Appendix

Self-replication and genotype-phenotype mapping of a digital organism.
The entire replication cycle of a digital organism with the smallest genome required
to perform the logic operation NAND is depicted in 75 steps. In each step, the
genotype of the parent organism is represented on the left as a circular set of
12 instructions (depicted as letters). The growing offspring is represented to the
right of its parent. An instruction pointer (black) indicates the instruction that
is going to be executed. Three additional pointers—read-head (blue), write-head
(red), and flow-head (green)—are used to specify positions in the CPU’s memory
of the organism. Initially (step 1), the instruction pointer and the three heads
are located on the first instruction of this organism’s genome (w: h-alloc). Arrows
indicate the movement of the instruction pointer and write-head from the previous
to the current position. Beyond the instructions necessary for copying the genome,
the genetic language in Avida contains instructions for storing and manipulating
32-bit numbers in buffers (input-1 and input-2) and registers (AX, BX, and CX).
In this cartoon, each binary number is represented as a sequence of 32 boxes,
one for each bit. The value of each bit is depicted as a black box if it is 1 and
as an white box if it is 0. When an input-ouput instruction is executed (y), the
organism outputs the number stored in the BX register. The latest output number
provided by the organism after executing an input-output instruction is shown as
a sequence of 32 boxes as well. No-operation instructions (i.e., a, b, and ¢) do not
do anything when executed but modify the behavior of the instruction preceding
them (e.g., steps 3 and 4). A copy command (instruction v) reads the instruction

indicated by the position of the read-head and writes that instruction in an empty



memory space located at the position indicated by the write-head (e.g., step 7).
Other instructions (e.g., the move-head instruction represented by the letter g)
move the instruction pointer to a position indicated by the flow-head. But, if the
no-operation instruction nop-C (¢) precedes an instruction that will move a head
(e.g., in step 3 ¢ precedes g), the write-head (instead of the instruction pointer)
is moved towards the flow-head. For each step, we provide a short description
explaining what the instruction to be exectuted will do. The current values of the
binary numbers stored in the buffers and registers are shown before the execution
of the corresponding instruction. In step 20, the output that will be provided by
the execution of an input-output instruction is the result of applying the NAND
logic operation on the two input numbers previously stored in the buffers. The
result of the NAND logic operation is 0 if and only if the value of the bit of the
two inputs is 1, and 1 otherwise. In the next step (21), boxes depicting the output
number are colored in red instead of black when the bit value is 1 to highlight
the accomplishment of the logic operation). After completing genome replication,
the parent organism “buds off” its offspring. Then, the cycle starts again for both

organisms independently (each one located in its own memory space).



(w) h-alloc
This instruction allocates additional memory for the organism's offspring
(i.e., the equivalent to its genome size),
that will be located from positions 12 to 23.
input-1 JOMCOEOCEEECRO00COROONEROOOOREON00
input-2 MM 000000000000000000000000000

register-AX JO0000000000000000000000000OARO0
register-BX OO 0000OO0O00O0000O0DOOOOOOO00O0OOOO
register-CX OO0 0000000000000000000000000O000O0O

output JO000000000O0O00000000000000000O0OO

(j) set-flow
This instruction moves the flow-head (green) to the memory position denoted
° in the CX register. But, since a nop-A instruction precedes it, the flow-head
g will be moved to the position denoted in the AX register (the complement to CX)
(the binary number 1100 stored in the AX register equals 12 in decimal),
‘ which is the first position of the memory allocated to the new offspring.

input-1 OOMONCORERCEOOOORCONREROO00ONRCRO0
input-2 BB ORO000000000000000000000000000

register-AX 0O000000000000000000000000C0CHAO0
@ register-8BX DOO000000000000000000000000000000
register-CX 10000000 0O0O000000O0OOO000000O0O00000O0

output JOO0000O00000O0OO0OO0O0000O000O0ODO00O

(g) move-head
This instruction will cause the instruction pointer (black) to jump to the position
in memory of the flow-head (green). But, since a nop-C instruction precedes an
instruction that will move a head, the one to be moved will be the head associated to
the non-C instruction (i.e., write-head; in red) instead of the instruction pointer.
et (] (o] [m[m] | | [m] [m[mmm] (sl ] | [w(sfsisl | (] jss]
input-2 AEOROO000000000000000000000000000

register-AX OO0000000000000000000000000CCAMO0
register-BX J O OO000000000O000O00OO0000OOOOO0OOOO
register-CX O 0000000000000 OO0O0OO0O0OOO0O0OO0O0OO0O

output JOJO0000000O0O0000000000000000000

(z) h-search
Since this instruction is not followed by any no-operation instruction,
both BX and CX registers will be set to zero, and the flow-head (green) will
be placed on the instruction immediately following the h-search instruction

