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Pyplot

matplotlib.pyplot I&. 52BN S4T351)—&L T,
PythonD#iILEIZHELEIENTLNDEDD—DTY,



plt.plot([1, 2, 3, 4], [1, 4, 9, 16], 'ro")
plt.axis((0, 6, 0, 20))
plt.show()
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plt.plot([1, 2, 3, 4], [1, 4, 9, 16], 'ro")
plt.axis((0, 6, 0, 20))

plt.show() ‘ro’ [X7RHL
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data = {'a": np.arange(50),

'c': np.random.randint(0, 50, 50),

'd": np.random.randn(50)}
data['b'] = data['a'] + 10 * np.random.randn(50)
data['d'] = np.abs(data['d']) * 100

plt.scatter('a’, 'b', c='c’', s='d', data=data)
plt.xlabel('entry a')

plt.ylabel('entry b")

plt.show()



data = {'a": np.arange(50),
c': np.random.randint(0, 50, 50),
'd": np.random.randn(50)}
data['b'] = data[ a'l + 10 * np.random.randn(50)

data['d'] = np.abs(data['d']) * 100

plt.scatter('a’ SQb c='c', s='d', data=data)
plt.xlabel(’ entgaaa ) . %
plt.ylabel('entry b") . &
It.sh
plt.show() . 304 " ‘
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digraph "round-table" {

A [label="King Arthur"]

B [label="Sir Bedevere the Wise"]
L [label="Sir Lancelot the Brave"]
A->B

A->L

B -> L [constraint=false]

EGraphviz
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HRMICXHFRLERFZITT ,
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DOTEEEIX. V5 7ZHMRMICERIHEHETHD,

DOTEECERINT=US5TIZL. renderer(#EETAT S L)
dot MEETIZ&->T. EARHLTSTDERIZELRINS,



DOTEEIZEKBISTEEL
renderer dotIZ&kAE{&H 1

@ RDTHAMME. DOTEEEIZLDTITEETH D,
digraph {a->b }

® XDHIE. renderer dot AT UFIZKDB EBEAHR D /A
J%@LT- svgle X TOIS7BEBOHE hTHS.,
$ echo 'digraph { a-> b }' | dot -Tsvg > output.svg



FRICDOTEFETOY & TH. dot aw kD
INGA—B—TEBRZEAZDENTED

$ echo ‘digraph {a->b }' |
dot -Tpng -Gfontcolor=red -Glabel="My favorite

letters”

My favorite letters



$ echo 'digraph {a->b }’ |
dot -Tjpg -Nfontcolor=red -Nshape=rect




DOTEE D11k

hviz.org/doc/info/lang.html

graph : [ strict ] (graph | digraph) [ 1D ] (" st st )
spral_ NSl @ [ semar[ ') sterdiver ]
stml ©  mode_stmf
| edpe semr
| aetr_simi
| ID"='iD

| subgroph


https://graphviz.org/doc/info/lang.html
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attr stmt
attr_list
a_list
edge_stmt
edgeRHS
node_stmt
node_id

port

(graph | node | edge) attr_list

I"[a list]'] [ attr list]
ID'="ID[("|"N]1[alist]

(node_id | subgraph) edgeRHS [ attr_list ]
edgeop (node_id | subgraph) [ edgeRHS ]
node_id [ attr _list ]

ID [ port ]

ID[ ' compass_pt ]



RHS: Right-hand side of an equation

I"[a list]'] [ attr list]

ID'="ID[("|"N]1[alist]

& _§ _§ _§ § _§ _§ _§ _§ § § § § § § _§ _§ § § _§ _§ _§ _§ _§ _§ _§ _§ _§ _§ _§ _§ _§ __§__J

(node_id | subgraph) edgeRHS [ attr_list

edgeRHS . edgeop (node_id | subgraph) [ edgeRHS ]

node_stmt node_id [ attr_list ] D30

edge_stmt
ID [ port ] o TTTTTTTTTTTTY T Ry
"' ID[":' compass_pt ] | digraph { E
| a->b/[.1]
An edgeop is i 1 i
-> in directed graphs and | ]

-- inundirected graphs. . S

—————————————————————



DOTEEEICKDH T ITEZRDHI

digraph "round-table" {
A [label="King Arthur"]
B [label="Sir Bedevere the Wise"]
L [label="Sir Lancelot the Brave"]
A->B
A->L
B -> L [constraint=false]

@ Bedevere the Wise Sir Lancelot the BrzD




graphviz

https: raphviz.or

import graphviz

dot = graphviz.Digraph('round-table', comment="The Round
Table")

dot.node('A', 'King Arthur")
dot.node('B’', 'Sir Bedevere the Wise')
dot.node('L', 'Sir Lancelot the Brave')

dot.edges(['AB', 'AL'])
dot.edge('B’', 'L', constraint="'false’)


https://graphviz.org/

print(dot.source)

@ DOTEEZETHY—RADHE A

// The Round Table

digraph "round-table" {
A [label="King Arthur"]
B [label="Sir Bedevere the Wise"]
L [label="Sir Lancelot the Brave"]
A->B
A->L
B -> L [constraint=false]



dot.render(directory="doctest-output', view=True)

DOTEE TS =757 NDEEE h

4

@Bedevere the Wise Sir Lancelot the BrD

'doctest-output/round-table.gv.pdf’




import graphviz
dot = graphviz.Digraph('hello")
dot.edge('hello’, 'world")

dot.format = 'png’

dot.render(directory="'doctest-output' , view=True)

'doctest-output/hello.gv.png’



Attribute D& E

import graphviz
ni = graphviz.Graph('ni')

ni.attr('node', shape="rarrow')
ni.node('1l’, 'Ni!")
ni.node('2', 'Ni!")
ni.node('3', 'Ni!', shape='egg")

ni.attr('node’, shape='star')
ni.node('4’', 'Ni!")
ni.node('5', 'Ni!")
ni.attr(rankdir="LR")

ni.edges(['12', '23', '34', '45'])
ni



Ni!
graph ni {
node [shape=rarrow]
1 [label="Ni!"]
2 [label="Ni!"]

3 [label="Ni!" shape=egg]
node [shape=star]

4 [label="Ni!"]
5 [label="Ni!"]
rankdir=LR
1--2

2--3

3--4

4 --5







NetworkX

— A DNetworkXlE. PythonDt#H AR Tl RTILTLNVS
TJS57MBEIDZATI)—D—D2hiLnFE A EIX,
NetworkX& 5% M>T=DTT A, GPT4olZH#HEESNELT -,

Software for Complex Networks
https://networkx.org/documentation/latest/index.html

NetworkX Tutorial
https://networkx.org/documentation/latest/tutorial.html



https://networkx.org/documentation/latest/index.html
https://networkx.org/documentation/latest/tutorial.html

NetworkX Examples
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https://networkx.org/documentation/latest/auto_examples/index.html



https://networkx.org/documentation/latest/auto_examples/index.html




NetworkX

757D YER — nodehis

import matplotlib.pyplot as plt
import networkx as nx

G = nx.Graph()

G.add_node(1)

G.add_nodes_from([2, 3])

G.add_nodes_from([(4, {"color": "red"}), (5, {"color": "green"})])

list(G.nodes)



JS57MDERL - nodeh s

import matplotlib.pyplot as plt
import networkx as nx

G = nx.Graph() // 957D EmK

G.add_node(1) // node 1 %iB0
G.add_nodes_from([2, 3]) 7/ yRI[2, 3]hSnode% ;&N
G.add_nodes_from([(4, {"color": "red"}), (5, {"color": "green"})])

// color@t4Z¥Dnode 4, 5%B/N
list(G.nodes)

/] 57GMDnodeN') A& FEKE
[1I 2’ 3’ 4’ 5]



nx.draw(G)



NetworkX

J57NDER - edgehis

import matplotlib.pyplot as plt
import networkx as nx

G = nx.Graph()

G.add_edge(1, 2)
G.add_edge(1, 3)

nx.draw(G,with_labels=True)



[160] :

[160] :

[161]:

[161]:

[162]:

[162]:

[163]:

[163]:

NetworkX

JI7DNBERZTHANBIFTH

list(G.nodes)

[1' 2' 3, |Spam|' IS., |p|, |a|' |m|]

list(G.edges)
[(1, 2), (1,
list(G.adj[1]
[2, 3]

