game.The propositional variables used:p i,j Tile type j is placed in column i ( i= 0,..,n+1)bIt is Elias’ turn to moveqiNext move in column izThe game has taken too longAssume that the regular winning situation for Elias issignaled by placing tile w in column 1.Tile type u represents a white tile enforcing theboundary conditions. Initial Configuration:b � q1 � p0,u � p1,t1 � ... � pn,tn � pn + 1 , u Alternation of moves:[a*] ( ( b => [a] � b ) � ( � b => [a] b ) )Somewhere a tile must be placed:[a*] ( q1 � q2 � .... � qn ) THE REDUCTION TO PDLThe Convenience of Tiling34

CHLEBUS to the RESCUEAlternating Tiling of a Coridor:Input:A set of tile types, and a pair of equal sizedcolored walls start and finish. Elias and Alice in turnplace a tile observing the tiling adjacency constraints,producing a coridor with white side-walls connectingstart and finish. Elias wins if this constructionsucceeds; otherwise Alice wins.Question: Does Elias have a winning strategy?In this form an elegant reduction to PDL satisfiabilitycan be given.SNAG: In this way nonterminating games become aproblem.Fisher & Ladner evade this problem by presuming thatthe Alternating Turing machines used for theirreduction always terminate;This assumption has no reasonable equivalent in terms oftiling games.Solution: Declare the game won by Elias when it dragson for more than 2.n.sn moveswhere n = |start| = |finish| and s = # Tile types THE REDUCTION TO PDLThe Convenience of Tiling33

CHLEBUS to the RESCUEDirect translation of ATM computations into Tilinggames, using the coding tiles used before yieldscompleteness for Tiling games where each player inturn tiles an entire row.Tiling a Coridor with Alternating Rows:Input:A set of tile types, and a pair of equal sizedcolored walls start and finish. Elias and Alice in turnplace a row of tiles observing the tiling adjacencyconstraints, producing a coridor with white side-wallsconnecting start and finish. Elias wins if thisconstruction succeeds; otherwise Alice wins.Question: Does Elias have a winning strategy?The moves in these games are too complex to support anelegant reduction to PDL satisfiability.Bogdan Chlebus shows that the more reasonableconvention where both players in turn place a singletile leads to the same completeness results.This result is obtained by engineering tiles so that Eliasforces Alice to stay within the realm of properlyencoded TM computations without being able todeviate from this coding himself CHLEBUS to the RESCUEThe Convenience of Tiling32

APPLICATION TO PDLThe Satisfiability problems for formulas in PropositionalDynamic Logic is known to be complete for EXP.Lowerbound by Fischer & Ladner from 1979;Upperbound by Pratt 1979.Proof based on reduction of PSPACE Alternating TuringMachines, using APSPACE = EXP.w is accepted by ATM M iffa suitable formula F (w,M) in PDL has a model.By the reduction this model then must contain a subtreeof the full computation tree of M on w witnessingthe fact that M accepts w.The standard connection between accepting AlternatingTuring machines and winning strategies in 2-persongames:w is accepted by ATM M iffThe initial configuration corresponding to w representsa winning position for player 1 in some 2-persongame corresponding to M where player 1 controlsthe Existential and player˚2 the Universal moves. CHLEBUS to the RESCUEThe Convenience of Tiling31

APPLICATION TO PDLPDLPropositional Dynamic Logic: a logic forreasoning about the behavior of regular programs onan abstract interpretation.Language : two sorts: propositions and programsProposition vars: p,q,....metavars: f,f’Program vars: a,b,....metavars: p,p’Syntax :f::=p, f � f, f � f, � f , [p]f, <p>f,p::=a, p; p , p¨ p , p* , f?Semantics : Kripke frame: F := (K,V,R)Set of states K; state vars: x,y,...p: predicate: subset Vp of Ka:atomic program: relation Ra in K X KSatisfaction: F,x |= f combined with interpretation Rp for all programs pEG: F,x |= [p]f iff F,y |= f for all y ˛ Rp(x)Rf? = {<x,x> | F,x |= f } APPLICATION TO PDLThe Convenience of Tiling30

