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Oritatami: 
A model for co-transcriptional folding

The program:  
• a sequence of bead types  

(the transcript)

The instructions: 
• the rule  a❤b if bead types a 

and b attract each other

The input configuration:  
• Some beads placed 

beforehand (the seed)

Geary, Meunier, Schabanel, Seki MFCS 2016

Seed
Beads 
already 
folded 

& placed

last δ 
beads 

produced

❤
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RNA Folding 
(Real time: ~1 second)

Video: Geary

Part already

folded

Part been

folded

Encoding of the 

transcript
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Oritatami: 
A model for co-transcriptional folding

The dynamics 

• Starting from the seed, the 

sequence is produced one bead 
at a time 

• Only the δ last produced beads 
are free to move and explore the 
accessible positions to settle in 
the ones maximizing the 
number of bonds 


• All other beads remain in their 
last locations

Geary, Meunier, Schabanel, Seki MFCS 2016

Seed

last δ 
beads 

produced
here, delay δ = 3 

Beads 
already 
folded 

& placed
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Oritatami: 
A model for co-transcriptional folding

The dynamics. 

• Starting from the seed, the 

sequence is produced one bead 
at a time 

• Only the δ last produced beads 
are free to move and explore the 
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number of bonds 
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Oritatami: 
A model for co-transcriptional folding

The dynamics. 

• Starting from the seed, the 

sequence is produced one bead 
at a time 

• Only the δ last produced beads 
are free to move and explore the 
accessible positions to settle in 
the ones maximizing the 
number of bonds 


• All other beads remain in their 
last locations

Geary, Meunier, Schabanel, Seki MFCS 2016
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The dynamics. 
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Oritatami: 
A model for co-transcriptional folding

The dynamics. 

• Starting from the seed, the 

sequence is produced one bead 
at a time 

• Only the δ last produced beads 
are free to move and explore the 
accessible positions to settle in 
the ones maximizing the 
number of bonds 


• All other beads remain in their 
last locations
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Oritatami: 
A model for co-transcriptional folding

The dynamics. 

• Starting from the seed, the 

sequence is produced one bead 
at a time 

• Only the δ last produced beads 
are free to move and explore the 
accessible positions to settle in 
the ones maximizing the 
number of bonds 


• All other beads remain in their 
last locations

Geary, Meunier, Schabanel, Seki MFCS 2016
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Oritatami: 
A model for co-transcriptional folding

The dynamics. 

• Starting from the seed, the 

sequence is produced one bead 
at a time 

• Only the δ last produced beads 
are free to move and explore the 
accessible positions to settle in 
the ones maximizing the 
number of bonds 


• All other beads remain in their 
last locations

Geary, Meunier, Schabanel, Seki MFCS 2016

There might be several 
configurations with max. bonding
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Oritatami: 
A model for co-transcriptional folding

The dynamics. 

• Starting from the seed, the 

sequence is produced one bead 
at a time 

• Only the δ last produced beads 
are free to move and explore the 
accessible positions to settle in 
the ones maximizing the 
number of bonds 


• All other beads remain in their 
last locations
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The bead has same 
position in all 

maximal extension 
⇒ deterministic

There might be several 
configurations with max. bonding
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Some abstract Tile Assembly seminal work 
• Tile assembly systems are Turing universal [Winfree, 1998]

• Arbitrary shape assembly with optimal tile set size [Soloveichik, Winfree, 2007]

• Intrinsic universality [Doty et al, 2012] 
• Uncomputable limit configuration [Lathrop et al, 2011]  

Oritatami 
• A binary counter [Geary, Meunier, S., Seki, 2016] 
• Heighdragon fractal [Masuda, Seki, Ubukata, 2018]

• Folding arbitrary shapes [Demaine et al, 2018]

• NP-hardness for oritatami design [Geary et al, 2016; Ota, Seki, 2017; Han, 

Kim, 2017] and for non-determinisitic oritatami equivalence [Han et al, 2016] 
• Efficient Turing Machine simulation through tag-systems [Geary et al, 2018] 
• Intrinsic 1D Cellular Automata simulation [Pchelina et al, 2020] 

• TODAY: Uncomputable limit configuration & Turmite intrinsinc simulation
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Uncomputable? 
Limit configuration?

• The limit configuration c∞ is the configuration at the end 
of time:


• c∞ is uncomputable is the function                      is 
uncomputable

12

c0 ⇢ · · · ⇢ ct ⇢ ct+1 ⇢ · · · ⇢ c1 =
1[

t=0

ct

<latexit sha1_base64="hvvqnmKxl7xsz43aVhw0ZgnlRf0="></latexit>

(i, j) 7! c1i,j
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Uncomputable limit 
configuration in aTAM

• Simulate in parallel all Turing 
machines on an empty input 


• Go down to place a (black) tile 
at the bottom if the TM halts 

⇒  The bottom row is 
uncomputable

13

4.1 Overview of Construction

Intuitively, TM self-assembles a “gradually thickening bar”, immediately below
the positive x-axis with upward growths emanating from well-defined intervals
of points. For each x ∈ Z+, there is an upward growth that simulates M on
x. If M halts on x, then (a portion of) the upward growth associated with the
simulation of M(x) eventually stops, and sends a signal down along the right
side of the upward growth via a one-tile-wide-path of tiles to the point (f(x), 0),
where a black tile is placed. See Figure 1 for a finite, yet intuitive snapshot of
this infinite process.

Fig. 1. Simulation of M on every input x ∈ N. Notice that M(2) halts - indicated by
the black tile along the x-axis.

Our tile assembly system TM is divided into three modules: the ray, the
planter, and the TM module, which control the spacing between successive sim-
ulations, the initiation of upward growth, and the actual simulations of M on
each positive integer, respectively.
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Uncomputable limit 
Oritatami configuration 

• Introducing Turmites


• Turmites doodle uncomputably


• Delay-3 Oritatami systems simulate Turmites intrinsically

14



Turmites
A finite automata follows a self-avoiding path, moving 
and writing a state according to a uniform local rule 

A clockwise walker 
The rule:

15
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A finite automata follows a self-avoiding path, moving 
and writing a state according to a uniform local rule 

A clockwise walker 
The rule: Z1 Z2 Z3 Z4 Z0 Z1

Z0 Z1 Z2 Z3 Z4 Z0 Z2

Z4 Z0 Z2 Z3 Z4 Z0 Z1 Z3

Z3 Z4 Z1 Z4 Z0 Z1 Z1 Z2 Z4

Z2 Z3 Z0 Z3 Z2 Z3 Z2 Z2 Z3 Z0

Z1 Z2 Z4 Z2 Z1 Z1 Z4 Z3 Z3 Z4 Z1

Z0 Z1 Z3 Z1 Z0 Z0 Z2 Z0 Z4 Z4 Z0 Z2

Z4 Z0 Z2 Z0 Z4 Z3 Z1 Z0 Z0 Z1 Z3

Z3 Z4 Z1 Z4 Z3 Z2 Z1 Z1 Z2 Z4

Z2 Z3 Z0 Z4 Z3 Z2 Z2 Z3 Z0

Z1 Z2 Z1 Z0 Z4 Z3 Z4 Z1

Z0 Z4 Z3 Z2 Z1 Z0 Z2

Z2 Z1 Z0 Z4 Z3

Turmites

16
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Turmites implement CA
Left/Right Swiping 
The rule:

16

Li

Li

Ri

iRi

�i

i�Li

�i

i� Ri
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� i+j

�j�i

i�i+j



R1

L1 R1

L1 0 R1

L1 1 1 R1

L1 0 0 0 R1

L1 1 0 0 1 R1

L1 0 1 0 1 0 R1

L1 1 1 1 1 1 1 R1

L1 0 0 0 0 0 0 0 R1

L1 1 0 0 0 0 0 0 1 R1

L1 0 1 0 0 0 0 0 1 0 R1

L1 1 1 1 0 0 0 0 1 1 1 R1

L1 0 0 0 1 0 0 0 1 0 0 0 R1

L1 1 0 0 1 1 0 0 1 1 0 0 1 R1

L1 0 1 0 1 0 1 0 1 0 1 0 1 0 R1

L1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 R1

L1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 R1

L1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 R1

L1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 R1

L1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 R1

L1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 R1

L1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 R1

L1 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 R1

L1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 R1

L1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 R1

L1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 R1

L1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 R1

L1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 R1

L1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 R1

L1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1 R1

L1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 R1

L1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 R1

L1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 R1

L1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 R1

L1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Turmites implement CA
Left/Right Swiping 
The rule:
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Turmites doodle 
uncomputably

18
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Turmites doodle 
uncomputably
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Turmites doodle 
uncomputably
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Turmites doodle 
uncomputably
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Turmites doodle 
uncomputably
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Théorème. Turmites doodle 
uncomputably
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Oritatami sytems simulate 
Turmites instrinsically 



Oritatami sytems simulate 
1D CA instrinsically 

• Previous work. [PSSU, 2020]  
1D Cellular automata intrinsic simulation

36

4Qx
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• Previous work. [PSSU, 2020]  
1D Cellular automata intrinsic simulation
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2 Problems. Supercells must be isotropic 

 We need to exit from an arbitrary side…
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1. Scaffold layer
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1. Scaffold layer
2. Read layer
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1. Scaffold layer
2. Read layer
3. Write layer
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1. Scaffold layer
2. Read layer
3. Write layer
4. Exit layer
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1. Scaffold layer
2. Read layer
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If j–th bit = 1, then Offset += 2jQi 

⇒ Offset on i–th side = state(i)×Qi 

⇒ Total Offset on all side = <states> ∈ 0..Q6–1

1×Qi2×Qi2q×Qi
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1. Scaffold layer
2. Read layer
3. Write layer
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bit 0 and bit 1 fold differently Offset
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1. Scaffold layer
2. Read layer
3. Write layer
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1. Scaffold layer
2. Read layer
3. Write layer

Resynchronize



Resynchronizing. 
Speedbumps [PSSU2020]
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(in Zig-Zags! ")
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1. Scaffold layer
2. Read layer
3. Write layer
4. Exit layer
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Exiting… or not
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By default, exit layer follows the 
border of the exit box 

exit box 
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Exiting… or not

48

With the proper signal (offset!), exit 
layer folds upon itself and… exit!

exit box 
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48

With the proper signal (offset!), exit 
layer folds upon itself and… exit!

exit box 
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S0 T4 B3 T12 B11 T4 B3 T12 B11 T4 B3 T12 B11 T4 B3 S1

S0 T5 B2 T13 B10 T5 B2 T13 B10 T5 B2 T13 B10 T5 B2 S1

S0 T6 B1 T14 B9 T6 B1 T14 B9 T6 B1 T14 B9 T6 B1 S1

S0 T7 B0 T15 B8 T7 B0 T15 B8 T7 B0 T15 B8 T7 B0 S1

S1 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1 S1

Key new tool: Folding meter

it folds upon itself into boxes
50



51

Xq40 Xq39 Xq38 Xq37 Xq35 Xq34 Xq32 Xq31 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2

Xq45 Xq44 Xq43 Xq42 Xq41 wα9 wα10 wα11 Xq36 wα14 Xq33 wα17 Xq30 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2

Xq83 Xq82 Xq81 Xb80 Xb79 Xb78 Xp77 Xp76 Xp75 Xp74 Xp73 Xp72 Xp71 Xp70 Xp69 Xp68 Xp56 Xp55 Xt54 Xt53 Xt52 Xq51 Xq50 Xq49 Xq48 Xq47 Xq46 Xq45 Xq44 Xq43 Xq42 Xq41 Xq40 Xq39 Xq38 Xq37 Xq36 Xq35 Xq34 Xq33 Xq32 Xq31 Xq30 Xq29 Xb28 Xb27 Xb26 Xp25 Xp24 Xp23 Xp22 Xp21 Xp20 Xp19 Xp18 Xp17 Xp16 Xp15 Xp14 Xp13 Xp12 Xp11 Xp10 Xp9 Xp8 Xp7 Xp6 Xp5 Xp4 Xp3 Xt2 Xt1 Xt0 Xq103 Xq102 Xq101 Xq100 Xq99 Xq98 Xq97 Xq96 Xq95 Xq94 Xq93 Xq92 Xq91 Xq90 Xq89 Xq88 Xq87 Xq86 Xq85 Xq84 Xq83 Xq82 Xq81 Xb80 Xb79 Xb78 Xp77 Xp76 Xp75 Xp74 Xp73 Xp72 Xp71 Xp70 Xp69 Xp68 Xp67 Xp66 Xp65 Xp64 Xp63 Xp62 Xp61 Xp60 Xp59 Xp58 Xp57 Xp56 Xp55 Xt54 Xt53 Xt52 Xq51 Xq50 Xq49 Xq48 Xq47 Xq46 wα4 wα5 wα6 wα7 wα8 Rp65 Rp64 wα12 wα13 wα15 wα16 wα18 Xq29 Xb28 Xb27 Xb26 Xp25 Xp24 Xp23 Xp22 Xp21 Xp20 Xp19 Xp18 Xp17 Xp16 Xp15 Xp14 Xp13 Xp12 Xp11 Xp10 Xp9 Xp8 Xp7 Xp6 Xp5 Xp4 Xp3 Xt2 Xt1 Xt0 Xq103 Xq102 Xq101 Xq100 Xq99 Xq98 Xq97 Xq96 Xq95 Xq94 Xq93 Xq92 Xq91 Xq90 Xq89 Xq88 Xq87 Xq86 Xq85 Xq84 Xq83 Xq82 Xq81 Xb80 Xb79 Xb78 Xp77 Xp76 Xp75 Xp74 Xp73 Xp72 Xp71 Xp70 Xp69 Xp68 Xp56 Xp55 Xt54 Xt53 Xt52 Xq51 Xq50 Xq49 Xq48 Xq47 Xq46 Xq45 Xq44 Xq43 Xq42 Xq41 Xq40 Xq39 Xq38 Xq37 Xq36 Xq35 Xq34 Xq33 Xq32 Xq31 Xq30 Xq29 Xb28 Xb27 S2 S2