G.degree[1]

2

3), (3, 'm")]

) # or list(G.neighbors(1))

# the number of edges incident to 1



JS57NDERFEETS

list(G.nodes)
[1, 2, 3' 'Spam', ISI, |p|' Ial, |m|]
list(G.edges)

[(1, 2), (1, 3), (3, 'm")]

G.remove_node(2)
G.remove_nodes_from("spam")
list(G.nodes)

[1, 3, 'spam']
list(G.edges)

[(1, 3)]

G.remove_edge(1, 3)
list(G.edges)

[]



NetworkX

BRI STDIER

import matplotlib.pyplot as plt
import networkx as nx

DG = nx.DiGraph()
DG.add_edge(2, 1) # adds the nodes in order 2, 1
DG.add_edge(1, 3)
DG.add_edge(2, 4)
DG.add_edge(1, 2)

nx.draw(DG , with_labels=True)



BHRITSTDVER

import matplotlib.pyplot as plt
import networkx as nx

DG = nx.DiGraph()
DG.add_edge(2,1) ¢
DG.add_edge(1, 3)
DG.add_edge(2, 4)
DG.add_edge(1, 2)

nx.draw(DG , with_lak



DG.add_edge(2,5)
DG.add_edge(2,6)
DG.add_edge(2,7)

nx.draw(DG , with_labels=True)



NetworkX&EGraphviz®i;ELY

NetworkX&GraphvizTld, RIBAIZDLEWHAHYZET,
O LI-. ROEBEHZEZSREL TS0,

® NetworkX

https://towardsdatascience.com/graph-visualisation-basics-with-
python-part-ii-directed-graph-with-networkx-5c1cd5564daa

® Graphviz
https://towardsdatascience.com/graph-visualisation-basics-with-
python-part-iii-directed-graphs-with-graphviz-50116fb0d670



https://towardsdatascience.com/graph-visualisation-basics-with-python-part-ii-directed-graph-with-networkx-5c1cd5564daa
https://towardsdatascience.com/graph-visualisation-basics-with-python-part-ii-directed-graph-with-networkx-5c1cd5564daa
https://towardsdatascience.com/graph-visualisation-basics-with-python-part-iii-directed-graphs-with-graphviz-50116fb0d670
https://towardsdatascience.com/graph-visualisation-basics-with-python-part-iii-directed-graphs-with-graphviz-50116fb0d670
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Catlab in Alegebraiclulia

KX




@acset ¥JATHDEE

C-set&ELTDT 57

e = @acset Graph begin
V=2
E=1
src = [1]
tgt = [2]
end

draw(e)




w = @acset Graph begin
V=3
E=2
src=[1,3]
tgt=[2,2]
end

draw(w)



@present YYVOTHDEE

JITNRAE—ELTDT ST

using Catlab.Theories, Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics
using Colors

@present SchGraph(FreeSchema) begin
V::0b
E::Ob
src::Hom(E,V)
tgt::Hom(E,V)
end

to_graphviz(SchGraph)



@present SchlLGraph <: SchGraph begin
L::Ob
label::Hom(V,L)

end

SchGraph

PR e

-

to_graphviz(SchLGraph)

— e o e o o oy,
- o o o o .

P I

SchLGraph



Wiring Diagram (= String Diagram)

ELTDI 5D

using Catlab.WiringDiagrams
using Catlab.Graphics
import Catlab.Graphics: Graphviz

show_diagram(d: :WiringDiagram) = to_graphviz(d,
orientation=LeftToRight,
labels=true, label attr=:xlabel,
node_attrs=Graphviz.Attributes(
:fonthame => "Courier",
)i
edge_attrs=Graphviz.Attributes(
:fontname => "Courier",

)
)



HATIA)—RANDAF—TT—R

using Catlab.Theories

A, B, C, D = Ob(FreeBiproductCategory, :A, :B, :C, :D)
f = Hom(:f, A, B)

g = Hom(:g, B, C)

h = Hom(:h, C, D)

¢

f:A— B

f



Generator

f, g, h = to_wiring_diagram(f), to_wiring_diagram(g),
to_wiring_diagram(h)

3
WiringDiagram<{Catlab.Theories.ThBiproductCategory.Meta.T }(
[:A], [:B],
[ -2 => {inputs},

-1 => {outputs},

1 => Box(:f, [:A], [:B]) ],

[Wire((_zll) => (111))1
Wire((1,1) => (-1,1)) 1)

show_diagram(f)




Composition
compose(f,g)

¢

WiringDiagram<{Catlab.Theories.ThBiproductCategory.Meta.T }(
[:A], [:C],
[ -2 => {inputs},
-1 => {outputs?},
1 => Box(:f, [:A], [:B]),
2 => Box(:g, [:B], [:C]) ],
[Wire((_zll) => (111))1
Wire((1,1) => (2,1)),
Wire((2,1) => (-1,1)) 1)

show_diagram(compose(f,g))




Monoidal Product
otimes(f,h)

¢

WiringDiagram<{Catlab.Theories.ThBiproductCategory.Meta.T }(
[:A,:C], [:B,:D],
[ -2 => {inputs},
-1 => {outputs},
1 => Box(:f, [:A], [:B]),
2 => Box(:h, [:C], [:D]) 1,
[Wire((—2,1) => (111))1
Wire((_zlz) => (211))1
Wire((1,1) => (-1,1)),
Wire((2,1) => (-1,2)) )

show_diagram(otimes(f,h)) —> f —




Drawing wiring diagrams in Graphviz

using Catlab.Theories

A, B = Ob(FreeSymmetricMonoidalCategory, :A, :B)
f = Hom(:f, A, B)

g = Hom(:g, B, A)

h = Hom(:h, otimes(A,B), otimes(A,B));

to_graphviz(f) l




to_graphviz(compose(f,g))

to_graphviz(otimes(f,g))

+—(Q |[¢+—— - [+——

—+

<+——(0Q




composite = compose(otimes(g,f), h, otimes(f,g))
to_graphviz(composite)

n
\ /
[}
]



to_graphviz(composite, orientation=LeftToRight)

el g
—

—~—
_...f/













Agenda Part 3
J37DHhTa)—imiutEEDF C-set

® Catlab &ldfarm
® C-Set&l(F7zITh,?
® 'S5 J%FunctorTiEA 5
® CatlabT®HC-set7O4y 3534
® BMJITERFNMIZITDAF—T




Catlab &lE{alH 2

RAATI)—5mD
V) — )L&L’C@Catlab

/f
—~

—~
_...f/

8 ’

composite = compose(otimes(g,f), h, otimes(f,g))



Catlab [

AT3)—mDOILRAD=HY—IL

Catlab.jlifJulia& B TEM NI, AN THENGATI)—
HEDEODIL—LT—DUTY,

Frame work for
® Applied Category Theory
® Computational Category Theory

Catlabld., B - EMHFHE~ADQOHTI)—EBEDICADT-6HD
JOU 3305547 3)—EEENA U A—T—RFIRHLE
9, (BEHT357-2403)—TldHhYEEA,)

Provides

® Programming Library

® Interactive Interface



Catlab.jll&. — kS - %3E5H (Generalized Algebraic
Theories) ELTHAILAIgGELGATI) —RBETHNIL. ED &L
EBDTEYR—ITEET,

ZoL7-Catlab®ge A (L. Algebraiclulia®t>— DD EKH]
N —2THBGatlablzk>TEZLNTULET,

GatlablZDWTIE, L2 F—DRODETHITLEEWERNWET,
https://github.com/Algebraiclulia/GATlab.]l



https://github.com/AlgebraicJulia/GATlab.jl

Catlab&ldfarh 2

Catlab&lE. LT EIEEDTY , (AWML, ZIL\2EDITA4E
HTL&LD,)

E—IZ. FNIEFTATIIT 54T FYTY,
B2, ZENIEA 2T T47 S EIRIEFIRH Li'é’
E=(Z. FNIEVEL -2 LR RTLELTHERELFE T,




JAagS5325 5475 L TOHCatlab

® CatlablIitAATI)—EBRDF-HDT—2E &, 7I)L3)
X L. XU SerializationZi2tLET,

o THOIE, HFT—RMLERME S AN ENREL TSR
o 25 LDHEEETT A= DEF X ERELET,

® Wiring Diagram(E2# ) (. BIR AN R AT TS L
EHEIEN  FHELG T —ABEICL>THR—bEhFT,
Wiring diagraml&. GraphML(XMLR—ZX D T+—<vk)
PISONEDRBTUN T SARTHEMTEET,