EXAMPLE [ Jones, 1982]x ˛ W<z,u,y> iff he following system is solvable over N :eLg2+a’ = (b-xy)q2 , e = y + mt , n = q16 ,q = b560 , L’ + q4 = 1 + L’b5 , t’ + 2z = b5 , L = u + tt’ ,r = [ g+eq3+Lq5 + (2(e-zL’)(1+xb5+g)4 + L’b5q4)q4](n2-n)+ [q3 -bL + L + t’L’q3 + (b5-2)q5][n2-1] ,p = 2ws2r2n2 , p2k2- k2+1 = T’2 , 4(c-ksn2)2 + h’ = k2 ,k = r + 1 + hp - h , a = (wn2+1)rsn2 , c = 2r+1+f’ ,d = bw + ca - 2c - 4a’c’ -5c’ , d2 = (a2 -1)c2 + 1 ,f2 = (a2 -1)i2c4 + 1 ,(d+of)2 = ((a+f2(d2-a))2 -1 )(2r+1+jc)2 + 1 . APPLICATION TO PDLThe Convenience of Tiling29

Final SystemProposition: for every Turing Machine A one can effectivelycompute numbers r (a power of 2) , K, p , q ,xk, yk, x’k, y’k, for 0 £ k £ K , xa’ , x’a’ , yb’ , y’b’ , x’a",such that the Turing machine A halts on a blanco input tape i f f the following exponential diophantine system of equations issolvable in the unknownsS, T, W0 , ...., WK ,Z0 , ... ,ZK , Z", R, U, B, E :Z0W0 + ... + ZKWK + B + E = (r(T+1)(S+1)(p+q)) -1)/(r-1)--Z0 + .... + ZK = Z"%% everywhere a tile--Z0 dom Z" , ..... , ZK dom Z"%% at most one tile--R = r(p+q) , U = RS+1%% yardsticks--Z" = (R(T+1)(S+1) -1)/(R-1) % % a l l s q u a r e positions--w0 = (x0 + y0 + x’0U + y’0R ) , ... , %% tile valueswK = (xK+ yK + x’KU + y’KR )--B = ((RS+1 -1)/(R-1))(x’a’ + UTxa’) +%% horizontal border((UT+1 -1)/(U-1))(y’b’ + RSyb’) + %% vertical border(x’a" - x’a’ )%% correction initial state--E = ((UT+1 -1)/(U-1))RS(rp -1)/(r-1) + %% border excess ((RS+1 -1)/(R-1)) UT rp (rq -1)/(r-1) EXAMPLE [ Jones, 1982]The Convenience of Tiling28

The KNAPSACK-like equationS value(Tj) . value(locations of Tj) + value boundary == total value entire grid within squareThe condition that everywhere some tile is located andthat no two tiles cover the same location areexpressed by one more linear equation and (for eachtile type) an invocation of the Kummer relation:S value(placements of Tj) =value all possible placementsvalue(locations of Tj) dom value all possible placementsThe definition of these values and of the boundaryvalues requires two more exponential yardsticksR := r( p + q ) , U = RS+1 ,B :total value of boundary constraint points onedge of square,E :total value of excess gridpoints added forbalancing horizontal and vertical edgesTotals and boundary extra’s are computed by summinggeometric series like:Total = S rj , j = 0 ,... , (S+1).(T+1).(p+q)-1 Final SystemThe Convenience of Tiling27

WHY THE TILE-PLACEMENT TERMS FACTORIZEUse a systematic numbering of the points along the gridedges:p = # horizontal coloursq = # vertical coloursx i , yi , x’i , y’i : the (tile-type dependent valuesrepresenting the choice of a color singleton orco-singleton set of points along an edge)Base position for the square at position row i , column jL = (i.S + j)(p+q) , contributing value rLmoving a square right : position L+u => position L + (p+q) + umoving a square down :position L + v => position L + (S+1)(p+q) + vThe value of placing tile Tj at position <i,j> : r(p+q)[i.S+j]. {xj + yj + x’j.r(p+q)(S+1) + y’j.r(p+q)} position-valueTile-value W j The KNAPSACK-like equationThe Convenience of Tiling26