wα17 wα18 wα19 wα20 wα21 wα22 wα23 wα24 wα25 wb26 wb27 wb28 wq29 wq30 wq31 wq32 Xp67 Xp57 wq97 wq98 wq99 wq100 wq101 wq102 wq103 wt0 wt1 wt2 wα3 wα4 wα5 wα6 wα7 wα8 wα9 wα10 wα11 wα12 wα13 wα14 wα15 wα16 wα17 wα18 wα19 wα20 wα21 wα22 wα23 wα24 wα25 wb26 wb27 wb28 wq29 wq30 wq31 wq32 wq33 wq34 wq35 wq36 wq37 wq38 wq39 wq40 wq41 wq42 wq43 wq44 wq45 wq46 wq47 wq48 wq49 wq50 wq51 wt52 wt53 wt54 wα55 wα56 wα57 wα58 wα59 wα60 wα61 wα62 wα63 wα64 wα65 wα66 wα67 wα68 wα69 wα70 wα71 wα72 wα73 wα74 wα75 wα76 wα77 wb78 wb79 wb80 wq81 wq82 wq83 wq84 wq85 wq86 wq87 wq88 wq89 wq90 wq91 wq92 wq93 wq94 wq95 wq96 wq97 wq98 wq99 wq100 wq101 wq102 wq103 wt0 wt1 wt2 wα3 Rp70 Rp69 Rp68 Rp67 Rp66 S0 Rp63 Rp62 Rp61 Rp60 Rp59 wα19 wα20 wα21 wα22 wα23 wα24 wα25 wb26 wb27 wb28 wq29 wq30 wq31 wq32 wq33 wq34 wq35 wq36 wq37 wq38 wq39 wq40 wq41 wq42 wq43 wq44 wq45 wq46 wq47 wq48 wq49 wq50 wq51 wt52 wt53 wt54 wα55 wα56 wα57 wα58 wα59 wα60 wα61 wα62 wα63 wα64 wα65 wα66 wα67 wα68 wα69 wα70 wα71 wα72 wα73 wα74 wα75 wα76 wα77 wb78 wb79 wb80 wq81 wq82 wq83 wq84 Xp67 Xp57 wq45 wq46 wq47 wq48 wq49 wq50 wq51 wt52 wt53 wt54 wα55 wα56 wα57 wα58 wα59 wα60 wα61 wα62 wα63 wα64 wα65 wα66 wα67 wα68 wα69 wα70 wα71 wα72 wα73 wα74 S2 S2

Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 Rp77 Rp76 Rp75 Rp74 Rp73 Rp72 Rp71 Rp70 Rp69 wq33 Xp66 Xp58 wq96 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rq97 Rq96 Rq95 Rq94 Rq93 Rq92 Rq91 Rq90 Rq89 Rq88 Rq87 Rq86 Rq85 Rq84 Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 Rp77 Rp76 Rp75 Rp74 Rp73 Rp72 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 Rp61 Rp60 Rp59 Rp58 Rp57 Rp56 Rp55 Rt54 Rt53 Rt52 Rq51 Rq50 Rq49 Rq48 Rq47 Rq46 Rq45 Rq44 Rq43 Rq42 Rq41 Rq40 Rq39 Rq38 Rq37 Rq36 Rq35 Rq34 Rq33 Rq32 Rq31 Rq30 Rq29 Rb28 Rb27 Rb26 Rp25 Rp24 Rp23 Rp22 Rp21 Rp20 Rp19 Rp18 Rp17 Rp16 Rp15 Rp14 Rp13 Rp12 Rp11 Rp10 Rp9 Rp8 Rp7 Rp6 Rp5 Rp4 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rp71 S0 S0 S0 S0 S0 S0 S0 S0 S0 Z0 Rp58 Rq29 Rb28 Rb27 Rb26 Rp25 Rp24 Rp23 Rp22 Rp21 Rp20 Rp19 Rp18 Rp17 Rp16 Rp15 Rp14 Rp13 Rp12 Rp11 Rp10 Rp9 Rp8 Rp7 Rp6 Rp5 Rp4 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rq97 Rq96 Rq95 Rq94 Rq93 Rq92 Rq91 Rq90 Rq89 Rq88 Rq87 Rq86 Rq85 Rq84 Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 Rp77 Rp76 Rp75 Rp74 Rp73 Rp72 Rp71 Rp70 Rp69 wq85 Xp66 Xp58 wq44 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rq97 Rq96 Rq95 Rq94 Rq93 Rq92 Rq91 Rq90 Rq89 Rq88 Rq87 Rq86 Rq85 Rq84 Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 S2 S2

S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rp68 wq34 Xp65 Xp59 wq95 Rp4 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rq97 Rp72 S0 Z0 Rp57 Rq30 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rp68 wq86 Xp65 Xp59 wq43 Rp4 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S2

S0 Rp67 wq35 Xp64 Xp60 wq94 Rp5 S0 Z0 Rq96 Rp73 S0 Z0 Rp56 Rq31 S0 S0 Rp67 wq87 Xp64 Xp60 wq42 Rp5 S0

S0 Rp66 wq36 Xp63 Xp61 wq93 Rp6 S0 Z0 Rq95 Rp74 S0 Z0 Rp55 Rq32 S0 S0 Rp66 wq88 Xp63 Xp61 wq41 Rp6 S0

S0 Rp65 wq37 Xp62 wq92 Rp7 S0 Z0 Rq94 Rp75 S0 Z0 Rt54 Rq33 S0 S0 Rp65 wq89 Xp62 wq40 Rp7 S0

S0 Rp64 wq38 wq91 Rp8 S0 S0 S0 S0 S0 S0 S0 Z0 Rq93 Rp76 S0 Z0 Rt53 Rq34 S0 S0 Rp64 wq90 wq39 Rp8 S0 S0 S0 S0 S0 S0 S0

S0 Rp63 wq39 wq90 Rp9 S0 S0 Rp13 S0 S0 Rp17 S0 S0 Rp21 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Z0 Rq92 Rp77 S0 Z0 Rt52 Rq35 S0 S0 Rp63 wq91 wq38 Rp9 S0 S0 Rp13 S0 S0 Rp17 S0 S0 Rp21 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

S0 Rp62 wq40 wq89 Rp10 Rp11 Rp12 Rp14 Rp15 Rp16 Rp18 Rp19 Rp20 Rp22 Rp23 Rp24 Rp25 Rb26 Rb27 Rb28 Rq29 Rq30 Rq31 S0 Z0 Rq91 Rb78 S0 Z0 Rq51 Rq36 S0 S0 Rp62 wq92 wq37 Rp10 Rp11 Rp12 Rp14 Rp15 Rp16 Rp18 Rp19 Rp20 Rp22 Rp23 Rp24 Rp25 Rb26 Rb27 Rb28 Rq29 Rq30 Rq31 S0

S0 Rp61 wq41 wq88 wq87 wq86 wq85 wq84 wq83 wq82 wq81 wb80 wb79 wb78 wα77 wα76 wα75 wα74 wα73 wα72 wα71 wα70 Rq32 S0 Z0 Rq90 Rb79 S0 Z0 Rq50 Rq37 S0 S0 Rp61 wq93 wq36 wq35 wq34 wq33 wq32 wq31 wq30 wq29 wb28 wb27 wb26 wα25 wα24 wα23 wα22 wα21 wα20 wα19 wα18 Rq32 S0

S0 Rp60 wq42 wα69 Rq33 S0 Z0 Rq89 Rb80 S0 Z0 Rq49 Rq38 S0 S0 Rp60 wq94 wα17 Rq33 S0

S0 Rp59 wq43 wα68 Rq34 S0 Z0 Rq88 Rq81 S0 Z0 Rq48 Rq39 S0 S0 Rp59 wq95 wα16 Rq34 S0

S0 Rp58 wq44 wα67 Rq35 S0 Z0 Rq87 Rq82 S0 Z0 Rq47 Rq40 S0 S0 Rp58 wq96 wα15 Rq35 S0