A3 T4 7 HETEIRIELELTDCatlab

Catlabl. Jupyter/—h YO TA LA O0TA4TIERAT HE
£ TEET,

s [FLaTeXzE>TFHRIRSMn. Wiring Diagramid
Compose.jl. Graphviz. TikZZ#{E>Ta[B{EShE T,



a1 —3RREB AT LELTHCatlab

CatlablZzAT3d)—RK#OaE 21— 3R AT LELTHERE
9,

FEAEDAVE1—FRBL AT LEFELGY, T RXTOK(FT—
A% X 88 % (Generalized Algebraic Theories -- T h 5%
[CRI-GATTY ) EMIENAIKEREROB AZ AL TRFITS
nNFEI,

BRIE. D73 —0ORME/AFILATI)—DKIGELKDOHD
EEdoctrinlZBiL T, word problem#Zfi#E, XZERMITE
LT A5=HDATTILT) X LEFRELTWET,

HAHBZ RO EHA I DULNTIX, AbstractAlgebra.jl
ENemo jIZzZBRLTIZS0Y,




CatlabMZ 5 TIHELED

CatlablFREDNECAHA ULTDEHLEELDTIEHYEE A,
LML, WITNINEDAMRIZHEILT SHA[EEHEZEEST HELDT

[THYFEE A,

® HEIFIEIIAM: avEA1— 3R LEBETE

B DR (21

FLRAHEAMNHAHDTY A, CatlablFIEL DR BI7GEERA

E (WO AHIEEHE D Z1ERRLEGLVE=H ., BE
_EIXTEFEEA,

HEEZD

L BAY

® fER7 XA BE#kIZ. CatlablE iz X BB SE R BEZLEE
BAEA LWLz GEBA7 R A NTIEHYFER A, FERH

ROz OEHENTT,




® JSJ4h)-2—H—-A2A—Tx—X: CatlablEWiring
DiagramI T4 20ZD/MD I 5 74HhI) -2 —HF—- 43—
J1—RZRELEFEA,

hlECatlabNEICTAT ST -54T3)THY . 1—H—
|ITDT TV r—3 0 TIEGELANBLTY,

LA L. Algebraiclulia® TaL AT LIZIE, Wiring Diagram
ORKM) 2RI EFRIET H=ODT ZT74HI - 2—F— (2
B—D1—REIREITBHOTOCHRSemagrams.jihdY E
9,



AF¥—<-h73)—C
SIC

E—=V

tgt

7S5 J%FunctorGiEZ 5

F(E) = F(V) =
{1,2,...,m} {1,2,...,n}

FIODTZ2D FODTZ7D C-set &l fA[H 1

BNRE(mE) TBEROKE(NE)

C-Set 1 731— F(C)



752%FunctorCiEz 3

ZDtyiar Tl CatlabTIFI S T7EED KSR ATLNSD
WNERBNILET, TN, ETHEA=Z—9GEDTT,

—ATEZIE. Fnlk. F57%functoré L TIEZ AELVSEDT
ER

CDAZ—VBTATTIFEBNGEIDTY  f-. ZHEEDE
RN HYITKWNERNET,

ZDtyarTlE, functorD B X EZELLEN S, CatlabTD

EEDEKRMGHZBELT. COEZAICENSGIEZBEICL
T"L\&lu\l/\ij-o



7 571%. C-set

D [T57%functorELTIRA D1 ELVDEZAAZE . BRI
(XTS5 D(&C-setTHBIEENVET . CDEZHE, T RAL
*9,

HT3)—ChnEEDHTI)— Set ~MDfunctor F:C — Set
NEZ5NT-F. CHhiE Hbfunctor FOERAZZ T TEAHSE
NBEENZE%E C-setEMFUET,

[F5D(&C-setTH DLWV EE ATT)—CEF: C - Set
Thabfunctor F NEZoNT-F. VS5 TIIF(C)TREINSEE
-8 THHENHETT,




HEYIZ, HRH...

OLEERE. HFYIS

RUGELDIZHZET,

COLIERT., BHRGETI7ZRBTIDIENTELDTLED
M7 ZOL8EEIXHATY,

=12, 159571 C-set THHIELVDEEE. COGBETDHAT
S1)—CIlZESLSHED T, functor F:C - SetMEDEHHEED
N EARICRETLTU E, BAREZEAFIBALET,



HEYIZ, B .

RUNEZL. TH957(% C-set THBDIEWLNVSEEDHTT—
C DEENELZEBMTHAHEWNSZETT,

functor FOEIET. ETCOIBERITZTIZERTHHhTI)—
Clx. ROFELTWET,

SIC



COMRATEMGHTI)—CE.

[TZ5T7DAFZ—TIEHUVET,

OB TEMMGHATI)—CE.TI3TDR¥X—<
(Schema)lEHEUDEY,

[F521F C-set THHIELSE. AT7I)—C X 9500
AF*—<]ITY,

RGN TSN AFT—<CIZ. HAfunctor FAMERLTHE
HHEENDERMEESDHFI—M. HS5TIERES BC-
setlF¢EES2EHD T,

FNIFADL. MENLGTERICELONSTLEY, HEIE. 2540
BAIZCELNSATTY—IZIZTDWTEZTHELES,




ETCOIEMIST1ZERTSHHTI)—C

Src
hT7I—C E—=V

tgt

ETHOIHERYIT1Z2ERT HHT73)— C (X RDEDHI LA
VET,

® COZDDATTxHk: E,V € 0bj(C)
® E(XEdgeTIS7MLNDER
® V(IVertexTYST7DIERDE

@ CDZDOMEt: src,tgt:E >V € Hom(C)
src, tgt [X. AN EZoNT-LEZTERZTIRT
® srcldsourceCiIIDIER
® tgtidtargetTiZ DM



H731)— C [Z. functor F Z@ALT-

A7) — F(CO)EEIWNIEDITIEHDH ?

functor F:C — Set [&. COA Tz OrEF(C)DAT IR,
COHZEF(C)DHIZFBLET,

TIDT. HBRELTENSATI— F(C) (Chz C-setsiT
UEDIE.RDBDOISIEYET

® F(COD=2DATTxHbk: F(E),F(V) € 0bj(F(C))
® F(C)DZ=ZDMEF: F(src),F(tgt):F(E) » F(V) € Hom(F(C))

SFELTHRLLDIL, F(E),F(V) € Set THY. F(sre),F(tgt) :
F(E) —» F(V)I&Set EDEZTHAHENIZETY



HR G CHh, BAERME F(CO)ZEZS
AEF—IhiC-set

ZND &Iz, A73)—Cl=functor FE@&ERLT= F(C) 975hb
C-setld. £EED EICEZENT-BAELGELDIZHYET,

IR Ax—<DAH73)—CIFELZEEHMLEDTLL:
M. FTNnITEMFELZEELEDTLT=,

AEXE—TDHTI)—CHARIRLTWWAZEIE. TS5 TIZIFTAERE
ARHHE E,V e 0bj(O)]1. T1BITERELHTERER R EL
BIERERED src,tgt: E—V e Hom(C) 1EWSZEFEIFTLE=,

BIZIX. HBDT 7N nBDTHRZFEDEWNILIGERILHE
BZ. CORF—T- A7) —CIERTETEERE Ao



FIWMIZTS7DOEAFRNLGIERDESERT
=12, 270 nEDIEmZEF DI &S, functor FE{ESE. XD
FOITKRIHTEFT,

F(V)={12,..,n}
(IZEBDIERIC. BFIZEYETEIENDETT )

MEERAFT—T-HTT3Y—COA T HRVIZ, functor F&
wWRALEF(\V)IX. A73V—F(C)DFTIX. FS57DIERDES
zEARMIZ(BFT)RELEDDIZEYET,




FIE)IZUS7MDEKRMGIBDEEERT

FNTIE. AT7T)— F(CO)DES>—D2 DA Tz THAF(E)
[ZDWWTIEESITLED?

