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Outline

e The Push programming language

e Types and control without syntax

e Evolving Push programs

e Understanding expressive program evolution

e Evolving program evolution



http://crossmark.crossref.org/dialog/?doi=10.1145%2F3205651.3207867&domain=pdf&date_stamp=2018-07-06

Push

Programming language for programs that evolve
Data flows via per-type stacks, not syntax
Trivial syntax, rich data and control structures
PushGP: GP system that evolves Push programs
C++, Clojure, Common Lisp, Elixir, Java,
Javascript, Python, Racket, Ruby, Scala, Scheme,

Swift; build your own in any language quickly

http://pushlanguage.org

The Push VM

True

integer mult False
boolean_and 7 True "Hello"
(3 string_dup) -20 True "Push"
integer_add 100 False "Evolution!"
I I S N B
.
Exec Integer Boolean String ..o

978

Expressive

e Multiple types

e Arbitrary control

e Multiple tasks (use lexicase selection)
e Self reproduction/variation (optional)

® Flexibility, resilience, neutrality

Push Execution

® Push the program onto the exec stack.

® While exec isn't empty and we haven't hit the
step limit, pop and do the top:

® If it's an instruction, execute it.
(Insufficient arguments? Do nothing.)

e If it's a literal, push it onto the
appropriate stack.

e If it's a list, push its elements back onto
the exec stack one at a time.




Example Execution

True
integer mult False
boolean_and 7 True "Hello"
(3 string_dup) -20 True "Push"
integer_add 100 False "Evolution!"

I I S N B
Exec Integer Boolean String . e
False

True "Hello"
(3 string_dup) -140 True "Push"
integer_add 100 False "Evolution!"
I I S N B
Exec Integer Boolean String ..o
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True
False
boolean_and True "Hello"
(3 string_dup) -140 True "Push"
integer_add 100 False "Evolution!"

I S S B B
Exec Integer Boolean String . e
False

3 True "Hello"
string_dup -140 True "Push"
integer_add 100 False "Evolution!"
I S S B B
Exec Integer Boolean String e




False

True "Hello"
string_dup -140 True "Push"
integer_add 100 False

"Evolution!"

Exec Integer Boolean String . e
False "Hello"
True "Hello"
-137 True "Push"
100

False "Evolution!"

I S B N
Exec Integer Boolean String
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False

integer_add 100

True

True

False

"Hello"
"Hello"
"Push"

"Evolution!"

Exec

Integer Boolean

String

Full Program

(1 2 integer_add)

5§ 5 5§ |
Integer Boolean

Exec

String




1
2

integer_add
I I S N B
Exec Integer Boolean String . e

2

integer_add 1
35 5 5 B |
Exec Integer Boolean String oo
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2

integer_add 1
I S S B B
Exec Integer Boolean String . e

3
I B B B
Exec Integer Boolean String e




(1 2 integer_ add)
leaves 3 on the integer stack
(True False boolean or boolean_not)
leaves False on the boolean stack
(3 5 integer 1lte)
leaves True on the boolean stack
(3 5 integer_ lte exec_if (1 "yes") (2 "no"))

leaves "yes" on string, 1 on integer

Selected Integer Instructions

integer add integer dec integer div
integer gt integer fromstring integer min
integer mult integer rand

Selected Boolean Instructions

boolean and boolean xor boolean frominteger

Selected String Instructions

string _concat string contains string length
string removechar string replacechar
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For Most Types

<type>_ dup
<type>_empty
<type> eq
<type> flush
<type> pop
<type> rot
<type>_ shove
<type> stackdepth
<type> swap
<type> yank
<type>_yankdup

Exec (selected)

Conditionals:
exec_if exec_when

General loops:
exec_do*while

“For” loops:
exec_do*range exec_do*times

Looping over structures:
exec_do*vector_ integer exec_string iterate

Combinators:
exec_k exec_y exec_s




More

code_car print_newline integer_sub integer_inc boolean stackdepth return exec_pop vector_integer_eq autoconstructive_integer_rand boolean pop
Goncie. close. The string Tronchas vector Sering shove 2Lp_yankdus genone. new veotor floal yankdup Rec. yonkdup vector inteqsr. SRove intZser yankdup Fering flush

boolean_swap zip_empty exec_shove vector_boolean_yank code_eq exec_y boolean_yank integer_eq genome_silence string_butlast code_contains string_conjchar
Code.doFeount vector floac. Tast genome pOp String subsLring integer mile code length vector integer dup boolean of cods position boolean _emvty 2. froncode
print_vector_string vector_boolean swap return frominteger vector_float pushall char_iswhitespace code cdr exec_dotvector integer integer