S0 Rp57 wq45 wα66 Rq36 S0 Z0 Rq86 Rq83 S0 Z0 Rq46 Rq41 S0 S0 Rp57 wq97 wα14 Rq36 S0

S0 Rp56 wq46 wα65 Rq37 S0 Z0 Rq85 Rq84 S0 Z0 Rq45 Rq42 S0 S0 Rp56 wq98 wα13 Rq37 S0

S0 Rp55 wq47 wα64 Rq38 S0 Z0 S2 S2 Z0 Rq44 Rq43 S0 S0 Rp55 wq99 wα12 Rq38 S0

S0 Rt54 wq48 wq49 wq50 wq51 wα63 Rq39 S0 Z0 S2 S2 S0 Rt54 wq100 wq101 wq102 wq103 wα11 Rq39 S0

S0 Rt53 Rt52 Rq51 Rq50 wt52 wq103 wt0 wα62 Rq40 S0 S0 Rt53 Rt52 Rq51 Rq50 wt0 wq51 wt52 wα10 Rq40 S0

S0 S0 S0 S0 Rq49 wt53 wq102 wt1 wα61 Rq41 S0 S0 S0 S0 S0 Rq49 wt1 wq50 wt53 wα9 Rq41 S0

S0 Rq48 wt54 wq101 wt2 wα60 Rq42 S0 S0 Rq48 wt2 wq49 wt54 wα8 Rq42 S0

S0 Rq47 wα55 wq100 wα3 wα59 Rq43 S0 S0 Rq47 wα3 wq48 wα55 wα7 Rq43 S0

S0 Rq46 wα56 wq99 wα4 wα58 Rq44 S0 S0 Rq46 wα4 wq47 wα56 wα6 Rq44 S0

S0 Rq45 wα57 wq98 wα5 wα57 Rq45 S0 S0 Rq45 wα5 wq46 wα57 wα5 Rq45 S0

S0 Rq44 wα58 wq97 wα6 wα56 Rq46 S0 S0 Rq44 wα6 wq45 wα58 wα4 Rq46 S0

S0 Rq43 wα59 wq96 wα7 wα55 Rq47 S0 S0 Rq43 wα7 wq44 wα59 wα3 Rq47 S0

S0 Rq42 wα60 wq95 wα8 wt54 Rq48 S0 S0 Rq42 wα8 wq43 wα60 wt2 Rq48 S0

S0 Rq41 wα61 wq94 wα9 wt53 Rq49 S0 S0 Rq41 wα9 wq42 wα61 wt1 Rq49 S0

S0 Rq40 wα62 wq93 wα10 wt52 Rq50 S0 S0 Rq40 wα10 wq41 wα62 wt0 Rq50 S0

S0 Rq39 wα63 wq92 wα11 wq51 Rq51 S0 S0 Rq39 wα11 wq40 wα63 wq103 Rq51 S0

S0 Rq38 wα64 wq91 wα12 wq50 Rt52 S0 S0 Rq38 wα12 wq39 wα64 wq102 Rt52 S0

S0 Rq37 wα65 wq90 wα13 wq49 Rt53 S0 S0 Rq37 wα13 wq38 wα65 wq101 Rt53 S0

S0 Rq36 wα66 wq89 wα14 wq48 Rt54 S0 S0 Rq36 wα14 wq37 wα66 wq100 Rt54 S0

S0 Rq35 wα67 wq88 wα15 wq47 Rp55 S0 S0 Rq35 wα15 wq36 wα67 wq99 Rp55 S0

S0 Rq34 wα68 wq87 wα16 wq46 Rp56 S0 S0 Rq34 wα16 wq35 wα68 wq98 Rp56 S0

S0 Rq33 wα69 wq86 wα17 wq45 Rp57 S0 S0 Rq33 wα17 wq34 wα69 wq97 Rp57 S0

S0 Rq32 wα70 wq85 wα18 wq44 Rp58 S0 S0 Rq32 wα18 wq33 wα70 wq96 Rp58 S0

S0 Rq31 wα71 wq84 wα19 wq43 Rp59 S0 S0 Rq31 wα19 wq32 wα71 wq95 Rp59 S0

S0 Rq30 wα72 wq83 wα20 wq42 Rp60 S0 S0 Rq30 wα20 wq31 wα72 wq94 Rp60 S0

S0 Rq29 wα73 wq82 wα21 wq31 wq32 wq33 wq34 wq35 wq36 wq37 wq38 wq39 wq40 wq41 Rp61 S0 S0 Rq29 wα21 wq30 wα73 wq83 wq84 wq85 wq86 wq87 wq88 wq89 wq90 wq91 wq92 wq93 Rp61 S0

S0 Rb28 wα74 wq81 wα22 wq30 Rp72 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 S0 S0 Rb28 wα22 wq29 wα74 wq82 Rp72 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 S0

S0 Rb27 wα75 wb80 wα23 wq29 Rp73 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rb27 wα23 wb28 wα75 wq81 Rp73 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

S0 Rb26 wα76 wb79 wα24 wb28 Rp74 S0 S0 Rb26 wα24 wb27 wα76 wb80 Rp74 S0

S0 Rp25 wα77 wb78 wα25 wb27 Rp75 S0 S0 Rp25 wα25 wb26 wα77 wb79 Rp75 S0

S0 Rp24 wb78 wα77 wb26 Rp76 S0 S0 Rp24 wb26 wα25 wb78 Rp76 S0

S0 Rp23 wb79 wα76 Rp77 S0 S0 Rp23 wb27 wα24 Rp77 S0

S0 Rp22 wb80 wα75 Rb78 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rp22 wb28 wα23 Rb78 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

S0 Rp21 wq81 wα74 Rb79 Rb80 Rq81 Rq82 Rq83 Rq84 Rq85 Rq86 Rq87 Rq88 Rq89 Rq90 Rq91 Rq92 Rq93 Rq94 Rq95 Rq96 Rq97 Rq98 S0 S0 Rp21 wq29 wα22 Rb79 Rb80 Rq81 Rq82 Rq83 Rq84 Rq85 Rq86 Rq87 Rq88 Rq89 Rq90 Rq91 Rq92 Rq93 Rq94 Rq95 Rq96 Rq97 Rq98 S0