FEDTITDERNDEFDENYETERBKRIZ, F(E)DERIC
H, —DDHFEEYHTHIEITLFELELD,

F(E) ={1,2,...,m}
(IFEDBIZ, HFIZEYETEIENSITETT,)

ZDEYHETIX. TSP MBEDBEE >TWAIEERLET,



FERELTHRLLDIE, F57DIERDE#NE DD EEmMIE IR
DT,

F(V)={1,2,..,n}

F(E) = {12, ...,m)

FELTH . n=mElFRYFERE A,

SHIZESE.1 e F(V)TL e F(E)YEEWSH, RILH=FLXEY
S RERLTLET,

RIEDIFIBZBDIERZ. READILFIIFZBBADIDERLTNE
ER



L\of-A CZETHD.COATVIRE VEF(C)DAT Ik
F(E),F(V)DBEBRZEBELTEEELLD,

A7I)— C Src
2F—7 [ E—=V ]
tgt
e )
v F(E) = F(V) =
ATAV=FC) | (12,...m} {12, ..,n)
C-set

FIODTZ7D  FODTSID
BOEE(ME) TEAOEE(NE)




F(C)DH DEE

BaEnn, F(C)DATOHURF(E), FV)ZER TWATEITTIL,
J27DTERDHMEDDEMN D NEEITT, Tl EEEKRIC
TS50 HMBN0ITTIEHYEE A,

57D, HAERNE DD THEIEIN TSN EEST-0IZIE,
COZDMD5T srcktgthifunctor FCERINF-F(C)DE5ITHS
F(src)&F(tgt) D EENBEIZHEYET,



AFx—7-H7T31)—CTIE,
src: E—->V
tgt: E -V
TLf=D T,
C-seth73d1)—THAHF(C)TIE
F(src):F(E) - F(V)
F(tgt):F(E) - F(V)
LGB EEbMFET,
FICREIER-BAOHFOINYEHTEFRI NI,
F(src) : {1,2,...,m} - {1,2, ...,n}
F(tgt) : {1,2,...,m} —» {1,2, ...,n}

ZDEIZ,. F(IO) LD =D D& F(src),F(tgt)l&. LWTFEBD
£65{1,2,..m} L TCEERIN.TBEDEE{1,2,..,n} IZEFH
HEAETY,



COFEF(C)D S DEE R

COHt src, tgt EF(C)DHTF(src), F(tgt) D&,

AxF—7 Src
HFT)— C E |4
. tgt

functor F

’ 4 F(src): F(tgt): A

H7TIAV—=FC) | F(E) > F(V) F(E) > F(V
C-set (V) F(E) V) F(src),F(tgt)
""""""""""" EHIZ.TID

| Fsro): Figt): | &amoims
' {1,2,...,m} (1,2,..,m} [ PEEI~ND
| B TH B,




BELF (src), F(tgt) DEZEZHELT

B{Amy(Zfunctor F %K d 3

F(src):{1,2,..,m} - {1,2,...,n}
F(tgt):{1,2,..,m} - (1,2, ..., n)
ELVD ML, FAfunctorTHAZENLBHRICEMI-EEL
DTY L. COEHEThoIE, BIARMIZBEEE (srce), F(tgt) D
M ROAHZEIITEEF A
ECEZE (domain) {1,2, ..., m}&. RLC{EE (codomain)
(1,2, .., n}ZFOEAR LORBERIT. BAICHFELTI M,

TH, FDI LI, Wz, functor FA5Z5EEF(C. EEE &EE
DEHDBDORTEDEHEIL., FhfunctorTHLHIZENCEHE)
BIIZREESNET) . BHEIZBEEF (src), F(tgt)ZE®ZLTLIWY
_EFERLET,



G570 E. BBEF (src), F(tgt) DEE

Tl TZ7DREBEF (sre), F(tgt) DEEFFEUDITT
wLET, )

G270, BellERI, | EEORDESIEEADT 70>
T:&in—d-o

~

Y JER ] --
] \J_eODtIL"’—" DeDH A

CDEE,
F(src)(e) =i

F(tgt)(e) =j
E.EELET,



_ODJ:’)k —DDWVeFELENT5II1EB T 5. TNET
I EEEDOEERLNF-EHI>T-HR 4 EE K

F(src),F(tgt)(Zs FNENEDEYLHTe - i,e » | DEE

ZMAT, EAMNLGEAMIZTHAIENTEET,

F(src) : {1,2,...,m} - {1,2,...,n}
e » 1

F(tgt) : {1,2,...,m} - {1,2, ...,n}
e — j

ZDIREE.T7DHIZEENDS MEDOETOBRIZDLNTHEY
RLET , BH. ehmEHbS_EnbHhYpT LSz, DLESE
Mz FELLD,




— DD BelZDLVTD
115 A

4 h

T~. ER srg IER tgt; _ -
~ ~ N - -
11 e u
STC;
He; DIE R UENOY =1

€ ‘i\ mﬂﬂﬁéo
i X, 1MoMETEES



BEELE (src), F(tgt) DEARNLGESE
NI ST7DERNERERDS

F(src) : F(E) » F(V)
e, » Srey
e, P STcy
es P STC3

F(tgt) : F(E) » F(V)
ep v tgty
e, » tgtl,
ez » gl



SEDBREAEE (sre), F(tgt) DEZEIL.
RDIDERIZEEDSHZEMNTEET,

E src tgt

e,y Srcy tgt,
e, Src,; tgt,
ez Srcz tgts

OLI-TEZONBBEEEF (src), F(tgt) DEEIL. R
HIIGAF—<-H73)—C%&. BRGS0 HhT3)—
F(C) = C-setlZZ#9 5 LT, EELZREZR-LET,




BE#4F (src), F(tgt) DEZ DI

Graph {V:3, E:4}
E src togt

w NN
w wWw W N

1
2
3
4
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CatlabTaC-set”?

C-set &ldfalH 2
YT TESR




Catlab®7ng S LS TILHb

[5'57=C-set|Z%#

ZDtyi a3 TlE, CatlabTIdFd57%: EDKSIZIK-TLNSH
. A0S LDYUTILTEUVET,

gIElIDtyi 3 TRE-KS(Z, Catlab TIEZYST7DHMER AL E
ZTHATSTNDRF—<]|C [Z. functor F Z@ALTEAKB
5257 F(C) #1EA5LLFET,

F(C) ATEERMILZDIE. FIC)DATCzHREF(C)D5TE. Ly
TNEEE(Set) I D L TERINTULNSMNSTY,



F(CO)IE. EDELIITT BRI IH

ZoLT- £&(Set)IZ{EZHS functor F: C — Set (ZDE
=M [C-set|ELVDBRIDHEKTT)DHETIE, F(C)DAT
SIOMNV)IE. TSTDIEREZRTBRBODEEIZ. F(C)DF
JOTIRR(E)IE. V50MBERTEBARBOESIZEYET,

BlI#kIZ. F(C)D =DM &t F(src), F(tgt) (X, F(E)MF(V)~
D -- THHLEERBDODEENCBARBMDEE~DEIIZTY
*9,



CatlabT® C-set7O45 534514,
57D EROBDIEROAEBEFHD

$-o&%.C — Set LLSfunctorOEEMNSENINDZSLT=C-
set DMHEIX. £ BRGS0 EEZBIZIE+H7TIE
HYFEEA, ZIIZIE . ENBEREEDTEAMNDLTHIEINTINS
MEWND, TZT7DRERDBIBERNVEAELTLNET,

CatlabTHDIF57 = C-set1DFTAT S5 1%, Z5LEI ST
DRERODIFHRDFEBEHIBLDTY,

BERIZIEZ. F(IC)DZD D5 F(src), F(tgt) O EZEFE AR
(25 ZAZET. functor F 214957 = C-set1Z#EHT 51D
[CLET,