(to mark the beginning of the copy loop).

input-1 DOMOROORERCOROOO0OROCORERO000ORRORO0
input-2 AMEORO000000000000000000000000000

register-AX 00 00000000000000000000000000MEBOO
register-BX OO0 00O0000O0O0O00OO0000000000000000
register-CXOOOOOO000O0OO00D0O00O0OOO0000O0DOOOOO

output JJO0000000O0OO0O0000DOOOODO00000DO




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).
input-1 JOROROUEEECROCODCOROCEERDOOONRONDD
input-2 MEOR 00000 00000000000000000000000

register-rAXOJ 000000000 000000000000000000NAOO
register-BXO0 00000 0000000000000000000O0000000
register-CXO OO0 0O000O00O00O0O00O000000O0O0O00O00O0O00O

outputOJOJO000000O00000000000000000000000

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.

input-1 JONONOONERONCOOO0OROCNERCOOCORRORO0
input-2 EEOROO00000000000000000000000000

register-AX 0O OJ0000000000000000000000000OMMOO

register-BX 000 00000000000000000000000000000

register-CX 0000000 000000000O0000O0OO000OOO0OOOOO

output JOJOID0OD000000000000000000000000
(v) h-copy

This instruction reads in the contents of the organism's memory
at the position of the read-head (blue), copies that
to the position of the write-head (red), and advances both heads.
input-1 JOMDROUEERCROCODCORCOCRERDCDOONROROD
input-2 EEOEOO00000000000000000000000000

register-AX OOO000000000000000000000000CAEROO
registerBX HNNENNNNNEEEEEEENEENEEEENEEEEEER
register-CX JOJ 0000000 0O00O0000O0000O00O0O0OO00O00O0O0OO00O

output 00000 000000000000000000000000000

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1 JONCOEOCNEECORCOODOOROONEROO00ONRON0O0

input-2 AROROOO000O000000000000000000000
register-AX OO 00000000 0OIDO0OODOOODOOOOOOOMEDD
register-BX HNNENNEEEENEEEEEEEEEEEEEEEEENEEEE
register-CX OO OO00000000000000000000000000000
output OO0 0000000000000000000000000000

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 OO ONEEECEOEEE
input-2 OJOMO M

register-AX OO0 0O 10000000
register-BX OOOONEEEDC EENCEEEEERCO0O0 | |
register-CX 10O 00000000000000000000000000000

output IHNEEEEEEESEENEENEENEEEEEEEEEEEN

_Im] |
mim] |

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.
input-1 0O000OM
input-2 JOCMOM

register-AX OO0
register-8X JOOCNEEEDC HEC
register-CX 100000 0000000000000000000000000O0

output IHNEEEEEEEEEEEEENEENEEEEEEEEEEEEN




with its complement (CX register).

input-1 JOCCOME
o input-2 JOMOEOO IIDIDDDDIDD
e register-AX 0000000 000O000000000000000000MECI0

1. o0
- o 0 This instruction swaps the contents of the BX register

register-BX DOOOJNEERORCEEENECEEEEERCOCONNNERD

e . register-Cx 00000000000000000000000000000000
0 output HINEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.