The reduction from the halting problemM i(X) halts i f f for the tile types corresponding to Mi and the left-topborder condition corresponding to input X thereexists a tiling of a finite square in the plane withwhite right and bottom boundary.NEXT: use technique from previous chain of reductionsBOUNDED TILING £ EXACT COVER £ KNAPSACKwhere however all placements of a single tile type arerepresented by a single term.This is possible since the Knapsack value representing asingle tile placement factorizes as a product:i ) a factor depending on the position only andi i ) a factor depending only on the tile type.So placings of the same tile type can be added. WHY THE TILE-PLACEMENT TERMS FACTORIZEThe Convenience of Tiling25

THE KUMMER PREDICATEX d o m Y :The binary representations of X and Y bin X and bin Y satisfy: bin X has a 1 only where bin Y has a 1Examples: 3 d o m 7 , since 011 d o m 111not 5 d o m 6 , since not 101 d o m 110Kummer 1852: X d o m Y iff Ythe binomial coefficient X is oddMore general result due to Lucas 1878:if Y = Yn .... Y0 (radix p) andX = Xn .... X0 (radix p) , then Y = Yn .... Y0 m o d p , p primeX Xn .... X0 Proof:Evaluate (1 + T)Y in Z/(pZ)[T] andcompare coefficients of TX . NDefinition Binomial coefficients: M = K iffU = 2N + 1 and M < U and V < UKand (U + 1)N = W.UK + 1 + M.UK + V(only binary exponentials used !)(compare the powers of the decimal number 1001 )The reduction from the halting problemThe Convenience of Tiling24

EXAMPLES OF DIOPHANTINE RELATIONS X is a square: X = Y2 X is nonprime:X = (Y + 2)(Z + 2)X < TT = X + Y + 1X | TT = X.YX mod T = UX = T.Y + U , andT = U + Z + 1Closure under logical operations:P = 0 and Q = 0 <=> P 2 + Q2 = 0P = 0 or Q = 0 <=>P.Q = 0Existential quantification is within the language: noproblem.Problems arise out of the operations :negation andUniversal quantification THE KUMMER PREDICATEThe Convenience of Tiling23

The hunt for the global complexity:Find universal equations with few unknowns and of lowdegree:Result [Jones ’82] The pairs (# unknowns, degree)listed below are universal:( 5 8 , 4 ) ( 2 1 , 9 6 ) ( 3 8 , 8 ) ( 1 9 , 2 6 6 8 ) ( 3 2 , 1 2 ) (14, – 200000)( 2 9 , 1 6 ) (13, 6.6 E 43)( 2 8 , 2 0 ) (12, 1.3 E 44)( 2 6 , 2 4 ) (11, 4.6 E 44)( 2 5 , 2 8 ) (10, 8.6 E 44)( 2 4 , 3 6 ) ( 9, 1.6 E 45)Local complexity: estimate the size of the solutions:Adleman & Manders 1975 - 1977 : Diophantinecomplexity and diophantine machine modelHILBERT 10 proof requires to establish that thediophantine language is sufficiently powerful to talkabout machine computations.David Putnam, Robinson: half-way step, where alsoexponentials are allowed like X = 2Y .Matijasevich (1970) eliminates exponentials.EXAMPLES OF DIOPHANTINE RELATIONSThe Convenience of Tiling22

THE HILBERT 10 PROBLEMInput:A diophantine EquationQ ( X 1 , ... ,Xn ) = 0Q u e s t i o n : I s t h i s e q u a t i o n s o i l v a b l e o v e r t h e n a t u r a l n u m b e r s ( o r t h e integers) ?HILBERT 10: There exists no algorithm deciding this question.Related issues:(Wi is the i-th RE set in some standard enumeration)Diophantine definability:x in Wi <=> Pi(x, Y1 ,....,Yn ) = 0 is solvableUniversal polynomial:x in Wi <=> Q(i, x, Y1 ,....,Yn ) = 0 is solvablex in Wi <=> x = Ri( Y 1 ,....,Yn ) ‡ 0 is solvableThe hunt for the global complexity:The Convenience of Tiling21