(757 = C-seti®7RJI2UT 1L,

functord=7 0455

CatlabT®Oy 57075532413, 1

—_— »
=27

RIVET TTDRF—

<%, BIAMIEI 7570 = C-setlIZ# 9 Bfunctor F 704

FEUTITHBYFER A,

SENDEY AV TIE. WD TAySLOBERBNTANDT
IH., Fhoixfunctord7O9 535128 BIE.EFHLTAHT

<f=2by,



[ 7S T70xF*F—<7] OFEHXB3

SENtEY AV TIE,. FTRAIC.BERITSTORF—TITH
BHhT3)—C(ZZTIlE. "SchGraph"&WS5 &2 5250 TLY
FI)DERZRTWISEBRWVETET,

FNIE. ROEKSETAT S LIZIES>TLVET,



AX—<VChHEE
using Catlab.CategoricalAlgebra

@present SchGraph(FreeSchema) begin
V::0b
E::Ob
src::Hom(E,V)
tgt::Hom(E,V)
end




ZZTC.V::0Ob, E::Ob [%X.V, E A ATTU—COAT Ik
THHZEERLTLET,

src::Hom(E,V) , tgt::Hom(E,V) [&. src&tgt A, AT3
)—COEMBVIZHMI5TERLTLNET,

HhTI)—RDER. TDFEETY 13,

JOJSLDOFED "@present"M&EHE'@' TlRFESGSIE

Juliag B ClI<w o0 R 1EFEIENDEDLEDTIT A, IEHI?O
O S DERBAIXITLEE A, 1212, "@present” ¥ /0%, [X
F—TIDEREIZCAVGNASZEE ., > THELANITERNVET,



ETCHDIAERMISTIZERTSHTI)— C
AEFx—7 C

Src
hT7I—C E—=V

tgt

ETOIERVITIZERTHHATI)— C [F. RODILDMLE
VET,

® CODZDMDATTxHk: E,V € 0bj(0)
® E(XEdgeTIS7MLNDER
® V(IVertexTYST7DIERDE

®@ CD=DOM5t: src,tgt:E—->V e Hom(C)
src, tgt | AN EZoNT-LZTTEREIRT
® srcldsourceCiIIDIER
® tgtidtargetTiZ DM



JRTSL-HUT)IL

DY a TlE LK DOHADTATSLDOYUTILEIRELT
WET,

KEATTINEHIT=OTTM., Bl F21={FEILAE2MILD
7049 35.LTY,



FS57DFIZDOLNTHERHZIEHR

ERIZHE->TWADIZ. BiEOEYIarOxEICEzEDHTI=LSIZ,
557D ERD BF(src), F(tgt)ELSC-setd Z DDA D
EBIEE. ROESLERICEEDHONDEESETT,

E SIrc tgt
1 1 2
2 2 3
3 2 3
4 3 3



CORIFEITEHEDIE. HHADIRR[ERENFEICHMIET,
B1FTERINDTER2ADKHTHY  D2IFTER2HMLIERS
~NDEKNTHY . A3FTER2HLTERINDKRETHY , 184(F
ER3INLIERINDKHTHD. FR,

—DFEBELTHLLDIX., 570 HERDHBF(src), F(tgt)&
LNSC-setD ZDDBEMDEBEEEET H_DREE,. 7JOT7
LTI, MICHOHMTRELTVNAEESIZETT .

ZOHITIX,.src = [1, 2, 2, 3] T.tgt = [2, 3, 3, 3] &LVS
BT, 707 S LIZHAAENTNET,
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using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 1, src=[1], tgt=[2])

g

Graph {V:2, E:1}
E src tgt
1 1 2



g = Graph()
add_parts!(g, :Vv, 2)
add_parts!(g, :E, 1, |src=[2]|, |tgt=[1])
g

Graph {V:2, E:1}

E |src||tgt

1 2 1

to_graphviz(g, node_labels=true, edge_labels=true)

O—0
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using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 2, src=[1,2], tgt=[2,1])

g
Graph {V:2, E:2}
E src tgt



using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 2, src=[1,2]L tgt=[2,14)
g

Graph {V:2, E:2}

E | src|| tgt
1 1 2
2 2 1

to_graphviz(g, node_labels=true, edge_labels=true)

L
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using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 2, src=[1,2], tgt=[2,1])

g
Graph {V:2, E:2}
E src tgt



using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 2, src=[1,2]L tgt=[2,14)
g

Graph {V:2, E:2}

E | src|| tgt
1 1 2
2 2 1

to_graphviz(g, node_labels=true, edge_labels=true)

L
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using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 3, src=[1,2,1]1, tgt=[2,1,11)

g
Graph {V:2, E:3}

E src tgt
1 1 2
2 2 1



using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 3,|src=I[1,2,11} |tgt=[2,1,1]

g
Graph {V:2, E:3}

E | src|| tgt
1 11| 2
2| 2| 1
3 1 1




Graph {V:2, E:3}

E src tgt
1 1T 2
2 2 1
3 1 1

to_graphviz(g, node_labels=true, edge_labels=true)

3
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using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g,
add_parts! (g,

g

Graph {V:2, E:4}

E src tgt

1

W N

1
2
1

2
1
1

:V, 2)
:E, 4, src=[1,2,1,1], tgt=[2,1,1,2])



using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 2)
add_parts!(g, :E, 4, src=[1,2,1,1]l tgt=[2,1,1,2]b

g
Graph {V:2, E:4}

E | src||tgt
1 1 2
2 2 1
3 1 1
4q 1 2




Graph {V:2, E:4}

E src tgt
1 1 2
2 2 1
3 1 1
4 1 2

to_graphviz(g, node_labels=true, edge_labels=true)
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using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()
add_parts!(g, :V, 3)
add_parts!(g, :E, 4, src=I[1,2,2,3], tgt=I[2,3,3,3])

g
Graph {V:3, E:4}

E src tgt
1 1 2
2 2 3
3 2 3
4 3 3



using Catlab.CategoricalAlgebra
using Catlab.Graphs, Catlab.Graphics

g = Graph()

add_parts!(g, :V, 3)
add_parts!(g, :E, 4, src=[1,2,2,3]‘ tgt=[2,3,3,3]

g
Graph {V:3, E:4}

E |src ||tgt
1 1 2
2 2 3
3 2 3
4 = 3




Graph {V:3, E:4}
E src tgt

1 1

A W N
w NN
w w w N

to_graphviz(g, node_labels=true, edge_labels=true)



g = Graph()

add_vertices!(g, 6)

add_edges! (g,
g

Graph {V:6, E:9}
E src tgt
1 T
2

1

© 00 N O o A W N
ol
o O o0 OO A~ B~ WO W oN

[1,2,1,3,1,5,2,2,41, [2,3,3,4,4,6,5,6,6])
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g = Graph()

add_vertices!(g, 6)

add_edges! (g,

g

Graph {V:6, E:9}

E

-—

© 00 N O a0 B~ W N

|'[1,2,1,3,1,5,2,2,4]

[2,3,3,4,4,6,5,6,6])

Src

1
2

N N O

S

tgt

o OO o1 oo A b W W N




Graph {V:6, E:9}
E src tgt

1 1

to_graphviz(g, node_labels=true, edge_labels=true)

2

© 0 N O O A O WN
O
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C-set &lEfalh 3
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—NDtyiarOBm

Nty arTIE . [957=C-set | DAF¥x—<-H731)—C%
TIEIERE ERENBTSTNEDISIZEDHLIOIERTH
FHOEBRVET,

XAIZHBNIT DL, TERAISTIDRAF—TTY,
[ @457 1(&Symmetric Graphl&EIENET,

SETCRTEEREX—L-HTTJ)—CTIEZ.TEMITFTTILME
B TCEHELD T,

RIZ.ETODIEERNBSFEFITFE>TKEIL—T%EED
[Reflexive graphs = REIBIT ST IDRF—TEEZFET,
[REFITS7NIET BRI STIO—FETT ARG HEEEE-
TWET,



w452 Symmetric Graph

C-setD A%, BAWIZIK. BRI ZII7EZERTHED T,
ZOREAT. EDXSIC. BRI STEERTHADTLELEY?