DeetoT sering. repiocerirar srving Firee vectorbootean FLro exce Sohile orec_string iterach sering Tndevorchar vecter Floa replace infeqer_romstring
cods_list code_svap char_rominteger genome.gene_randomize vector_integer. enptyvector vector string eq vestor float butlast exec_empty zip end? exec_fromsipnode
string_shove vector_boolsan_pushall zip_insert_lafe_fromcode exec_rot vector_string_concat vactor_float_indexof code pop vector_string_subvec vector_integer_swap
Gode.subst chax_pop return atring pop =i yank exec dup vactor integor butlast veotor tloat reat vector string flueh boolean froatloat code fronsiprishta
Toat_sin boolean flush char_isdigit £loat. lte exec fromziproot vector integer empty print_code vector string stackdepth string reverse
veckor integor yank float. frominteger char ror print char vector integor. stackiepth vector boolean concat bocLean sor integer gte genons 3 y-unkd

= Jeke oot quote st7ing. repleceTiret reTurn. fronstring exsc. fromsiplefts vector. Integer yankdup boolean_shove Float
VeCtOrString. Sup vactor String. becurrencasss vector. IncBger repiace. 2ip. branchs vectos flost roverse. float mod Tecter Fliet. subvec. sering est print boolean
boolean_rot vector_string_rest integer_div vector_float_remove integer_fromfloat integer_lte code_fromzipchildren environment_end vector_integer_rot integer_mod
string concat vector string butlast genome_swap code null exec_doscount vector float_empEyvector vector string_yankdup integer rot float_yankd

vector_string ot zip replace fromexec vector string take integer add vector integer occurrencesof integer shove genome dup return cods pop char suap integer max
Ceturn_fromexec code wrap return float_pop code_flush genome_yank zip_shove vector integer flush vector integer subvec vector boolsan_ indexof vector. float pop
vector_string_remove vector_integer_contains zip_remove code_append vector_float_eq vector integer_conj string eq zip leftnost cods yankdup code

incoger stackdepth float nek vector boslean set Zip append CRile. Fromenee Zip neve veceor Float con) sip. fromekee stiIng.are zip iste 2ip. replae. froncods

char. atackdepth return froashar gename.aq vastor. Iniager. replacefirat flont. aiackdapth eode fiomsiproot Float fronchar flost g hoolean dup f1oas. fromboolenn
code._fronzipnode genone rot vector flost replacefirst vector boolean_conj vector boolean dup vector integer indexof vector string svap exec_og string emptystring
string_swap integer_yank exec_while float_empty print_vector_boolean integer min exec_swap genome_rotate integer f ctor_string_yank string stackdepth

2ip_rot vector_integer nth exec_dotrange exec_if char_shove zip_down zip_insert_left fromexec code_frominteger vector boolean remove vector_integer_remove
boolean_invert _first_then_and genome_flush print s sumg integer _fromboolsan char_yankdup code_do vector_string first Boolean Frominteger string_setcha
vector_integer_last char_isletter genome gene dup vector integer_concat print_integer code_map boolean oq float_gte return fronfloat genome_gene_co

String oocurreRcesofchar siring. repiacerIrstchar print. fIoat boolean rand integer flush fioat shove stFing.Teplace char Gup Float pop chat 64 vestor. float_nth
vector_string_conj integer_gt return_integer pop float_sub vector integer_length vector_float_set vector_string_indexof vector boolean_rest code_du
vestor_boolean_shove :1p-ed Floatnid booleai not Float mult float. fromstiing genome unsilence code if VBctor Lnteger BOp vector hoolean last exse.€ortines
Tip_gop zip_rishtmost float dec vector float_containe genome_gene_copy. range envizonment_new exes dotvector string ode_nthcdr string_empty char_empty exes_pop
etEor intoger st autoronsiruct ive bo3Loan Fand vecton Float ror sering yankaup exec doTvactor float Sirind rempiochar code exiract Tector atring replace
vector_flosttirst genone prencl rsturn. tagspace char Flush Tector FlogE. occurrencest veetor SCring_emptyeector Float_add Gode. BLackdepth exec. o