From EXACT COVER to KNAPSACKUse the standard reduction from Karp.Let V be the set of numbers {0,1,....,s}For Fj take the number fj := S rx0010011....10 , radix rx˛FjFor the target number take v := S rx1111111....11 , radix r x˛VWe can represent v by a sum of fj iff the EXACT COVERinstance is solvable.Required is r > m ( the number of elements in F ).Preferably take r = 2s for a suitable s .Note that each number fi still represents placing a tile, exceptfor the number representing the boundary condition. THE HILBERT 10 PROBLEMThe Convenience of Tiling20

THE REDUCTION IN PICTURESFor the reduction to work only the grid points along the edgesmatter.The bumps and notches include or exclude a single gridpointalong the edge corresponding to the edge color. From EXACT COVER to KNAPSACKThe Convenience of Tiling19

THE REDUCTION FROM TILINGS TO SET COVERSET COVER:Given, a finite set V and a collection ofsubsets F = ( Fi ) i=1,...,m . Does there exist asubcollection F’ ˝ F for which V becomes the disjointunion of F’ .Idea behind the reduction:Replace in the given BOUNDED TILING instance the colorededges by curved edges, like in a real-life Jigg-saw puzzle.Replace these pieces by their digitalized versions. Solving thepuzzle now amounts to covering the points in the puzzleregion, which is digitalized as well.The boundary condition is enforced by a single piece whichmust be chosen in order to obtain a covering at all.Inspection shows that the digitalized pieces can be reduced tosingleton or co-singleton sets representing the possiblecolours along the edge connecting two adjacent squaresTHE REDUCTION IN PICTURESThe Convenience of Tiling18

THE REDUCTION TO CLIQUEThe basic idea equals the reduction SAT £ CLIQUEFinding a clique amounts to finding a tilingGraph:Nodes: Gridpoints X Tile-types + {border }Edges: (p1,t1) and (p2,t2) are connected when:*p1 „ p2 are not adjacent positions or* * p 1 and p2 are adjacent positions and thecolours of t1 and t2 match along the commonedge(p,t) and b o r d e r are connected if p is notadjacent to the border , orp is adjacent to the border and t obeysthe applicable border constraintNow a clique of size # Gridpoints + 1 represents asolution of the tiling problem and conversily THE REDUCTION FROM TILINGS TO SET COVERThe Convenience of Tiling17

Reductions to other problemsFrom bounded tiling to SATISFIABILITY:For given tile types T = {T1,...,Tt} and a given n x n square ,we introduce propositional variables pijk, with 1 £ i,j £ n ,1˚£˚k £ t , denoting: a tile of type Tk is located on position [i,j] .The tiling conditions now are expressed by simple propositionalformulas.On every location there is a tile:( pij1 � pij2 � .... � pijt )No two tiles on a single position:( �pij1� pij2 ) � ( � pij1� �pij3 ) � ... � ( � pijt-1 � pijt )The tiles Tk and Tm that don’t match should not beplaced adjacent to each other:(�p11k � �p21m )�( �p21k� �p31m)�..�(�pn-1nk� pnnm)and similar for vertical pairsWhen tile T k doesn’t fit the border condition onlocation [1,j] don’t put it there:� p1jkand similar for other boundary conditions.The resulting formula is the conjunction of thesesubformulas; its size is O(n2) . THE REDUCTION TO CLIQUEThe Convenience of Tiling16

OTHER FACTS ABOUT TILINGSUndecidability: The undecidability result for planar tilingdoesn’t require the placement of the initial tile at the origin.The unconstrained tiling problem is unsolvable as well.The proof becomes quite complicated(Berger, Robinson, and (more recently) B. Durand)Periodic tiling:There exist tiles sets for which a planar tilingexists but no periodic tilings (tilings obtained by lifting atiling of the torus to the plane).Tiling games:Two person full information games whereplayers place tiles alternatively and where the game is lostby the first player unable to move, with an suitable winningcondition for completed games.Determination of the player having a winning strategy becomesanother decision problem. (Chlebus, 1986)Bounded tiling for two players turns out to be PSPACE-complete.Bounded rectangle tiling for two players is EXP-complete.Adjacency conditions: the matching colour condition can begeneralized to arbitrary horizontal and vertical adjacencyconditions (EG. Levin 1973); this can be easily reduced tothe matching colour condition. Reductions to other problemsThe Convenience of Tiling15