ERWGETATT7IE. ETOANRFDREETEHEDOD>ZD>NDAM
SIERINTWALGL, ENNERT T TEEEZBIETY,

AT TITDAF—VIZE, R—=R([ZHEBZEMRITTDAF—T
2.2 THDBADLETEZEIN., TDRIEERMZT S5
inv(involution) MN#EAAFENTLVET,

inv:E > F



®[H]4J 5TNDAF—< SchSymmetricGraph

4

-
-

invC’iES:rC;V

tgt

inv .
E ; > E
inv
R /gt
V

NoDHIE ROFHZEFESRITEYFEE A

A TELE

Inv-src = tgt, inv-tgt = src, inv-inv =1



®[H]4J 5TNDAF—< SchSymmetricGraph

4

-
-

invC’iES:rC;V

tgt

inv .
E » 4 E
inv
N 1/gt
%

NoDHIE ROFHZEFESRITEYFEE A

A TELE

inv-src = tgt, inv-tgt = src, inv-inv = 1



®[H]4J 5TNDAF—< SchSymmetricGraph

4 1)

-

invC’iE%V

tgt

inv
E ; v E
inv
N /gt
%

NoDHIE ROFHZEFESRITEYFEE A

A TELE

inv-src = tgt, inv-tgt = src, inv-inv = 1



®[H]4J 5TNDAF—< SchSymmetricGraph

4 1)

-

de E %; V
AR TECE ©
Efg———E
SrcC ‘/gt
v

NoDHIE ROFHZEFESRITEYFEE A

inv-src = tgt, inv-tgt = src, inv:iinv = I



CatlabT®SchSymmetricGraph® E %

@present SchSymmetricGraph <: SchGraph begin
inv::Hom(E,E)

compose(inv,src) == tgt
compose(inv,tgt) == src
compose(inv,inv) == id(E)
end

@acset_type SymmetricGraph(SchSymmetricGraph, index=[:src])



CatlabT®SchSymmetricGraph® &%

@present SchSymmetricGraph <: SchGraph begin
inv::Hom(E,E)

@present SchGraph(FreeSchema) begin\

compose(inv,src) == tgt Vl:OE
: E::O
compose(inv,tgt) == src =
compose(inv,inv) == id(E) E’giﬂgmgg’\\g
end \_end )

@acset_type SymmetricGraph(SchSymmetricGraph, index=[:src])



CatlabT®SchSymmetricGraph® &%

@present SchSymmetricGraph <: SchGraph begin

invi:Hom(E,E) //inv:E->E
SIrc
(w2 D25 v
tgt

compose(inv,src) == tgt

compose(inv,tgt) == src

compose(inv,inv) == id(E)
end

@acset_type SymmetricGraph(SchSymmetricGraph, index=[:src])



CatlabT®SchSymmetricGraph® &%

@present SchSymmetricGraph <: SchGraph begin
inv::Hom(E,E)

compose(inv,src) == tgt
compose(inv,tgt) == src

E inv . E
\ inv
compose(inv,inv) == id(E) R /gt
end vV

@acset_type SymmetricGraph(SchSymmetricGraph, index=[:src])




CatlabT®SchSymmetricGraph® &%

@present SchSymmetricGraph <: SchGraph begin
inv::Hom(E,E)

compose(inv,src) == tgt

compose(inv,tgt) == src

compose(inv,inv) == id(E)
end

@acset_type SymmetricGraph(SchSymmetricGraph, index=[:src])

to_graphviz(SchSymmetricGraph)

t

Inv
SIC



CatlabT®SymmetricGraph® 704553245

using Catlab.Graphs, Catlab.Graphics
g = SymmetricGraph()

add_vertex!(g::AbstractSymmetricGraph; kw...) =
only(add_vertices!(g, 1; kw...))

add_vertices!(g, 4)
add_edges!(qg, [1,2,3,4], [2,3,4,1])
g



CatlabT®OSymmetricGraph® a4

using Catlab.Graphs, Catlab.Graphics

g = SymmetricGraph()

add_vertex!(g::AbstractSymmetricGraph; kw...) =
only(add_vertices!(g, 1; kw...))

add_vertices!(g, 4)
add_edges!(g, [1121314]1 [2131411])

g

Jdl



D705 LDH S

SymmetricGraph {V:4, E:8}

E S ge tgt inv
1 1 2 5
2 2 3 6
3 3 4 7
4 4 1 8
5 2 1 1
6 3 2 2
7 4 3 3
8 1 4 4



to_graphviz(g, prog="circo"



to_graphviz(g, prog="circo", node_labels=true,
edge_labels=true)

SymmetricGraph {V:4, E:8}

E Src tgt inv
1 1 2 5
2 2 3 6
3 3 4 7
4 4 1 8
5 2 1 1
6 3 2 2
7 4 3 3
8 1 4 4
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RSB 57E1E. TRTHDIEEANROISIZBEIL—TEED
750N ETY,
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BMENRBHYET,
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HIRHFNZELEFT,



RETHIT ST DT ERIFRIIEE
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ERHMYFET,
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Reflexive graphs X¥+—~<

REHIT52&IF. T57GERIERAVIZVIZEITABEIL—T%
)1 4T 2% G(refl) : G(V) — G(E)ZE#D
Sch(RGraph)-setTd, ZZTSch(RGraph)IZBIRI 570
AX—T T . RODEIGHEELEDIDELTERINET

{——— Src
rei — F

—— tgt ——

v

AKX TREIE. XD ESHLERIZEYET,

E refl 1% refl E

e




E refl 174 refl E

R ll";/gt
|4

refl-src =1, refl-tgt=1,



CatlabTORFHITSTORAXF—TDESE

@present SchReflexiveGraph <: SchGraph begin
refl::Hom(V,E)

compose(refl, src) == id(V)
compose(refl, tgt) == id(V)
end



CatlabTO KRBT TTDARAXF—TDESE

@present SchReflexiveGraph <: SchGraph begin
refl::Hom(V,E)

compose(refl, src) == id(V)
compose(refl, tgt) == id(V)
end

@present SchGraph(FreeSchema) begin\
V::0b
E::Ob
src::Hom(E,V)
tgt::Hom(E,V)

\_end )




CatlabTORFHIITISTORAXF—TDESE

@present SchReflexiveGraph <: SchGraph begin
refl::Hom(V,E)

{<—— Src
V rel — F
compose(refl, src) == id(V) — tgt ——

compose(refl, tgt) == id(V)
end




CatlabTO KRBT TTDARAXF—TDESE

@present SchReflexiveGraph <: SchGraph begin
refl::Hom(V,E)

compose(refl, src) == id(V) E refl v refl E

compose(refl, tgt) == id(V)
end % ﬂlﬁ
v
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® Algebraiclulia&lX{alh ?
o

® Decapodes 7Oz rEIXfaIH
o

® "A diagrammatic view of
differential equations in physics”



Algebraiclulia&(Efah 2

Algebraicluliald. IR ZF O EIZEAATI) —mICEDLV:
;L7 TO— FTEEHHTEEMET HI1ENIZTYavE
®|IF1= JuliaEBTEMMN\YT—U#TY,

EnIEFIN#EFHMETEICER AT 8% (Compositionality )z
FHAD ICEEBEIZBITFTWET, NEAATI)—RwIZED
1ELVDIDIE, IV 2ETT,



Algebraiclulia®zvi 3>

. 1 AlgebraicJulia

—

AlgebraicJulia

Bringing compositionality to technical computing.

() view on GitHub

Rl BTt B A TR (Compositionality )2 i 5A

Mission

AlgebraicJulia aims to create novel approaches to scientific computing based on applied
category theory

MEOHEICEAATI)—RICEDWVHLWVTITO—FEEALTEEBERETS

https://www.algebraicjulia.org/



https://www.algebraicjulia.org/

Algebraiclulia®/\w/ r— # Catlab
https: ithub.com/Algebraiclulia/Catlab.jl

Algebraiclulial&Z<D/\v7r—U Mo ERENTULVET,
ZDHRRZEET DL, BE-BiTnBFEA~OATI)—mDIFHD
2ODIL—LD—D -- TATSIVT-54T3) =135
TATIEAA—Tz—RAZ LTV S CatlabE BRL THLWY
tl%\l'\i-d—o

CatlablE&NetworkX+>Graphviz® &S5I1Z, 5% EEE
HRIELT OO TIEHYFE B A, (Catlabldrendereré
LTgraphvizZ*{EL\Ed, )

NTIAV—RMEDA RISV TATIEAR—T 1 — AR T 51
DIZIE. TS0 /IBENDNBES>T-MDE T,


https://github.com/AlgebraicJulia/Catlab.jl

AlgebraiclulialZlX. 73" —mMICEELZERERZL T
BINVIT—UMNEENTWET , TnhGatlab (Generalized
Algebraic Theories)TY,