input-1 DDDDIIIIDIDIIIIDIIIIIIDDDDIIIIID
input-2 OOMOROCOREROROO00OROONEROO00N

register-AX JO00000000000000000000000000MMOO
register-BX OOOOO0OOO0OOL H 10000000000000000L oo
registe-CX OOOCHMEERCOROEEENEEEEN _|m}

output INEEEEEEENEENEESEEEEENENEEEEEEEEN

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the read-head (blue), copies that
to the position of the write-head (red), and advances both heads).
input-100DOM
input-2 JOJMO

register-AX OOOOO0O0OOOOC
registerBX INNENNENN
register-CX JOOO

output MMM

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1 OOOCMEERCRCOEEENEEEEENCO00CENEEED
input-2 OOMOROCOREROROO00OROCONEROO00ONRCRO0

register-AX OO OO0
register-BX HEE
register-CX DOOOME

output INENEEEEENENEEEENEEENENEENEEEEEE

1 (X) h-divide
" o 0 This instruction is used by an organism to divide off a finished
o ’ Q offspring located between the read-head and the write-head.
0 Since the offspring is not finished yet, nothing happens.
o @@ input-1 JOMM
‘ input-2 OO
e @ register-AX 0000000000000000000000000000
register-8X JMEOC EOORRCOCOOROOROORD
Ge register-Cx OO0 ooo
output HENE

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.
input-1 JOMMOC
input-2 OOOC MM

register-AX OO 00000000 O0000000000000000CERCINO
register-BX DDIIDDIIIDIIDDIIDDDDIDDIDDIDDDII
register-CX OOOCME m] | |

output INEEEEEEENSEEEEENEEEEEEEEEEEEEEEN




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).
input-1 OO MM OEECOEEOODORDOEOCOROOCONEE
input-2 OOOO m|mmim] |
register-AX 1000 000000000000000000000000ME00

register-BX JOREONEEDEEDONEDDODONDCOROORDDODER
register-CX 0OJOO

output B

(u) nand
This instruction reads in the contents of the BX and CX registers

and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.
input-1 OOMMOO OENCOREO0DORDORO0RDOOE
[ ] ] ]

input-2 OOOO
register-AX 00000 000000000000000000000CCK
register-BX JOOCHEERECNCEEENCOEEEEREROCOO0CONERENED]
register-Cx 00O EOOERCO000OROOR0ORO00ONE

output Il ||

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the read-head (blue), copies that
to the position of the write-head (red), and advances both heads.

input-1 OO MM [mm) OooOROORCORDOODEE

input-2 OO0 OooOml O
register-AX 0OO00000000000000000000000000OMROO
register-BX Wl |_{mim|

register-CX

output ENEEEEN ENEEEEEEEEEEEEEEEEEEEE

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.
input-1JCOJM
input-2 OOOO

register-AX [J[
register-BX
register-CX JOJMEOO

output |

OoO0ORO0ORO0ORO00=
||

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 DNCHORCNCEOCNONNOENCONCEEOCORO00EE
input-2 JOMMO0O EOCOERCODOROOROOROO0OEE

register-AX 0L 1000000000000 HNE

register-BX O

register-CX OOMEOO ERCORROO00OROOROOROO0N
output B | [mim] | | |m[ | ]

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.
input-10J ONECORCERCOROO0
input-2 OO OoOOROOROOROO00EE

register-AX 0000000000000 O000000000000000OMBOO
register-BX O ] COONCEECON OmmOOmoogd
register-CX OO m]

output ENENEN NN NN ENEENCEEENNEEECE




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).

mputlDIDIDIDIDIDDID HOERCOROEECOOROOON
input-2 00 m] | |m] OOoOROOROOmO00

register-AX JOJO000000000000000000000000CAEMO0
register-BX JNCEONONDECUNEOENCENEONCOEEOONO0COEE
register-CX OONROCEEROREOONROOOOROCONOONCOOC0NR

output HE EOCOEmE0

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.
input-1 JNCMONCMOROCE og
input-2 OOMECOCEERCOERCORRCOO00ORO0ORCOCROOCM

000000000000000000000000RE00
oomOOmOoo0

register-AX OO
register-8X OOJ
register-CX Ol

output W

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.

input-10M m] | OmECRCOERCOR000
input-2 OO M DD.I.DI.DD EOOOOROOEOOROOOM
register-AX JOO0D0O0000000000000000000000NEO0
register-BX ONEEEENCD
register-CX OJ
output HEE EEEECEEECON