STile for start symbol S

XXYYFillerTiles

ABCTile for productionA --> BC

XTile for production X --> eTile Types for grammar G

wCoridor to beTiled OTHER FACTS ABOUT TILINGSThe Convenience of Tiling14

A P-complete Tiling Problem(with Cheat)P-complete problems are problems in P believed to beinherently sequential since they are hard for P underLOGSPACE (or NC1) reductions.Known examples include:Circuit Value problemLinear (in)equalities over the rationalsGenerated set over semigroupContext-free parsing with e-rulesThe later problem is easily encoded using tiles of theshapes indicated on the next slide:CF Grammar G = (N,T,P,S) ; input w ˛ T*Now w ˛ L(G) iff there exists a tiling of a coridor withblank "crooked" walls connecting a point entrancewith a horizontal exit wall colored by x .

STile for start symbol S

XXYYFillerTiles

ABCTile for productionA --> BC

XTile for production X --> eTile Types for grammar G

wCoridor to beTiledThe Convenience of Tiling13

**x in A iff f(x) in B : A = f-1(B)Examples of tiling problemsExamples of tiling problemsBounded tiling: For a given coloring on the boundary tile agive square ? : Complete for N P Coridor tiling:For a given pair of colored walls, is it possibleto tile a given coridor with white walls connecting the twowalls; the length of the coridor is unconstrained:PSPACE-complete.Origin constrained tiling:Someone has placed a tile inthe origin of the plane; extend it to a tiling of the completeplane: Complete for P 01 (I.E., Undecidable)Periodic tiling:Given some particular tile; does there exist atiling of the plane where this tile is used infinitely often?Complete for S 11 (I.E., Highly intractible )(used by Harel for proving highly undecidability for avariety of programming logics and other intensional logics)QUESTION: Describe an interesting tiling problem which isP-complete ? A P-complete Tiling ProblemThe Convenience of Tiling12

A Hierarchy of unsolvable problemsGiven a set of tile types T we may ask for the solvabilityof the tiling problem for various kinds of boundary conditions.The resulting problems turn out to be complete for variouscomplexity classes characterized by the Turing machine model.PPolynomial timeN P Nondeterministic Polynomial TimePSPACE Deterministic Polynomial space( = Nondeterministic Polynomial Space)E X P Deterministic Exponential TimeP 0 1UndecidableS 1 1Outside arithemetical hierarchyCompletenss for some class amounts to representingthe hardest problem within the class .Completeness is established using reductions:(as illustrated in the master reduction above)f: A => B is a reduction provided:*f is easy to compute (Ptime or even Logspace)**x in A iff f(x) in B : A = f-1(B)Examples of tiling problemsThe Convenience of Tiling11

The Master ReductionLet A be a problem in NP , then there exists aNondeterministic Turing machine M and a exponent ksuch that A is accepted by M in time k.nk .Without loss of generality M accepts in a unique haltingstate, after having erased all contents on the tape.Let T = {T1, ... , Tm} be the set of tile types correspondingto the program of M. and consider some input x; then wehave:x ˛ A iff x is recognized by M in time K := k.(|x|)k iffThe square of size K X K below can be tiled with tiles in T:A Hierarchy of unsolvable problemsThe Convenience of Tiling10

C o m p u t a t i o n o f t h e s u c c e s s o r m a c h i n e e n c o d e d a s a t i l i n g i n s t a n c e The Master ReductionThe Convenience of Tiling9