zip_insert right fromexec float dup vector string nth zip stackdepth vector_integer reverse print vector integer char_fromfloat code dottimes code noop zip_swap
cod yank Tnteger 1t vector Soolenn oq senome stackdepcn code_tzonzipletts foop eper paren stxing eontainochar string yank char_rand 2ip flush vecEor boolean rot
Float_ouap exec_troniprights vestor_string_pushall veccor_string set vector boolean flush exec noop code size vestor baolean stackdepth vector inteser_pushall
Tector boglean. Teverse Lnteser. swep Siring SELit vecter beSlean Sontaine. sering. TronBoslean recirn hoctedn pop vector Floar dip vettor hooiean Tepiac

integer_dup vector_boolean nth vector string length string_rest zip insert child fromcode float tan string rot string rand exec_yank string parse_to

Inteaerpop Integer enpey Factor float flush veceor Float Tank noop-delece brev Paren beir Print ence rip append child froncede yenome. Sena Geiecs code enpty

return_fromcode string_pop £loat_eq vector boolean empty zip insert child fromexec vector string last string nth code do return zip_pop vector atring pop

float_inc zip right vector float length float rand integer dec string contains return fromboolean veotor float concat vector float stackdepth

onee Gomvestor boolean vector nfeges £icat gonore shove cide rand peint vector Flont float ot retun chas pop veotor steing contains
vector_boolean_occurrencesof genome_empty zip_prev genome_toggle_silent vector string reverse zip dup code_cons code member exec_stackdepth float flush
boolean and veStor. boolean bULLast String_Lonath Float.cod SLEing frominteger Sxec flach vector GEring SApEy eee vhon vector F1oat svap gencme close dec
code_ingert vector_boolean ] —poe tlost v 3tp_insect_£i3he_£Eonods oode_Erompealats veStos pooLsen (kB cade_shova euvisonser besih vaceo: £loattaks

boolean_invert _second_then and code container code nth vector boolean subvec float yank zip_up vector boolean emptyvector vector boolean replacefirst
st7ing Tromfloat vector boslean yankdup String dup beolean yankdup exse. fromsipchilaren
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More

e Input instructions

e Print instructions

e Associative storage via tags
e Environment/return stacks

e Limits, termination modes

;; https://github.com/lspector/Clojush/
=> (run-push '(1l 2 integer_add) (make-push-state))

texec ((1 2 integer_add))
tinteger ()

texec (1 2 integer_add)
:integer ()

texec (2 integer_add)
tinteger (1)

texec (integer_add)
tinteger (2 1)

texec ()
integer (3)




=> (run-push '(2 3 integer mult 4.1 5.2 float_add
true false boolean_or)
(make-push-state))

texec ()
tinteger (6)
:float (9.3)

:boolean (true)

In other words

+ Put 2 x 3 on the integer stack
- Put 4.1 + 5.2 on the float stack
- Put true v false on the boolean stack

=> (run-push
'(4.0 exec_dup (3.13 float mult) 10.0 float_div)
(make-push-state))

texec ((4.0 exec_dup (3.13 float_mult) 10.0 float_div))
:float ()

texec (4.0 exec_dup (3.13 float mult) 10.0 float_div)
:float ()

texec (exec_dup (3.13 float_mult) 10.0 float div)
:float (4.0)

texec((3.13 float_mult) (3.13 float mult) 10.0 float_div)
:float (4.0)

Computes 4.0 x 3.13 x 3.13/10.0

texec ()
:float (3.91876)
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=> (run-push '(2 boolean and 4.1 true integer div
false 3 5.2 boolean_or integer mult
float_add)

(make-push-state))

texec ()
tinteger (6)
:float (9.3)

tboolean (true)

Same as before, but
- Several operations (e.g., boolean_and) become NOOPs
- Interleaved operations