GATIE. OV EA—43- AT RN EHEHMFZORBEEES

B3N TT, TNIE. AVE1— 3 ETRESRATLEESET S

ﬁ"@iﬁ‘d)iﬁl’ﬁ( Y ZET , Gatlabld., CatlabDEE(ZIEGRGE
BaigtLTLVET,

“"GATlab: Modeling and Programming with Generalized
Algebraic Theories” https://arxiv.org/abs/2404.04837

Development Status

) catlab.jl on GitHub

The package is nearing it's v1.0.0
release


https://github.com/AlgebraicJulia/GATlab.jl
https://arxiv.org/abs/2404.04837

. . AlgebraicJulia

An Ecosystem of Software Based on Generalized Algebra and Category Theory in Julia

. . AR 147 followers & https://www.algebraicjulia.org

(0 Overview [J Repositories 52 ] Projects @ Packages A People 8

Pinned
Catlab
(Q Catlab.jl ' public ) ] ACSets.jl Public
A framework for applied category theory in the Julia ACSets: Algebraic databases as in-memory data structures
language
Q@Julia Y601 % 56 QJulia W17 Y7
Gatlab
] Decapodes.jl ' Public & GATIab.jl Public
A framework for composing and simulating multiphysics GATlab: a computer algebra system based on generalized
systems algebraic theories (GATS)
Q@Juuia w46 % 14 \. Juia W21 ¥ 2 )
] AlgebraicPetri.jl = Public ] AlgebraicRewriting.jl = Public
Build Petri net models compositionally Implementations of algebraic rewriting techniques like DPO,

SPO, SqPO.

SR AN https://github.com/Algebraiclulia



https://github.com/AlgebraicJulia

B3+ —E&EAlgebraiclulia

EEtEIF—nar 7Yk, Algebraiclulia®/N\yr—S DR
FIEFHEUDLTLVET,

Part 3STRYLEIT=D. XDELDTY,

® J5JMC-Set(dhdHL ML, AC-Set)ELTOHHEDIT
ACSets
https://github.com/Algebraiclulia/ACSets.]l

REILIE, CD/Nv—2 DN ELESERNET,

® Agent-Base Model®arEa1—42 ETHEE
AlgebraicABMs
https://github.com/Algebraiclulia/AlgebraicABMs.jl



https://github.com/AlgebraicJulia/ACSets.jl
https://github.com/AlgebraicJulia/AlgebraicABMs.jl

+=F—nDrEvH X EAlIgebraiciulia.blog

GiTHub*>arXivLl4t (=, Algebraiclulia.blog

https://blog.algebraicjulia.org/ 2. BRFIEHRMN-{<SAHY
F9 ., BIF—LDOBEETIL, DEDblogaSHEFEELY,

® 557LCsethE Yo XIZDUVTIE. Evan Patterson®
https://blog.algebraicjulia.org/#category=graphs

® Agent-Based Model [Z2DULZTI&., Kris Brown®

https://blog.algebraicjulia.org/post/2023/07/graphical-
schedule/

Agent-based modeling via - e
graph rewriting

REWRITING | ATTRIBUTED-C-SETS  MODELS [ A s
k> ‘
DYNAMICAL SYSTEMS ; 5



https://blog.algebraicjulia.org/
https://blog.algebraicjulia.org/
https://blog.algebraicjulia.org/post/2023/07/graphical-schedule/
https://blog.algebraicjulia.org/post/2023/07/graphical-schedule/
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instrument on NASA’s Juno spacecraft shows the central cyclone at Jupiter’s
north pole and the eight cyclones that encircle it.

(Image credit: NASA/JPL-Caltech/SwRI/ASI/INAF/JIRAM
https://www.space.com/jupiter-polar-vortices-stability.html
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This annotated composite image depicts the movement of the polar and
circumpolar cyclones of Jupiter's south pole between 2016 (left) and 2021 (right) as
seen by the Jovian Infrared Auroral Mapper (JIRAM) instrument aboard NASA's Juno
spacecraft. In both images, five cyclones are arranged as a pentagon, with a sixth
cyclone in the center (south pole). https://www.jpl.nasa.gov/images/pia24967-
jupiters-polar-vortices-over-five-years
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using Catlab

using Catlab.Graphics

using DiagrammaticEquations
using DiagrammaticEquations.Deca

oscillator = @decapode begin
X::FormO
V::FormO

d:(X) ==
d.(V) == -k(X)
end



T I4ILETIE, ACSet ELTEREAXTHASIN S,
RIE. TH#HX)EFDE (Form0)Z iR B1=-HDVar,

Var type name

1 FormO X
2 FormO V
3 infer 1
4 infer V

TVarlZZF A4 F+3I0 XD EZEH (tangent variable) THAZEH
DY T ybZ#AT5=HDEDTHS,

TVar incl
1 2
2 4
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Var type
1 FormO
2 FormO
3 infer

4 infer




Var type
1 FormO
2 FormO
3 infer

4 infer

9(X) ==
d:.(V) ==(4)
k*X ==(3)

-1%(3) ==(4)



Var type name

1 FormO X
2 FormO Vv
3 infer «1
4 infer \'4

1 1

TVar incl 2 9
1 2 3 1

4 3

Op1 src tgt

2
4
3
4

op1
O
Ot

k

d(X) ==
(V) ==(4)
k*X ==(3)
1%(3) ==(4)



oscillator = @decapode begin
X::FormO
V::FormOQ

k::Constant

d(X) ==
d:(V) == -k*(X)
end
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oscillator = @decapode begin @
X::FormO

V::FormO

k::Constant

d(X) ==V
d(V) == -k*(X)
end
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Var type name Op1 src tgt op1 @

1 FormO X 1 1 ) d
2 FormO V 2 2 5 d 1
3 Constant K 3 3 1 _ 4 @
4 infer 1 ;
Op2 proj1 proj2 res op2 /
5 infer Vv P< projl proj P f!ﬂl
1 4 1 5 v T !
TVar incl
2 (V:Qo
1 2

2 5
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oscillator = @decapode begin
X::FormO
V::FormO

k::Parameter

d(X) ==
d:(V) == -k*(X)
end
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oscillator = @decapode begin
X::FormO
V::FormO

k::Parameter
d(X) ==V

d:(V) == -k*(X)
end




type
FormO
FormQ
Parameter
infer

infer

Literal

incl
2
5

kT /INGA—BELI-EEDT 57

name

Op1 src tgt op1l
1 1 2 Ot
2 2 5 Ot

Op2 proj1 proj2 res
1 6 3 4
2 4 1 5




"A diagrammatic view of

differential equations in physics”
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TontiX (1972),
the mathematical structure of a large class of physical theories
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(a) Maxwell’s house in exterior calculus (b) Maxwell’s house in vector calculus
. f . . d
Maxwell’s equations. An arrow x — y asserts the equation y = f(x). For instance, the arrow A — B
asserts that the magnetic field B, a 2-form, and the magnetic potential A, a 1-form, are related by the
equation B = dA, where d is the exterior derivative. Moreover, a node with multiple incoming arrows



Definition 2.1 (Diagram). A diagram in a category C is a functor D : J — C, where J, the shape or
indexing category of the diagram, is a small category.

Example 2.2 (Discrete heat equation). The classical heat

equation has a discrete analogue on graphs.
Let G be a symmetric weighted graph: a diagram of sets and
functions

i

. [
VﬁI:ELHRm

With this setup, the discrete heat equation on the graph G is
O =Au, ueR™ (2.1)

When G = Z¢, this equation is a discrete version of the heat equation in R? [48, §1.3]. We can present
the discrete heat equation via the diagram

n
RV ——= R™V (2.2)
A



Example 6.5 (Maxwell’s house). Let M be a three-
dimensional Riemannian manifold. Phrased in

exterior calculus and with units such that the speed of light
is 1, Maxwell’s equations on the spatial

domain M are

dE = —-0,B E=-d¢-0A

dB =0 B = dA.

oE =p

0B = 0,E + J,

D:=exE and ﬁzl*B,
U

dD=p

dH =d,D + J,



Maxwell’'s house
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Incompressible Euler equations

ou+Vyu+dp=0
ou =0,

1
O + Lyu — §d||u||2 +dp = 0.

i
@G B (u: D), & @D

@ 3 dp: Q]

V,u: Q!