S0 Rp20 wq82 wα73 Rq99 S0 S0 Rp20 wq30 wα21 Rq99 S0

S0 Rp19 wq83 wα72 Rq100 S0 S0 Rp19 wq31 wα20 Rq100 S0

S0 Rp18 wq84 wα71 Rq101 S0 S0 Rp18 wq32 wα19 Rq101 S0

S0 Rp17 wq85 wα70 Rq102 S0 S0 Rp17 wq33 wα18 Rq102 S0

S0 Rp16 wq86 wα69 Rq103 S0 S0 Rp16 wq34 wα17 Rq103 S0

S0 Rp15 wq87 wα68 Rt0 S0 S0 Rp15 wq35 wα16 Rt0 S0

S0 Rp14 wq88 wα67 Rt1 S0 S0 Rp14 wq36 wα15 Rt1 S0

S0 Rp13 wq89 wα66 Rt2 S0 S0 Rp13 wq37 wα14 Rt2 S0

S0 Rp12 wq90 wα65 Rp3 S0 S0 Rp12 wq38 wα13 Rp3 S0

S0 Rp11 wq91 wα64 Rp4 S0 S0 Rp11 wq39 wα12 Rp4 S0

S0 Rp10 wq92 wα63 Rp5 S0 S0 Rp10 wq40 wα11 Rp5 S0

S0 Rp9 wq93 wα62 Rp6 S0 S0 Rp9 wq41 wα10 Rp6 S0

S0 Rp8 wq94 wα61 Rp7 S0 S0 Rp8 wq42 wα9 Rp7 S0

S0 Rp7 wq95 wα60 Rp8 S0 S0 Rp7 wq43 wα8 Rp8 S0

S0 Rp6 wq96 wα59 Rp9 S0 S0 Rp6 wq44 wα7 Rp9 S0

S0 Rp5 wq97 wα58 Rp10 S0 S0 Rp5 wq45 wα6 Rp10 S0

S0 Rp4 wq98 wα57 Rp11 S0 S0 Rp4 wq46 wα5 Rp11 S0

S0 Rp3 wq99 wα56 Rp12 S0 S0 Rp3 wq47 wα4 Rp12 S0

S0 Rt2 wq100 wα55 Rp13 S0 S0 Rt2 wq48 wα3 Rp13 S0

S0 Rt1 wq101 wt54 Rp14 S0 S0 Rt1 wq49 wt2 Rp14 S0

S0 Rt0 wq102 wt53 Rp15 S0 S0 Rt0 wq50 wt1 Rp15 S0

S0 Rq103 wq103 wt52 Rp16 S0 S0 Rq103 wq51 wt0 Rp16 S0

S0 Rq102 wt0 wq51 Rp17 S0 S0 Rq102 wt52 wq103 Rp17 S0

S0 Rq101 wt1 wq50 Rp18 S0 S0 Rq101 wt53 wq102 Rp18 S0

S0 Rq100 wt2 wq49 Rp19 S0 S0 Rq100 wt54 wq101 Rp19 S0

S0 Rq99 wα3 wq48 Rp20 S0 S0 Rq99 wα55 wq100 Rp20 S0

S0 Rq98 wα4 wq47 Rp21 S0 S0 Rq98 wα56 wq99 Rp21 S0

S0 Rq97 wα5 wq46 Rp22 S0 S0 Rq97 wα57 wq98 Rp22 S0

S0 Rq96 wα6 wq45 Rp23 S0 S0 Rq96 wα58 wq97 Rp23 S0

S0 Rq95 wα7 wq44 Rp24 S0 S0 Rq95 wα59 wq96 Rp24 S0

S0 Rq94 wα8 wq43 Rp25 S0 S0 Rq94 wα60 wq95 Rp25 S0

S0 Rq93 wα9 wq42 Rb26 S0 S0 Rq93 wα61 wq94 Rb26 S0

S0 Rq92 wα10 wq41 Rb27 S0 S0 Rq92 wα62 wq93 Rb27 S0

S0 Rq91 wα11 wq40 Rb28 S0 S0 Rq91 wα63 wq92 Rb28 S0

S0 Rq90 wα12 wq39 Rq29 S0 S0 Rq90 wα64 wq91 Rq29 S0

S0 Rq89 wα13 wq38 Rq30 S0 S0 Rq89 wα65 wq90 Rq30 S0

S0 Rq88 wα14 wq37 Rq31 S0 S0 Rq88 wα66 wq89 Rq31 S0

S0 Rq87 wα15 wq36 Rq32 S0 S0 Rq87 wα67 wq88 Rq32 S0

S0 Rq86 wα16 wq35 Rq33 S0 S0 Rq86 wα68 wq87 Rq33 S0

S0 Rq85 wα17 wq34 Rq34 S0 S0 Rq85 wα69 wq86 Rq34 S0

S0 Rq84 wα18 wq33 Rq35 S0 S0 Rq84 wα70 wq85 Rq35 S0

S0 Rq83 wα19 wq32 Rq36 S0 S0 Rq83 wα71 wq84 Rq36 S0

S0 Rq82 wα20 wq31 Rq37 S0 S0 Rq82 wα72 wq83 Rq37 S0

S0 Rq81 wα21 wq30 Rq38 S0 S0 Rq81 wα73 wq82 Rq38 S0

S0 Rb80 wα22 wq29 Rq39 S0 S0 Rb80 wα74 wq81 Rq39 S0

S0 Rb79 wα23 wb28 Rq40 S0 S0 Rb79 wα75 wb80 Rq40 S0

S0 Rb78 wα24 wb27 Rq41 S0 S0 Rb78 wα76 wb79 Rq41 S0

S0 Rp77 wα25 wb26 Rq42 S0 S0 Rp77 wα77 wb78 Rq42 S0

S0 Rp76 Rq43 S0 S0 Rp76 Rq43 S0

S0 Rp75 Rq44 S0 S0 Rp75 Rq44 S0

S0 Rp74 Rq45 S0 S0 Rp74 Rq45 S0

S0 Rp73 Rq46 S0 S0 Rp73 Rq46 S0

S0 Rp72 Rq47 S0 S0 Rp72 Rq47 S0

S0 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 Rp61 Rp60 Rp59 Rp58 Rp57 Rp56 Rp55 Rt54 Rt53 Rt52 Rq51 Rq50 Rq49 Rq48 S0 S0 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 Rp61 Rp60 Rp59 Rp58 Rp57 Rp56 Rp55 Rt54 Rt53 Rt52 Rq51 Rq50 Rq49 Rq48 S0

S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

Xq40 Xq39 Xq38 Xq37 Xq35 Xq34 Xq32 Xq31 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2

Xq45 Xq44 Xq43 Xq42 Xq41 wα9 wα10 wα11 Xq36 wα14 Xq33 wα17 Xq30 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2 S2
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wα17 wα18 wα19 wα20 wα21 wα22 wα23 wα24 wα25 wb26 wb27 wb28 wq29 wq30 wq31 wq32 Xp67 Xp57 wq97 wq98 wq99 wq100 wq101 wq102 wq103 wt0 wt1 wt2 wα3 wα4 wα5 wα6 wα7 wα8 wα9 wα10 wα11 wα12 wα13 wα14 wα15 wα16 wα17 wα18 wα19 wα20 wα21 wα22 wα23 wα24 wα25 wb26 wb27 wb28 wq29 wq30 wq31 wq32 wq33 wq34 wq35 wq36 wq37 wq38 wq39 wq40 wq41 wq42 wq43 wq44 wq45 wq46 wq47 wq48 wq49 wq50 wq51 wt52 wt53 wt54 wα55 wα56 wα57 wα58 wα59 wα60 wα61 wα62 wα63 wα64 wα65 wα66 wα67 wα68 wα69 wα70 wα71 wα72 wα73 wα74 wα75 wα76 wα77 wb78 wb79 wb80 wq81 wq82 wq83 wq84 wq85 wq86 wq87 wq88 wq89 wq90 wq91 wq92 wq93 wq94 wq95 wq96 wq97 wq98 wq99 wq100 wq101 wq102 wq103 wt0 wt1 wt2 wα3 Rp70 Rp69 Rp68 Rp67 Rp66 S0 Rp63 Rp62 Rp61 Rp60 Rp59 wα19 wα20 wα21 wα22 wα23 wα24 wα25 wb26 wb27 wb28 wq29 wq30 wq31 wq32 wq33 wq34 wq35 wq36 wq37 wq38 wq39 wq40 wq41 wq42 wq43 wq44 wq45 wq46 wq47 wq48 wq49 wq50 wq51 wt52 wt53 wt54 wα55 wα56 wα57 wα58 wα59 wα60 wα61 wα62 wα63 wα64 wα65 wα66 wα67 wα68 wα69 wα70 wα71 wα72 wα73 wα74 wα75 wα76 wα77 wb78 wb79 wb80 wq81 wq82 wq83 wq84 Xp67 Xp57 wq45 wq46 wq47 wq48 wq49 wq50 wq51 wt52 wt53 wt54 wα55 wα56 wα57 wα58 wα59 wα60 wα61 wα62 wα63 wα64 wα65 wα66 wα67 wα68 wα69 wα70 wα71 wα72 wα73 wα74 S2 S2

Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 Rp77 Rp76 Rp75 Rp74 Rp73 Rp72 Rp71 Rp70 Rp69 wq33 Xp66 Xp58 wq96 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rq97 Rq96 Rq95 Rq94 Rq93 Rq92 Rq91 Rq90 Rq89 Rq88 Rq87 Rq86 Rq85 Rq84 Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 Rp77 Rp76 Rp75 Rp74 Rp73 Rp72 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 Rp61 Rp60 Rp59 Rp58 Rp57 Rp56 Rp55 Rt54 Rt53 Rt52 Rq51 Rq50 Rq49 Rq48 Rq47 Rq46 Rq45 Rq44 Rq43 Rq42 Rq41 Rq40 Rq39 Rq38 Rq37 Rq36 Rq35 Rq34 Rq33 Rq32 Rq31 Rq30 Rq29 Rb28 Rb27 Rb26 Rp25 Rp24 Rp23 Rp22 Rp21 Rp20 Rp19 Rp18 Rp17 Rp16 Rp15 Rp14 Rp13 Rp12 Rp11 Rp10 Rp9 Rp8 Rp7 Rp6 Rp5 Rp4 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rp71 S0 S0 S0 S0 S0 S0 S0 S0 S0 Z0 Rp58 Rq29 Rb28 Rb27 Rb26 Rp25 Rp24 Rp23 Rp22 Rp21 Rp20 Rp19 Rp18 Rp17 Rp16 Rp15 Rp14 Rp13 Rp12 Rp11 Rp10 Rp9 Rp8 Rp7 Rp6 Rp5 Rp4 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rq97 Rq96 Rq95 Rq94 Rq93 Rq92 Rq91 Rq90 Rq89 Rq88 Rq87 Rq86 Rq85 Rq84 Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 Rp77 Rp76 Rp75 Rp74 Rp73 Rp72 Rp71 Rp70 Rp69 wq85 Xp66 Xp58 wq44 Rp3 Rt2 Rt1 Rt0 Rq103 Rq102 Rq101 Rq100 Rq99 Rq98 Rq97 Rq96 Rq95 Rq94 Rq93 Rq92 Rq91 Rq90 Rq89 Rq88 Rq87 Rq86 Rq85 Rq84 Rq83 Rq82 Rq81 Rb80 Rb79 Rb78 S2 S2

S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rp68 wq34 Xp65 Xp59 wq95 Rp4 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rq97 Rp72 S0 Z0 Rp57 Rq30 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rp68 wq86 Xp65 Xp59 wq43 Rp4 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S2

S0 Rp67 wq35 Xp64 Xp60 wq94 Rp5 S0 Z0 Rq96 Rp73 S0 Z0 Rp56 Rq31 S0 S0 Rp67 wq87 Xp64 Xp60 wq42 Rp5 S0

S0 Rp66 wq36 Xp63 Xp61 wq93 Rp6 S0 Z0 Rq95 Rp74 S0 Z0 Rp55 Rq32 S0 S0 Rp66 wq88 Xp63 Xp61 wq41 Rp6 S0

S0 Rp65 wq37 Xp62 wq92 Rp7 S0 Z0 Rq94 Rp75 S0 Z0 Rt54 Rq33 S0 S0 Rp65 wq89 Xp62 wq40 Rp7 S0

S0 Rp64 wq38 wq91 Rp8 S0 S0 S0 S0 S0 S0 S0 Z0 Rq93 Rp76 S0 Z0 Rt53 Rq34 S0 S0 Rp64 wq90 wq39 Rp8 S0 S0 S0 S0 S0 S0 S0

S0 Rp63 wq39 wq90 Rp9 S0 S0 Rp13 S0 S0 Rp17 S0 S0 Rp21 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Z0 Rq92 Rp77 S0 Z0 Rt52 Rq35 S0 S0 Rp63 wq91 wq38 Rp9 S0 S0 Rp13 S0 S0 Rp17 S0 S0 Rp21 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

S0 Rp62 wq40 wq89 Rp10 Rp11 Rp12 Rp14 Rp15 Rp16 Rp18 Rp19 Rp20 Rp22 Rp23 Rp24 Rp25 Rb26 Rb27 Rb28 Rq29 Rq30 Rq31 S0 Z0 Rq91 Rb78 S0 Z0 Rq51 Rq36 S0 S0 Rp62 wq92 wq37 Rp10 Rp11 Rp12 Rp14 Rp15 Rp16 Rp18 Rp19 Rp20 Rp22 Rp23 Rp24 Rp25 Rb26 Rb27 Rb28 Rq29 Rq30 Rq31 S0

S0 Rp61 wq41 wq88 wq87 wq86 wq85 wq84 wq83 wq82 wq81 wb80 wb79 wb78 wα77 wα76 wα75 wα74 wα73 wα72 wα71 wα70 Rq32 S0 Z0 Rq90 Rb79 S0 Z0 Rq50 Rq37 S0 S0 Rp61 wq93 wq36 wq35 wq34 wq33 wq32 wq31 wq30 wq29 wb28 wb27 wb26 wα25 wα24 wα23 wα22 wα21 wα20 wα19 wα18 Rq32 S0

S0 Rp60 wq42 wα69 Rq33 S0 Z0 Rq89 Rb80 S0 Z0 Rq49 Rq38 S0 S0 Rp60 wq94 wα17 Rq33 S0

S0 Rp59 wq43 wα68 Rq34 S0 Z0 Rq88 Rq81 S0 Z0 Rq48 Rq39 S0 S0 Rp59 wq95 wα16 Rq34 S0

S0 Rp58 wq44 wα67 Rq35 S0 Z0 Rq87 Rq82 S0 Z0 Rq47 Rq40 S0 S0 Rp58 wq96 wα15 Rq35 S0

S0 Rp57 wq45 wα66 Rq36 S0 Z0 Rq86 Rq83 S0 Z0 Rq46 Rq41 S0 S0 Rp57 wq97 wα14 Rq36 S0

S0 Rp56 wq46 wα65 Rq37 S0 Z0 Rq85 Rq84 S0 Z0 Rq45 Rq42 S0 S0 Rp56 wq98 wα13 Rq37 S0

S0 Rp55 wq47 wα64 Rq38 S0 Z0 S2 S2 Z0 Rq44 Rq43 S0 S0 Rp55 wq99 wα12 Rq38 S0

S0 Rt54 wq48 wq49 wq50 wq51 wα63 Rq39 S0 Z0 S2 S2 S0 Rt54 wq100 wq101 wq102 wq103 wα11 Rq39 S0

S0 Rt53 Rt52 Rq51 Rq50 wt52 wq103 wt0 wα62 Rq40 S0 S0 Rt53 Rt52 Rq51 Rq50 wt0 wq51 wt52 wα10 Rq40 S0