=> (run-push '(1l 8 exec_do*range integer mult)
(make-push-state))

:integer (40320)

Computes 8! in a fairly “human” way




=> (run-push '(code_quote
(code_quote (integer pop 1)
code_quote (code_dup integer dup
1 integer_sub code_do
integer mult)
integer_dup 2 integer 1t code_if)
code_dup
8
code_do)
(make-push-state))

:code ((code_guote (integer_pop 1) code_quote (code_dup
integer dup 1 integer_ sub code_do integer mult)
integer_dup 2 integer_ 1lt code_if))

:integer (40320)

A less “obvious” recursive calculation of 8! achieved by code duplication

=> (run-push '(inl inl float mult 3.141592 float mult)
(push-item 2.5 :input (make-push-state)))

:float (19.63495)
:input (2.5)

Computes the area of a circle with the given radius: 3.141592 x in1 x in1
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=> (run-push '(0 true exec_while
(1 integer_add true))
(make-push-state))

texec (1 integer add true exec_while (1 integer_add
true))

:integer (199)

ttermination :abnormal

+ An infinite loop
+ Terminated by eval limit
- Result taken from appropriate stack(s) upon termination

Genetic Programming

Random

—)» Assessment =—p» Software
Programs

|

Selection

|

Variation




Linear Genomes

® Support uniform variation
® Structure where we want it, via translation

® ULTRA: Uniform Linear Transformation with
Repair and Alternation

® PILUSH: epigenetic markers (Clojush)

® Plushy: close instructions (plushi, propel)

Structure

e Parentheses matter mostly for defining code
blocks for exec instructions

® Openings of blocks can be determined by
placement of relevant exec instructions

® Closings of blocks can be encoded in
genomes in several ways
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Uniform Variation

e All genetic material that a child inherits
should be = likely to be mutated

e Parts of both parents should be = likely to
appear in children (at least if they are =
in size), and to appear in a range of
combinations

® Should be applicable to genomes of varying
size and structure

ULTRA

® Linearize just during variation:
e Linearize two parents

e Alternate according to alternation rate,
subject to alignment deviation

® Uniformly mutate, subject to mutation
rate

® Repair

e Uniform, but structure anywhere




Plush

Instruction integer add|_execit ||
0 0 0 1

Close? 2
Silence? 1 0 0 1 0

« Linear sequences of instructions and literals

* Instructions specify opens; epigenetic
markers specify closes

* Permits uniform linear genetic operators
« Facilitates useful placement of code blocks

* Allows for epigenetic hill-climbing

Genetic Operators

® Uniform mutation
® Alternation
e Uniform crossover

e Uniform mutation by addition and deletion
(UMAD)

® Autoconstruction (genome instructions)
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Plushy

e Instructions specify opens
® "close" pseudo-instructions specify closes

® Used in plushi, propel

PushGP in Clojush

|Setuprunforta@etx3-2x2-x|

(pushgp
{:error-function
(fn [{:keys [program] :as individual}]
(assoc individual :errors
(vec
(for [input (mapv float (range 10))]
(let [output (->> (make-push-state)
(push-item input :input)
(run-push program)
(top-item :float))]
(if (number? output)
(Math/abs (float (- output
(- (* input input input)
(* 2 input input)
input))))

1000000))))))
:atom-generators
'(inl float_div float_mult float_add float_sub)})
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Figure 8.7. A gate array diagram for an evolved version of Grover's database search
algori is shown at the top, with My

is shown

Humies 2004
GOLD MEDAL

Problems Solved by PushGP in
the GECCO-2005 Paper on Push3

* Reversing a list

* Factorial (many algorithms)
* Fibonacci (many algorithms)
e Parity (any size input)

* Exponentiation

* Sorting
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Genetic Programming for Finite Algebras
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Hampshire College
Ambherst, MA 01002

Lee Spector
Cognitive Science
Hampshire College
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Hampshire College
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29 Software Synthesis
Benchmarks

* Number IO, Small or Large, For Loop Index, Compare
String Lengths, Double Letters, Collatz Numbers,
Replace Space with Newline, String Differences,
Even Squares, Wallis Pi, String Lengths Backwards,
Last Index of Zero, Vector Average, Count Odds,
Mirror Image, Super Anagrams, Sum of Squares,
Vectors Summed, X-Word Lines, Pig Latin, Negative
to Zero, Scrabble Score, Word Stats, Checksum,
Digits, Grade, Median, Smallest, Syllables