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1 J M DIDIDIDDID EOEECRCOEECOROO0CE
input-2 00 EDONRDO000OROONOCROO0
register-AX JOO000OOO00000000000000000000CNEOD
register-8X HEECIEE L] |mim] } [ Im| | Im] | | lwim}
OOmOmEEO EROORCOOOEE

register-Cx CJH

EOONEECEN]

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 0000 oooom
lnputZDIDIDIDIDIDDID L |u| OROEEDOECOO

register-AX 00000000000 000000DO000000000EED0
register-8X JOCCM OmCmm mO000m ]
register-Cx MCIM om0 ]

output HEECIE ml [ 1111 [mimf

| |mim)

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.

input-1 0000 1]
input-2 DIDIDIDIDIDDID L |u|

oooom
m] |m] | ms| [wiwls] |

register-AXx 00000000000 000000DO000000000EED0
u _|m| oooom |m}

register-8X JOOCIH
register-CX JHOM

output HENECEEEEEEEEECCN

mim] |
ml | im] | | jmim}




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).
input-1 JODOMMEECND
input-2 ONONOROEOEO

register-AX 00000000000
register-BX JOOUMEEEORC
register-CX IRORONOMOMON

30. o
[ o ° This instruction reads in the contents of the BX and CX registers
o 9 and performs a bitwise NAND operation on them.
‘ 06 The result of this operation is placed in the BX register.
0 @@‘ input-1J0CCMMENCEC
g input-2 ONCEUEOMOEOOE
0 . register-AX OOOL H 1000000000
register-BX JECOH mOomO
register-CX Salatal - HaHs
output ENECEEECEE

oooom
| | [ml |m] | ;] |msis] | ]
000000000 m
EROON

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.

input-1 JDOCOMEEECED

input-2 ORCOECORORCROONONEO IDIDIIDDIDDDI
reg\sterA)(V—U_H—U—U_H—U—U_\mﬂmmﬂmﬂmmﬂmmﬂmﬂmmﬂmm. DD
registerBX HNEENCRONCENCNONNOUND [ ]}
regnsteerDDDDllllD

output HNECEEECENE

OEECOEECONEEC0

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input- IDDDDIIIIDID
input-2 OMCOIWO
register-AX [
register-8X HE
register-CX JOOONEEET]

output HENCEEECEE 1L

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-l1D0MEDCNEECOEEDD IDDDDIDDIDDIDDDI
input-2 OOO0OMEEECE

register-AX 000000000000 000000000000000CEEOC
register-BX OONBOCNEENOERCONEDODDNDOROOROCODEE
register-CX JOOCHEEEON HEE BOOOOm

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.

input-1 DODOMEOCDEEECEEOCOEEDODCDRO0OROONODDEE

input-2 OOOCMEEECREEENOEEEEERCO00ONEEEED
register-AX 00O 000000000000000000000000C0N
register-8X JCMECICIN oomo
register-CX OO MEEE

output HINEEECEO




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).
input-1 JOMMOCMEED
input-2 OO0 MEEEOE
register-Ax J000000000000000000000000000MRO0
register-8X JONECCNERECONECOORROCDOCONOOROOROOO
register-CX OO0 HER

output INEEECNCORONECNONEEOONOEEEENCEERCE

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.
input-1 JONEOCEEEDEEDONRO0DONDOROORDOCEE
input-2 OO EEEECECEEEECEEEEEECO0OEEREED

register-AX 00000000 O0OOC 10001 10000L

register-BX JOOONEEEDE OooOom

registe-CX OOMEOONENCEEOO OOO00OROOROORO00E
| mim] |

output M EORORCEED

]

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.

input-10CJM OE0OEDODEE
input-2 OO0O0O OOOOEEEEED
register-AX OO0 OO000000000000000000000000CAEOD
ENECEEEDE

register-BX W
register-Cx J

output INEEECNCOROERCNOEECOONCEEEENCONEECE

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.
input-1 JOMMOCE uim] [uin] |
input-2 DOOCMEEECE oooom
registerAX JJJ0000000000000000000000000MEO0
EEEEECCR

register-BX W
register-CX [J mim} ||

output INEEECNCNEECOEC NN EEEENCEEEDE

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 M | CEEONCERCOROO0
lnputZDDlIDDIIIDIIDD BOO000OROOROOEODOE
register-AX 0000 00000000000000000000000CAROIO
register-8X CJH [} [} HONRCOEROOEOO0
OoO00OmO0mO0mO00

register-CX 00
output HINEEEECEENCNN( il ]| ml |

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.