R e d u c t i o n o f T u r i n g m a c h i n e computations to tiling problemsFor a given Turingmachine program, which, WLOGsatisfies some technical conditions, a set of tile-types can beconstructed which will simulate the computations of thismachine.The boundary conditions will ensure that the computationoperates on the required input and that time and/or spaceconstraints are enforced.Solvability of the resulting instance of BOUNDED TILINGentails that the intended computation terminates and accepts theinput within the given time and/or space bound.The Convenience of Tiling8

Example of a legal fragment of a tiled regionInstance of BOUNDED TILINGR e d u c t i o n o f T u r i n g m a c h i n e computations to tiling problemsThe Convenience of Tiling7

THE TILING GAMEInstance:A collection T = {T1 ,....,Ts} of tile-typesand a two-dimensional region to be tiled.Question:Is it possible to tile the given region,using the given set of tile-types ?Tile-type:Square with four colored edgesBoundary condition:A coloring on the edge of the region;alternatively, a single tile placed somewhere.Further rulesAdjacent tiles must share colours along their common edgeTiles adjacent to the boundary should conform to the coloursgiven along the boundary edgesFor every available tile-type an unrestricted amount of tiles isavailable; the tiles may not be rotated or reflectedThe Convenience of Tiling6

THE SUCCESSOR MACHINEM given by the following program :K = {q,r,f} ; q0 = q ; F = { f } ;S = { 0,1,p } ;P = { (q,0,q,0,R) , (q,1,q,1,R) , (q,p,r,p,L), (r,0,f,1,0) , (r,1,r,0,L) , (r,p,f,1,0) }A computation:Time-Space diagram¢ [q0]011 p$ |---¢ 0 [q0]11 p$|---¢ 00 [q1]1 p$|---¢ 001 [q1] p$|---¢ 0011 [q p] $|---¢ 001 [r1] p $|---¢ 00 [r1] 0p $|---¢ 0 [r0] 00p $|---¢ 0 [f1] 00p $FACT:Working out the Cook-Levin reduction for an-step computation in terms of this diagram yields aSATISFIABILITY instance in DNF of length O(n2) .(which improves the O(n3) of the standard proof) THE TILING GAMEThe Convenience of Tiling5

Configurations and computationsConfiguration:Tape contents, state and head position codedby : C := ¢ s0s1....sp-1 [q,s] sp+1.....sm $Computation step:impact of performing a singleprogram instruction: (q,s,q’,s’,R) e P :¢ s0s1....sp-1 [q,s] sp+1.....sm $ |---¢ s0s1....sp-1 s’ [q’sp+1] sp+2.....sm $(missing symbols on the boundary of the tape arefilled out by the blank symbol p ).Computation:sequence of configurations connected bycomputation steps.Initial configuration:¢ [q0,s1] s2.....sn $on input s1s2.....sn .Final configuration: ¢ s0s1....sp-1 [qs] sp+1.....sm $ ,with P containing no instruction starting with <q, s, ....>.Full computation :Computation connecting an initial and a final configuration.Accepting computation:Full computation terminating in an accepting state ;(otherwise computation is called Rejecting) THE SUCCESSOR MACHINEThe Convenience of Tiling4

THE TURING MACHINE MODELComputational model of A. Turing , 1936. ; currently namedTuringmachine.K Finite set of statesq0Initial state in KSFinite set of tape symbolsoBlank symbol in S{R,0,L} MovesP Program , a relation P: (K x S) => (K x S x {R,0,L} )FSet of accepting states F ˝ S(q,s,q’,s’,m) ˛ P : In state q, while reading s, print s’,perform move m and transfer to state q’Configurations and computationsThe Convenience of Tiling3

C o n t e n t s ===Coding Turing machine computations===The tiling problem===The Master reduction from Turing machinesto Tilings===Reduction to some standard problems of Gareyand Johnson===The Davis Putnam Robinson part of Hilbert 10===The reduction from 2 person tiling to PDLWARNING:Familiarity with some basic complexity theory andknowledge of propositional dynamic logic isassumed THE TURING MACHINE MODELThe Convenience of Tiling2

The Convenience of Tilings Peter van Emde Boas ILLC, FWI , Univ. of Amsterdam 31 March 1995C o n t e n t s The Convenience of Tiling1