PushGP has solved all of these except for the ones
in blue

« Presented in a GECCO-2015 GP track paper

SUCCESS at generation 20

Successful Program: (scolean and boolean_shove exec_dotcount (exec_swap (integer_empty char_yank boolean or
inceger_eronbeolean \space \nevline) (exec dup (cher yank cher iswhitespace string hutlast inl) string empty boolean frominteer tagged 275

String substring) exec_do*times (integer_empty string dup) string replacechar print_string string_rot print.char intager fromboolea
string length integer_eq string_last boolean_swap integer_yankdup) string_swsp string containschar “Wx( ® exec_stacklepth char_enpty
intege?_evap integer Zot string_last boolean_suap integer Yankip string.euap sCring Sontainacher "We{ ° exec stackdepth chax. empty integer_swap

integer_sot integer Tromstring string pop string. shove char oq char empLY Inteqer suap inceger sot integer fromstring string pap. sering chove

char_of integer_stackdepth integer min chx yankiup char_eG char_erpty cagged 545" enec_yank sEring_fot exc.aup (boslean.eq iring. renovechar

c_dup (boolean_eq exec_rot (exec_s (string_eq string fromboolean exec_noop char_eq) () (string butlast) integer_pop) (char_e
b, TinEoder suep htesor ror Sring onprrsLiing boslech scachaapth Lncegor. inc inl baolsat shove bosloen srap chats toletver Tnieger gt
integer_yankdup) exec_when (string_emptystring string nth exec dotrange (\space integor. yankdup string_dup exec shove (integer. swa

Siring emovechar exee.yank SLring dup oxec empLy) ChAr 6q exec doviimes (iagged 348 boslean pop exec wnen (string removechar Integer_mult
integer_inc inl boolean shove boolean_svap char isletter integer gt string putlast) integer milt string_last string parss_to_chars
boolean_frominteger boolean yank exec_when (string_ nth exec_dotrange (\space integer yankdup string dup exec_shove (integar.
string_removechar exec_yank inteser yank xe whils (boolean or)) char 194191t booloan swab char.ieletier) integer 8t inteser yankdup

iateger mit string_laat string parse to chara buolesn frominteger chas lsletter exeo when (string nth sxee dotcange (\spsce Integer yankise
String Gup exec. shove (integer suap string removechar sxec.yank integer “yank integer_mult integer_inc inl boolean shove boolean swaj
char_isletter integer gt string butlast) boolean_invert_second then and exec_empty string_rot)) boolean rot char_iswhitespace intege
TR consohar bociemn dup) LATeqGr add Char 4up SLELRG SengeR Inceser_Fronchar String SPiLt ther 1edigic booledn swap boelean oq ehar 1edigit
exec_shove (boolean_invert _second_then_and string empty string_conjchar string_shove) string_fromchar boolean not string_stackdepth exec_y ()
integer_empty exec_dotrange (inl string replace)))))) () (1))

EXrors: (0000000000000000000000000000000000000000000000000000000000000000
0000000000000000 00000000000
0000000000000000

Total error: 0.0
Size: 231

000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000

Auto-simplifying with starting size: 231

step: 5000

program: (\space \newline inl string replacechar print_string "Wx{
string_last inl string removechar string_length)

errors: (0o00000000000000000000000000000000000000000000000000000000000000

000000000000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000
Total error: 0.0

Size: 11
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Auto-Simplification

Loop:

* Make it randomly simpler

* Keep simpler if as good or better;
otherwise revert

GECCO-2014 poster: efficiently and reliably
reduces the size of the evolved programs

GECCO-2014 student paper: used as genetic
operator

GECCO-2017 GP best paper nominee: improves
generalization

Checksum

Multiple types, looping, and code blocks

Simplified solution:

"

("Check sum is print_string

inl 64 exec_string_iterate (integer_ fromchar integer_add)
64 integer mod

\space integer fromchar integer_add char_ frominteger

print_char)




Checksum

Checksum
Multiple types, looping, and code blocks

Multiple types, looping, and code blocks
Simplified solution:

(“check sum is " print_string

Simplified solution:
("Check sum is "

inl 64 exec_string iterate (integer_ fromchar integer add)

64 integer_mod

print_string
inl 64 exec_string iterate (integer_ fromchar integer_ add)
64 integer_mod
\space integer_ fromchar integer_ add char_frominteger
print_char)

\space integer fromchar integer_ add char frominteger

print_char)
First: Print out the header

Second: Convert each character to an integer, sum,
and add to 64.