input-10 _|m]_Im] [mim] | ONRCEONEOCORO0O0
InputZDDIIDDIIIDIIDD ROODOROOROOmO00N
register-AX OO 0000000 000000000000000000CAROO
register-BX JRCOMORCONOMOCED OEROROEROCOEO00
register-CX OO ml | | lm} OoO00OROORO0ORO00

output HNEEENCOCEEEENCEEEENCEEEENCEEECE




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).

input- IDIDIDIDIDIDDID HOEEONCEECOOROOON
input-2 OO [ L (=] | Im} DO0OE00OROCOmO0O0N

register-AX 0O OO0000000000000000000000000RROO
register-BX JRCEORONDONDDEOEECEEONCOEROONO0CEE
register-CX DJOMEOONERORROOEROO0COROCOROONOCC M

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.

input- m] | OERONCOEROORO00
input- 2 DDIIDDIIIDIIDD EOOOOE00OROOEODOE
register-AX 00000000000 0000000000000000CMEO0
[}

register-8BX IO OUNENCERCONROODONOCDEO0
register-CX (] Oom | [mim] | OemOmOEROOmO00

output ENEEENCONENENEEEEECENENENCNENCE

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.
input-1CJM | |m] ml | |u] Im] | mlw| |sjs]s]
mputZDDIIDDIIIDIIDD EOOOONOOROOROO0OE
register-AX D0 00000000000000000000000000M DD
COEEEEERCD

register-BX W
register-Cx [l

output HEN

| |mim] | | |m] | i | ] | |m] |

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1CJM COEOOEO OEEORCEEOORO0O0

input-2 OOMBEOOEEECEROONRCO0OR0COR00RO00
register-AX !—U—\!_\!_\!—U—\!_\!—H—\!—H—H—H—H—H—H—H—H—H—H—H—H—H—H—H—H—H—H—\-.DD
register-BX M EEEERCC [ m] [ Im] | |m] |
register-CX [ l

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 0000

input-2 OMOH
register-AX 000000000 0000000000000000000RRO0
register-BX DOOCHEEEONCEEEE | | imimimiml | 1 ] ] Im|
register-CX OECIH m] |m] OOomO00Es

_|m[m)

output W

(g) move-head

This instruction will cause the instruction pointer (black)

to jump to the position in memory of the flow-head.
input-1 J0OCM
input-2 OMCIH
register-Ax 00 00000000000000000000000000ME00
register-BX JOOCHE EROOOCNEEEED
register-CX JNCIM DOoROO0OEE

moo

CENEEEECON




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).

input-1 0000 Oom [ ] ] [mjm]mim]

input-2 OMCMOMONCORCONCONRCOERONCONROORO0ONE
register-Ax J000000000000000000000000000
register-8x OO0 OmCm CEEENEROO00
register-CX MCIM

output W

|_|m]m)

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.

input-1 0O OO Oom EEECO00

input-2 JRCORONONONOONOEECOEECECERDOR000EE
register-AX DO 00000000 000000000000000000 MEO0
register-8X DECOECEDEONODNDENDEECNONEOCED
register-Cx 0000 ml jwl | OumENERO000

output EEECON DONEEECOEECE moo

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.

input-1 JOOCM
input-2 JMO MO

BOoOO0
OEmOEOER00OR000EE
oo

register-AX [ 100000000000000000

register-BX H M| ] m] |

register-CX OO 1000 ]
output Il | miml | | ] jml | lml | [m} | | [mlm]

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.
input-1 OOOOM ] 11 111 [mimimin] |
input-2 MM ] | |mim]

register-AX JOO0000O000OC
register-BX B EC] ]
register-CX OO

Oo00000000000c
HOENDONCEEEENCOEENOE
100t ]

| Imlml ] ] sl | [ml | Imf | | |mm)