S0 S0 S0 S0 Rq49 wt53 wq102 wt1 wα61 Rq41 S0 S0 S0 S0 S0 Rq49 wt1 wq50 wt53 wα9 Rq41 S0

S0 Rq48 wt54 wq101 wt2 wα60 Rq42 S0 S0 Rq48 wt2 wq49 wt54 wα8 Rq42 S0

S0 Rq47 wα55 wq100 wα3 wα59 Rq43 S0 S0 Rq47 wα3 wq48 wα55 wα7 Rq43 S0

S0 Rq46 wα56 wq99 wα4 wα58 Rq44 S0 S0 Rq46 wα4 wq47 wα56 wα6 Rq44 S0

S0 Rq45 wα57 wq98 wα5 wα57 Rq45 S0 S0 Rq45 wα5 wq46 wα57 wα5 Rq45 S0

S0 Rq44 wα58 wq97 wα6 wα56 Rq46 S0 S0 Rq44 wα6 wq45 wα58 wα4 Rq46 S0

S0 Rq43 wα59 wq96 wα7 wα55 Rq47 S0 S0 Rq43 wα7 wq44 wα59 wα3 Rq47 S0

S0 Rq42 wα60 wq95 wα8 wt54 Rq48 S0 S0 Rq42 wα8 wq43 wα60 wt2 Rq48 S0

S0 Rq41 wα61 wq94 wα9 wt53 Rq49 S0 S0 Rq41 wα9 wq42 wα61 wt1 Rq49 S0

S0 Rq40 wα62 wq93 wα10 wt52 Rq50 S0 S0 Rq40 wα10 wq41 wα62 wt0 Rq50 S0

S0 Rq39 wα63 wq92 wα11 wq51 Rq51 S0 S0 Rq39 wα11 wq40 wα63 wq103 Rq51 S0

S0 Rq38 wα64 wq91 wα12 wq50 Rt52 S0 S0 Rq38 wα12 wq39 wα64 wq102 Rt52 S0

S0 Rq37 wα65 wq90 wα13 wq49 Rt53 S0 S0 Rq37 wα13 wq38 wα65 wq101 Rt53 S0

S0 Rq36 wα66 wq89 wα14 wq48 Rt54 S0 S0 Rq36 wα14 wq37 wα66 wq100 Rt54 S0

S0 Rq35 wα67 wq88 wα15 wq47 Rp55 S0 S0 Rq35 wα15 wq36 wα67 wq99 Rp55 S0

S0 Rq34 wα68 wq87 wα16 wq46 Rp56 S0 S0 Rq34 wα16 wq35 wα68 wq98 Rp56 S0

S0 Rq33 wα69 wq86 wα17 wq45 Rp57 S0 S0 Rq33 wα17 wq34 wα69 wq97 Rp57 S0

S0 Rq32 wα70 wq85 wα18 wq44 Rp58 S0 S0 Rq32 wα18 wq33 wα70 wq96 Rp58 S0

S0 Rq31 wα71 wq84 wα19 wq43 Rp59 S0 S0 Rq31 wα19 wq32 wα71 wq95 Rp59 S0

S0 Rq30 wα72 wq83 wα20 wq42 Rp60 S0 S0 Rq30 wα20 wq31 wα72 wq94 Rp60 S0

S0 Rq29 wα73 wq82 wα21 wq31 wq32 wq33 wq34 wq35 wq36 wq37 wq38 wq39 wq40 wq41 Rp61 S0 S0 Rq29 wα21 wq30 wα73 wq83 wq84 wq85 wq86 wq87 wq88 wq89 wq90 wq91 wq92 wq93 Rp61 S0

S0 Rb28 wα74 wq81 wα22 wq30 Rp72 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 S0 S0 Rb28 wα22 wq29 wα74 wq82 Rp72 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 S0

S0 Rb27 wα75 wb80 wα23 wq29 Rp73 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rb27 wα23 wb28 wα75 wq81 Rp73 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

S0 Rb26 wα76 wb79 wα24 wb28 Rp74 S0 S0 Rb26 wα24 wb27 wα76 wb80 Rp74 S0

S0 Rp25 wα77 wb78 wα25 wb27 Rp75 S0 S0 Rp25 wα25 wb26 wα77 wb79 Rp75 S0

S0 Rp24 wb78 wα77 wb26 Rp76 S0 S0 Rp24 wb26 wα25 wb78 Rp76 S0

S0 Rp23 wb79 wα76 Rp77 S0 S0 Rp23 wb27 wα24 Rp77 S0

S0 Rp22 wb80 wα75 Rb78 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 Rp22 wb28 wα23 Rb78 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

S0 Rp21 wq81 wα74 Rb79 Rb80 Rq81 Rq82 Rq83 Rq84 Rq85 Rq86 Rq87 Rq88 Rq89 Rq90 Rq91 Rq92 Rq93 Rq94 Rq95 Rq96 Rq97 Rq98 S0 S0 Rp21 wq29 wα22 Rb79 Rb80 Rq81 Rq82 Rq83 Rq84 Rq85 Rq86 Rq87 Rq88 Rq89 Rq90 Rq91 Rq92 Rq93 Rq94 Rq95 Rq96 Rq97 Rq98 S0