Checksum

Checksum
Multiple types, looping, and code blocks

Multiple types, looping, and code blocks
Simplified solution:

("Check sum is " print_string

Simplified solution:
("Check sum is "

inl 64 exec_string_iterate (integer_ fromchar integer_add)

64 integer mod

print_string

inl 64 exec_string_iterate (integer_ fromchar integer_add)
64 integer mod

\space integer_fromchar integer_add char_frominteger

print_char)

\space integer fromchar integer add char frominteger

print_char)
Third: Mod result by 64

Third: Add modulus result to 32 and convert to char
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Checksum

Multiple types, looping, and code blocks

Simplified solution:

("Check sum is " print_string
inl 64 exec_string iterate (integer_ fromchar integer add)
64 integer_mod

\space integer_ fromchar integer_ add char_frominteger

print char)

Fourth: Print resulting char

Replace Space With Newline

Multiple types, looping, multiple tasks

Simplified solution:

(Aspace char_dup exec_dup inl

\newline string replacechar print string
string_removechar string length)

First: Duplicate space character and input string for
use in both tasks
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Replace Space With Newline

Multiple types, looping, multiple tasks

Simplified solution:
(\space char_dup exec_dup inl

\newline string replacechar print string
string_removechar string length)

Replace Space With Newline

Multiple types, looping, multiple tasks

Simplified solution:
(Aspace char dup exec_dup inl

newline string_replacechar print_strin
string_removechar string length)

Second: Replace spaces with newlines and print




Replace Space With Newline

Multiple types, looping, multiple tasks

Simplified solution:
(Aspace char_dup exec_dup inl

\newline string replacechar print string
string removechar string_ length)

Third: Remove all spaces from second copy of input,
and push length of result on integer stack for return

000000000000000000000000000000000000
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00000000000000000000000000000000000000000

1500 -

1000~

Total_error

500 -

50

Generation

100

— Lineage total error

— Min total error

150




Total_error

500~

400-
300-
200-
. . . s .
40 50 60 70 80
Generation

Kind
® Constant

o input

o print

boolean

.

integer

char

string

tags

Instruction

Generation

Instructions in successful lineage, Syllables/UMAD
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Variation in GP

Program Program  Program Program
Mutation Crossover
Program Program Program

Autoconstruction

Program

|

Execute!

|

Program
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Variation in GP

Written and configured by humans

Program: Program :Program Program

Program Program Program

Autoconstruction

Program

|

Execute!

|

Program

A bit more complicated when genomes distinguished from programs




Autoconstruction

Evolve evolution while evolving solutions

How? Individuals produce and vary their
own children, with methods that are
subject to variation

Requires understanding the evolution of
variation

Hope: May produce EC systems more
powerful than we can write by hand

For Evolution?

Diversity: Individuals vary

Diversification: Individuals produce
descendants that vary, in various ways

Recursive Variance: Individuals
produce descendants that vary in the
ways that they vary their offspring
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Autoconstruction

* A 15 year old project (building on
older and broader-based ideas)

* Like genetic programming, but harder
and less successful! But with greater
potential?

* Recent versions sometimes solve
significant problems, intriguing
patterns of evolving evolution




Conclusions

* Push supports evolution of expressive
programs that use arbitrary types and
control structures, possibly to perform
multiple tasks

Push interpreters, and GP systems that
evolve Push programs, are easy to write

Push supports research on expressiveness
in genetic programming, for example to
support the evolution of modularity
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Evolution Evolving

e Autoconstructive evolution can
sometimes succeed as much and as fast
as non-autoconstructive evolution

* Autoconstruction found solutions for
the string differences software
synthesis problem before ordinary GP

Thanks
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