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 OCJMECICH
input-2 0000 COEEEEENCCOO0OEE
register-AXx J000000000000000000000000000MEI0
register-8X JOMEUOCIE CEECODONEOOOONDOOROONDDDNE
register-Cx OO OO || [mimimim] | | [m]
output lIE

51

mim] Iml 11 ]| sl }

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.

input-1 O MM DooE0OEo0O
input-2 OO OCM OmOm CEEEEEEOO00
register-Ax 0000000 0DODOO00DO000000000000NEON
[m] | Imm] }

register-8x JOMEOC]
register-cx 0000

output MM

DOOOEDOROOEO
EEEEROO00

mim] Im] 1] ]}




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).

input-1 JCJM

input-2 OO OO
regist 0000000000000000000000000000Mm00
register-8Bx JOMEUIC] HOONEOOODEOOROOROOCEE
register-Cx 0O 100

output lE

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.

input-1 OOMMOICI EOEECOOEEDDODROOROOROOCEE

input-2 OO0 100 ]
register-AX OOOOC 1000000 ]
register-BX JOO mimimin} | ] |
register-Cx JCOMEOO OOERO000RO0OROORO0OC=E

output Il

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.

input-lDOMEDOEERCOENDOREDDDOROOROOROODEE
input-2 OOOCOAEEECECEEEEOEEEEERCO0CSEEEEC

register-AX O o o o o DOo0oO0COMEon
register-8X H ENCEEECE
register-CX OO MO OOERO000RO0OEDORO00EE

output W

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1JCOMMOD
input-2 OOOCME

register-AX CIL [m[m]i
register-BX W
register-CXx OO MEOO

OENCONEDODDRDORO0OEDCODEE
1000C ]

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 INCONOEONOEDCOEOEEOEEONCERCORCOONE
input2 CONEOCNERCEROCRECCOOOROORCOORO00EE
register-AX 0O 000 00000000000000000000000ME
register-BX CIl omc
register-Cx OO MO0

output

OmeECEOEROORO00
OO0OmOOmOOmO00
Il 1]}

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.

input-1 ONCNCECORONDONCERCERCONCOEECONCOONE

input-2 OOMEOCEEEOERCORECO00OROOROONOOOEE
register-AX 0000000000000 000000000000000M )
register-8X Ol 0 m]_|m} EECEOEROORO0
register-CX OOJMEOICI EOOEEO000OR0OR00EDO0EE

output | | ]




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).

input-1 CNCNORCECEDDEOENCENOROREOOROO0M

input-2 OOMEOCONERCOERDOEROOOOR00OR00OR000R
register-Ax JJ000000000000000000000000COMEO0
register-BX CHOMCNCNORDONONEORNORONROORO0
register-CX OO (m] O (m] OomO

output M

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.
input-1 NCMOEONCEOORCEECEEONCEROOR000ES
input-2 COMEOCMERCEROCNRC00ORC0OROCROO0RE

register-AX 000000 0o000000000000000000mME00
register-8X O L) MMOC) EEOORRC000RCOROORO00N
register-CX OMOMOMO OROERCEEORCORROORO00N

output INNEENEENCENEEEEEEEEENOEERCN

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.

input-1 CNCMOMD mim| Im] | Is| | Ju] [ | [ssjs) fosi{m]
input-2 OOMmO0H OOMRO0000R00R00OR00
register-AX CJ
register-8X Ml
register-CX MO MO MO

output Ml

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1 CNCNONDECNDONOEECENONOEEOORO00EE
input-2 COMEOCNERCERDOERO000R00ORO0OR000ER

register-AX 0000000000 000000000000000000NN00
O |m] [} Cm DEID 0

register-BX M|
register-CX

output Ml

[ 1] (mim] | | Is[ ]

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.
input-1 OO MMM N MOm
input-2 OMCOI WO [ |m]m]
register-AX 0OOO0O0O!

register-8X 0000
register-CX OMC M|

output M [

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.