S0 Rp20 wq82 wα73 Rq99 S0 S0 Rp20 wq30 wα21 Rq99 S0

S0 Rp19 wq83 wα72 Rq100 S0 S0 Rp19 wq31 wα20 Rq100 S0

S0 Rp18 wq84 wα71 Rq101 S0 S0 Rp18 wq32 wα19 Rq101 S0

S0 Rp17 wq85 wα70 Rq102 S0 S0 Rp17 wq33 wα18 Rq102 S0

S0 Rp16 wq86 wα69 Rq103 S0 S0 Rp16 wq34 wα17 Rq103 S0

S0 Rp15 wq87 wα68 Rt0 S0 S0 Rp15 wq35 wα16 Rt0 S0

S0 Rp14 wq88 wα67 Rt1 S0 S0 Rp14 wq36 wα15 Rt1 S0

S0 Rp13 wq89 wα66 Rt2 S0 S0 Rp13 wq37 wα14 Rt2 S0

S0 Rp12 wq90 wα65 Rp3 S0 S0 Rp12 wq38 wα13 Rp3 S0

S0 Rp11 wq91 wα64 Rp4 S0 S0 Rp11 wq39 wα12 Rp4 S0

S0 Rp10 wq92 wα63 Rp5 S0 S0 Rp10 wq40 wα11 Rp5 S0

S0 Rp9 wq93 wα62 Rp6 S0 S0 Rp9 wq41 wα10 Rp6 S0

S0 Rp8 wq94 wα61 Rp7 S0 S0 Rp8 wq42 wα9 Rp7 S0

S0 Rp7 wq95 wα60 Rp8 S0 S0 Rp7 wq43 wα8 Rp8 S0

S0 Rp6 wq96 wα59 Rp9 S0 S0 Rp6 wq44 wα7 Rp9 S0

S0 Rp5 wq97 wα58 Rp10 S0 S0 Rp5 wq45 wα6 Rp10 S0

S0 Rp4 wq98 wα57 Rp11 S0 S0 Rp4 wq46 wα5 Rp11 S0

S0 Rp3 wq99 wα56 Rp12 S0 S0 Rp3 wq47 wα4 Rp12 S0

S0 Rt2 wq100 wα55 Rp13 S0 S0 Rt2 wq48 wα3 Rp13 S0

S0 Rt1 wq101 wt54 Rp14 S0 S0 Rt1 wq49 wt2 Rp14 S0

S0 Rt0 wq102 wt53 Rp15 S0 S0 Rt0 wq50 wt1 Rp15 S0

S0 Rq103 wq103 wt52 Rp16 S0 S0 Rq103 wq51 wt0 Rp16 S0

S0 Rq102 wt0 wq51 Rp17 S0 S0 Rq102 wt52 wq103 Rp17 S0

S0 Rq101 wt1 wq50 Rp18 S0 S0 Rq101 wt53 wq102 Rp18 S0

S0 Rq100 wt2 wq49 Rp19 S0 S0 Rq100 wt54 wq101 Rp19 S0

S0 Rq99 wα3 wq48 Rp20 S0 S0 Rq99 wα55 wq100 Rp20 S0

S0 Rq98 wα4 wq47 Rp21 S0 S0 Rq98 wα56 wq99 Rp21 S0

S0 Rq97 wα5 wq46 Rp22 S0 S0 Rq97 wα57 wq98 Rp22 S0

S0 Rq96 wα6 wq45 Rp23 S0 S0 Rq96 wα58 wq97 Rp23 S0

S0 Rq95 wα7 wq44 Rp24 S0 S0 Rq95 wα59 wq96 Rp24 S0

S0 Rq94 wα8 wq43 Rp25 S0 S0 Rq94 wα60 wq95 Rp25 S0

S0 Rq93 wα9 wq42 Rb26 S0 S0 Rq93 wα61 wq94 Rb26 S0

S0 Rq92 wα10 wq41 Rb27 S0 S0 Rq92 wα62 wq93 Rb27 S0

S0 Rq91 wα11 wq40 Rb28 S0 S0 Rq91 wα63 wq92 Rb28 S0

S0 Rq90 wα12 wq39 Rq29 S0 S0 Rq90 wα64 wq91 Rq29 S0

S0 Rq89 wα13 wq38 Rq30 S0 S0 Rq89 wα65 wq90 Rq30 S0

S0 Rq88 wα14 wq37 Rq31 S0 S0 Rq88 wα66 wq89 Rq31 S0

S0 Rq87 wα15 wq36 Rq32 S0 S0 Rq87 wα67 wq88 Rq32 S0

S0 Rq86 wα16 wq35 Rq33 S0 S0 Rq86 wα68 wq87 Rq33 S0

S0 Rq85 wα17 wq34 Rq34 S0 S0 Rq85 wα69 wq86 Rq34 S0

S0 Rq84 wα18 wq33 Rq35 S0 S0 Rq84 wα70 wq85 Rq35 S0

S0 Rq83 wα19 wq32 Rq36 S0 S0 Rq83 wα71 wq84 Rq36 S0

S0 Rq82 wα20 wq31 Rq37 S0 S0 Rq82 wα72 wq83 Rq37 S0

S0 Rq81 wα21 wq30 Rq38 S0 S0 Rq81 wα73 wq82 Rq38 S0

S0 Rb80 wα22 wq29 Rq39 S0 S0 Rb80 wα74 wq81 Rq39 S0

S0 Rb79 wα23 wb28 Rq40 S0 S0 Rb79 wα75 wb80 Rq40 S0

S0 Rb78 wα24 wb27 Rq41 S0 S0 Rb78 wα76 wb79 Rq41 S0

S0 Rp77 wα25 wb26 Rq42 S0 S0 Rp77 wα77 wb78 Rq42 S0

S0 Rp76 Rq43 S0 S0 Rp76 Rq43 S0

S0 Rp75 Rq44 S0 S0 Rp75 Rq44 S0

S0 Rp74 Rq45 S0 S0 Rp74 Rq45 S0

S0 Rp73 Rq46 S0 S0 Rp73 Rq46 S0

S0 Rp72 Rq47 S0 S0 Rp72 Rq47 S0

S0 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 Rp61 Rp60 Rp59 Rp58 Rp57 Rp56 Rp55 Rt54 Rt53 Rt52 Rq51 Rq50 Rq49 Rq48 S0 S0 Rp71 Rp70 Rp69 Rp68 Rp67 Rp66 Rp65 Rp64 Rp63 Rp62 Rp61 Rp60 Rp59 Rp58 Rp57 Rp56 Rp55 Rt54 Rt53 Rt52 Rq51 Rq50 Rq49 Rq48 S0

S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0 S0

Suspiciously 
simple fact

All layers stay 
synchronized



Almost there

52

Total dark blue hidden 2n–periods = 2r + 1 + w(2k + 1)
= (2k + 1) + 2r + 1

Total light blue = 5+x+1+2+2w+6+x+5+4+7
= 2(w + x + 15) = a multiple of 2n

First compute w ≥ 1
Set x = n ⌈(w + 15)/n⌉ – (w + 15) = compl(w+15, n)
Then ad!ust k and r and z

Total hidden length is 2n(w(2k+1)+2r+1+z)+2(w+x+15)
minimum "alue is for (w,k,r,z)=(1,1,#,#)
2n($+1)+2(2+x+15) = 2n%5 for n≥1&
so 'e need a special design for 2nm 'ith m ≤ (

x and 	 onl) depend on w (not k nor r)*
x = compl(w+15,n)
	 = compl(w+1#,n)
so if 'e +, w mod n, then x and 	 are +,ed "alues
for instance if w = (n – 15) mod n, then x = # and 	 = 5

Total length of blue inside the bo, =
n
+ n(2k+1)
+2(k–r)n+2w+2	+2#
+(2r+1)n+2(w+x+15)

= n((k+$) + 2(w+1#+	) + 2(w+15+x)
= n((k+$) + 2 ne,t(w+1#, n) + 2 ne,t(w+15, n)

Total length of pink inside the bo, =
n
+ 2nw(2k+1)
+2n(2r+1)
+2(w+x+15)
(+ 2nz)

= n(((k+r)+5+z) + 2(w+x+15)
= n(((k+r)+5+z) + 2 ne,t(w+15, n)

2n(2r+
1)

2nw
(2k+

1)

3
3

2 2

2(k–r)�

2w+6+�

4+�

2

1

3 3

4

3

2

(2r + 1)� + 4

3

x (+ ��)
5

3

16

2w + 5 x (+ ��)

16

2w + 7

4

2(k – r)� + 2w + 2� + 20
must be a multiple of 2�

� = distance to next multiple of � of
(w + 10)

3

�(2k + 1) – 1

1

(2r + 1)�

(2r + 1)�

2w + 5

6

4

6

2w + 6 + x (+ ��)

9

2w + 1 + x (+ ��)

2w

2(k – r)� + 1

x (+ ��) 1

2

5

4

n – 5 + 2w + x (+ nz)

n – - ne,t(2w+1+x (+nz), 2n)

� – 16 5 5

� – 16

� – 18

� – 20

2w + 6 + x (+ ��)

�

�
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Almost there
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Conclusion
• Furthermore, Oritatami & Turmite doodles can have any 

density expressible in… Π2 (?)


• No need for parallelism 

• No need for 3D 

• Lines just don't cross!


• Some more work and we'll have an running 
implementation!


• New tools for Oritatami: Folding meter, oubliettes, 
distant sensor & crazy speedbumps!
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