4

+

@)
©



Incompressible Navier-Stokes equations

ou+Vyu+puddu+dp=0
ou =0,
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How to Generate Code from Graph



Decapodes.jl compiler

module Decapodes

using ACSets

using DiagrammaticEquations

using DiagrammaticEquations.Deca

using MLStyle

export

gensim, evalsim, compile, compile_env,
default_dec_matrix_generate, default_dec_cu_matrix_generate,

default_dec_generate, CPUBackend, CUDABackend, CPUTarget,
CUDATarget

include("operators.jl")
include("simulation.jl")

# documentation
include("canon/Canon.jl")
end



operators.jl

using Base.lterators

using CombinatorialSpaces

import
CombinatorialSpaces.DiscreteExteriorCalculus: DiscreteHodge
using Krylov

using LinearAlgebra

using SparseArrays

function default_dec_cu_matrix_generate() end;

function default_dec_matrix_generate(sd::HasDeltaSet,
my_symbol::Symbol, hodge::DiscreteHodge)

function dec_mat_hodge(k::Int, sd::HasDeltaSet,
hodge::DiscreteHodge)

function dec_mat_inverse_hodge(k::Int, sd::HasDeltaSet,
hodge::DiscreteHodge)

# Special case for inverse hodge for DualForm1 to Form1

function dec_pair_inv_hodge(::Type{Val{1}},
sd::AbstractDeltaDualComplex2D, ::GeometricHodge)



function dec_pair_inv_hodge(::Type{Val{1}},
sd::HasDeltaSet, ::DiagonalHodge)

function dec_mat_differential(k::Int, sd::HasDeltaSet)

function dec_mat_dual_differential(k::Int, sd::HasDeltaSet)

function dec_pair_wedge_product(:: Type{Tuple{k,0}},
sd::HasDeltaSet) where {k}

function dec_pair_wedge_product(::Type{Tuple{0,k}},
sd::HasDeltaSet) where {k}

function dec_pair_wedge_product(::Type{Tuple{0,0}},
sd::HasDeltaSet)

function dec_#_d(sd::HasDeltaSet2D)

function dec_ b (sd::HasDeltaSet2D)

function dec_avgoi(sd::HasDeltaSet)

function default_dec_generate(sd::HasDeltaSet,
my_symbol::Symbol, hodge::DiscreteHodge=GeometricHodge())

function open_operators(d::SummationDecapode;
dimension::Int=2)

function open_operators!(d::SummationDecapode;
dimension::Int=2)



op2_remove_stack = Vector{Int}(

function add_Inter_Prod!(d::SummationDecapode, projl_Inter::Int,
proj2_Inter::Int, res_Inter::Int)

function add_Inter_Prod_2D!(::Type{Val{2}},
d::SummationDecapode, projl_Inter::Int, proj2_Inter::Int,
res_Inter::Int)

function add_Lie_1D!(::Type{Val{0}}, d::SummationDecapode,
projl_Lie::Int, proj2_Lie::Int, res_Lie::Int)

function add_Lie_2D!(::Type{Val{0}}, d::SummationDecapode,
projl_Lie::Int, proj2_Lie::Int, res_Lie::Int)

function add_Lie_2D!(::Type{Val{1}}, d::SummationDecapode,
projl_Lie::Int, proj2_Lie::Int, res_Lie::Int)

function add_Lie_2D!(::Type{Val{2}}, d::SummationDecapode,
projl_Lie::Int, proj2_Lie::Int, res_Lie::Int)

function add_Codiff!(d::SummationDecapode, src_Codiff::Int,
tgt_Codiff::Int)

function add_De_Rham_1D!(::Type{Val{0}},
d::SummationDecapode, src_De_Rham::Int, tgt__ De_Rham::Int)



function add_De_Rham_1D!(::Type{Val{1}},
d::SummationDecapode, src_De_Rham::Int, tgt_De_Rham::Int)
function add_De_Rham_2D!(::Type{Val{0}},
d::SummationDecapode, src_De_Rham::Int, tgt_ De_Rham::Int)
function add_De_Rham_2D!(::Type{Val{1}},
d::SummationDecapode, src_De_Rham::Int, tgt_De_Rham::Int)
function add_De_Rham_2D!(::Type{Val{2}},
d::SummationDecapode, src_De_Rham::Int, tgt__ De_Rham::Int)



simulation.jl

using CombinatorialSpaces
using ComponentArrays
using LinearAlgebra

using MLStyle

using PreallocationTools

const GENSIM_INPLACE_STUB = Symbol("GenSim-M")
const NO_STUB_RETURN = Symbol("NOSTUB")

abstract type AbstractGenerationTarget end

abstract type CPUBackend <: AbstractGenerationTarget end
abstract type CUDABackend <: AbstractGenerationTarget end

struct CPUTarget <: CPUBackend end
struct CUDATarget <: CUDABackend end



# TODO: Make it so AbstractCall code terminates into an error, not
into default code

abstract type AbstractCall end

struct InvalidCallException <: Exception end

Base.showerror(io::10, e::InvalidCallException) = print(io,
"Compiler call being made is not a valid one")

# A catch all if an AbstractCall's child doesn't define " Base.Expr’
Base.Expr(::AbstractCall) = throw(InvalidCallException)

struct UnaryCall <: AbstractCall
operator::Union{Symbol, Expr}
equality::Symbol
input::Symbol
output::Symbol

end



# | WARNING: Do not pass this an inplace function without setting
equality to :.=
Base.Expr(c::UnaryCall)

struct BinaryCall <: AbstractCall
operator::Union{Symbol, Expr}
equality::Symbol
inputl::Symbol
input2::Symbol
output::Symbol

end

# ! WARNING: Do not pass this an inplace function without setting
equality to :.=, vice versa
Base.Expr(c::BinaryCall) = begin



struct VarargsCall <: AbstractCall
operator::Union{Symbol, Expr}
equality::Symbol
inputs::Vector{Symbol}
output::Symbol

end

Base.Expr(c::VarargsCall) = begin
return Expr(c.equality, c.output, Expr(:call, c.operator,
c.inputs...))

end

struct AllocVecCall <: AbstractCall
name::Symbol
form::Symbol
dimension::Int
T::DataType
code_target::AbstractGenerationTarget
end



struct AllocVecCallException <: Exception
c::AllocVecCall
end

# TODO: Should maybe have default CPU generation be Vector
with PreallocTools being opt-in

hook_AVC_caching(c::AllocVecCall,
resolved_form::Symbol, ::CPUBackend)

This hook can be overridden to change the way in which vectors
can be preallocated for use by in-place functions.

The AllocVecCall stores the "name” of the vector, the "form" type,
the "dimension of the simulation, the " T  which is the

datatype of the vector, and the "code_target’ which is used by
multiple dispatch to select a hook.

An example overloaded hook signature would be
“hook_AVC_caching(c::AllocVecCall,
resolved_form::Symbol, ::UserTarget)"



function hook_AVC_caching(c::AllocVecCall,
resolved_form::Symbol, ::CPUBackend)

:($(Symbol(:__,c.name)) =
Decapodes.FixedSizeDiffCache(Vector{$(c.T) }(undef, nparts(mesh,
$(QuoteNode(resolved_form))))))

end

# TODO: Allow user to overload these hooks with user-defined
code_target

function hook_AVC_caching(c::AllocVecCall,
resolved_form::Symbol, ::CUDABackend)

:($(c.name) = CuVector{$(c.T)}(undef, nparts(mesh,
$(QuoteNode(resolved_form)))))

end

compile_var(alloc_vectors::Vector{AllocVecCall})



This creates the vector allocations that will be used by the
simulation body for in-place operations.

function compile_var(alloc_vectors::Vector{AllocVecCall})
return quote $(Expr.(alloc_vectors)...) end
end

# TODO: Why do we need a QuoteNode for this?

hook_STC_settvar(src_name::Symbol,
tgt_name::Symbol, ::Union{CPUBackend, CUDABackend})

This hook is meant to control how data is set into the tangent
variables after a simulation function

execution. It expects the "state_name’, the name of the original
state variable, the "tgt_name  which

is the name of the variable whose data will be stored and a code
target.
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