EONCEEENCEENEERCO00CNEEEED)
EORCORCEROERCRCEROOR000E

input-1 JOOCM

input-2 OMCOI WO
register-AX 00000
register-8X 0000
register-CX JMCIMO




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).
S Amiminiml | | | m] Jul 1] Iml T T] 7] [miwmisf 11711
input-2 OMOMOMCOMCRCOOROENOERCNCNROONCO0EE

register-AX 0O0O0O0
register-8X OO0
register-CX JEMCIEO

output EEECIN

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.

input-1 D00 MENECND mimimin] | ]|}
input-2 ONONCONCNOROCECOENOEEDOEDOEECOR0O00
register-AX 000000000000000000000000000C0 MO0
register-8X CHONOEDNECONOCNDEEDENDNDENOONDDCDEE
register-cX JOOCNEEEO MO L lm] | DODOMEEEED

output HEECEE EOEECOEEEC0

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads.
input»lDDDEEl ID=SIIIIDIIIIIIDDDDIIIIID

input-2 WO OEOEECEECNCOENECOOR000EE
register-AX JOOOO00000000000000000C] ]|} |mm]
register-8X HEEN | |m} L]
register-Cx OOOOM OOOCOEEEEED

output HNECIE OEECEEEC0

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1 JOJODMENECOEON OOOOMEEEED
input-2 ORCORONOEORO0 EROORO0OCES
gister-AX JOOO0 00000000000000000NE00
register-8X HEEE L]
register-cCX OOOOE
output HNECE

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is not finished yet, nothing happens.

input-1 JOMEO0O ] Imiw] Imimim] | |
input-2 DOOOMEEECO RO O DODONEEEEC
register-Ax 00000000 0O00000000000000000CMMO0
register-8x OO | | | | | jsim| DOOOMOOROCONODOEE
register-CX DOO O MM mimmml ]| ] u]
output ENEEECED

EEEECEEEON

(g) move-head
This instruction will cause the instruction pointer (black)
to jump to the position in memory of the flow-head.

input-1 OO MMO m]_|miw] wimim] ]| )
input-2 OOOOMMEEC RO O DOOOMEEEEC

register-AX 0000 000000000000000000000000REOI0
register-8Bx JOMECICI EOEECD OOOOROOROCORODOEE
register-CX OO O M|

output EEEEED




(r) swap
This instruction swaps the contents of the BX register
with its complement (CX register).
input-1 JCOMMOC [u] | |usl | wisws] |wis] [sfs] s ] ]
input-2 0000 1 OOOOMEEEED
register-Ax 0000000

register-8X JCJM
register-cx OOOCH

output

DO000000000000mE00
] Imim] | ml ]}

| | [m)
| 1m] |

(u) nand
This instruction reads in the contents of the BX and CX registers
and performs a bitwise NAND operation on them.
The result of this operation is placed in the BX register.

input-1 OO MM
input-2 0000
register-AX 0000000000000000000000000000MMO0
register-Bx JOCICIM OmCEEEED) mimimin] 1] | |m)
register-CX OO

(v) h-copy
This instruction reads in the contents of the organism's memory
at the position of the red-head (blue), copies that
to the position of the write-head (red), and advances both heads
(the read-head to position 12 (first position of the offspring)
and the write-head to position 0 (the first one of the parent).

input-1 MM O M

input-2 0000
register-AX
register-BX
register-CX OO MEO DM

output Il

ORROCOEROOOCORDOROORCOCDEE
[ 1] OOOONMEEEEC

(y) input-output
This instruction takes the contents of the BX register and outputs it,
checking it for any tasks that may have been performed.
It will then place a new input into BX.

input-1 OCIM|
input-2 0O000M
register-AX D000 000000000000000000000000EEO0
register-BX oom ml | [ml m] | =] |
register-CX O mO
output INEEECOEOECOERCOROEEDONCEEEEECEERCOE

(X) h-divide
This instruction is used by an organism to divide off a finished
offspring located between the read-head and the write-head.
Since the offspring is actually finished (all its memory positions
have been filled), both organisms (each one located in its
own memory space) start the process again.
input-1 M ] Jml T Twl | Tw] Tuf | Tu[u] [u(mim | |
input-2 00 OCEmOOER000ORCORCORCO0EE

register-AX 00J00000000000000000000000000MEO0
register-BX OCHNORORCRONOCRCOENCOERONCOEROOROOOEE
register-CX 0 ool DOEE0000R0O0!

output

76



