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Reactive Programming in Haal
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Reactive Programming in a nutshell

* Automatic recomputation of program state
* By declaring constraints/dependencies between signals
* No callback hell to keep data dependencies updated

* Sources bound to data producers @
* E.g., userinput, sensors...

* Sinks bound to data consumers ~ @=
* E.g., actuators, user interface...

* Other “RP” languages:
REScala, Frappé, FrTime, Elm, ReactiveX, Akka Streams...
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Two implementation styles of RP languages

* Function-Based Well-studied

Functions & Function Composition (3 many formalisations of
Examples: Fran, Yampa, SFRP, Dunai... function-based RP)

* Usually implemented in Haskell...

So why bother
formalising oraph-
based RP7?

* Graph-Based Not as well studied as

Graphs & Graph Composition
Examples: FrTime, REScala, Frappé, EmFRP...

function-based RP




Memory Usage of a Yampa program

[_] (555)GHC.Conc.Signal.CAF

=i Haskell RP languages are, in general,
2,000 I:‘(1037)deomp/chX.chXAux/c... unsuitable for embedded devices [*]

[ ] (1107)fdFun/fdComp/cpGX.cpG...
B (1156)fpAux tfipAuxfirstP...

i —— * E.g., loT, CPS, Real-Time Systems

1,600 - (1106)fdComp/cpGX.cpGXAux/c...

| I (1179)cpCX/ipAux.tt.(...) ...

1,400 . | (NELH I (1097)cpAXA. cpAXAAUXticpA...

200 \\M\M/\/ﬂ E (995)reactimate.loop/react... .

' i (1094)cpGX.cpGXAUX/CPGX/CPA... ) R k f | k

1.000] [l \ \ I\ F\ B (1168)fpAux.tiffpAuxfirstP... IS O S p a Ce e a S
J‘ FA W ( ‘A ‘ |:] (993)reactimate/runme/main

|:, (921)runme/main

: ’ﬂwd«YV WV’VHN ,V\AV,‘ \A/ A A I (1098)tdFun/cpAXA/cPGX cPGX... ¢ N e e d fO r a ga rbage COI IECtO r

[ ] (1150)cpXX tficpAXA.cpAXAAU...

| ‘—' W_M~"V'_WM'N . (1184)localTime/compPrim.f...
|

|:| (992)reactimate/runme/CAF-:... o

1,800

. (1068)fdComp/cpXG.cpXGAux/c...
M otHER

0.0 2.0 4.0 6.0 8.0 seconds

* Which is usually also the case of their
formalisations.

Memory usage of a simple Yampa

program. Memory usage constantly
fluctuates = GC needed.

[*] Sawada, K., & Watanabe, T. (2016, March). Emfrp: a functional reactive programming language for small-scale embedded
systems. In Companion Proceedings of the 15th International Conference on Modularity (pp. 36-44).
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Karcharias

™
a
i i

Evaluation Contexts: | —
p €Program = R £ fmEur l J lé”/]@r Or&l@lf‘

r € R € Reactor R(x,N) LoSH WAsE RYIEH (ock Sy (€0 )
b - | Soee(ih,£0,5) .
n € N € Node (l, nt,o) (W-REF) | Somin.p5s(ea159) SOMV]dS ll\(@
i € Input Port x | 0 W((‘d: {{ ((?1§ [[X]<§ I),] nt,0)} U)I;H:) ) Local Snapshot Rules (—5): L
= Wta, { (i1 § [2(x)] § i, nt,5) } UN, =
nt € Node Type - K}[O<N ) (s-SELF-REF) (s-DEPLOY-PRIMITIVE)
| DEPLOY (W-DEPLOY) 2= E[Smpr(lax)]  v=3%(x) S{ia. g[S%Tgb:(gv;]/;])
c Por e B x, 1p, fresh S(1a,2) —s S{1a, E[v]) s olla &10p(0
0 € Output Port x 3" = 3[x > Sprp(ip, 0,0 1[0 = Sazy (Sges (14, x), outin) | Vi € [1.0]]] (s-ToPLE-REF) N
xeXc Nime W(ig, {([c]§5, DEPLOY,5)} UN,Z) =4 W(ig,N,%’) 5(‘d~5[541'/,7(5»0“’80,1))]) aa l
i s 814, [0
{lni,js Outi,j | VieN",Vje N} cX (W-RHO) Global(ll::lns[(ﬁ]k):
v € V € Domain Value tcfresh ¢ =shift i0(2) ¢ = C{te, Ninner Zc)
W(ia, {(T, RHO(Ninner), [0])} U N, =) =1y W(14,N,Z[0 — c]) (S-CONGRUENCE) (SA\S\;A-(ZA;E)):) eW  igely I —D + ‘/]
i e in soss VseSis= S(l;E)Ld:ld S M 0 Ol/““
. . ’ ' el 4 K{E. Iz, W, {s] U5, D} K{E. 12, W, 5, D)
k € K S Configuration = K(E, Iz, W,S, D) Where shift_io(Z) = {x' = o|Vx — o €Z,x" = {outiji1 x=outi;} S K{EIg W, {s'} US, D) o K WS By us.D)
.. e x otherwise
w € W C Deployment Wiring == W(ig, N, %) Global Rules (—): (s-rer)

ceCapture =  C(i,N,Z) (W-CONGRUENCE) KAE, Iy W, {S 1, Z), 841, 2 )} 6 5, D)

s € S € Deployment Snapshot = S(14,%) 2= E[Sger ()] 0=5() 3 =€[0] S l/] k

ocC Signal - 0 Wy w =k K(E 14 W, {S(14.3"), 80,3} } uS, D)
K(E, Iz, {w} U W, S,D) > K(E,Iz,{w'} UW,S,D| (s-GLoBAL)
SgLB<x> (E.Ig, {w} )~k K(E Iz, {w'} U ) 5 ElSpnt)] 3 = £150)]

|
| S E (cr,x) K(E.Iz. W, {S{14.Z)} u S, D)
sl Tn Greek..

i = ... | O (S-DEPLOY-NEW)
- 3 = E[Spp iy, Cl1c, N.2c),7)] (ipoic) € dom(D) 1y fresh
o lplelig|o w:{/,\%,’,.w‘zc[in,,an,|v;-s [ 3 =gl
E ¢ ¥ ¢ Value Environment {x—uv...} D" = Dl(spete) = 1]

K (B 1q, W, {5{1q. )} u S, D)

?(Cl;ljs .'._;}‘d: 3 e KAE 1) UTg, {w} OW, {S(tg,T')} uS. D) Ka Y'G‘/] A |/'l A 5

(S-DEPLOY-EXISTING)
c i i c c 3 = E[Sppp(p, Cl1e: N, %e), )] 15 =D(pote) 3’ = E[1g]
1p € Iy © Branching Point1d, i € I € Captureld, 1y € I; € Deployment Id e Z]

P € Primitives, 5P : Vx — Vi (for every p) ~k K(E.{1g} UIa, W, {S8(1a. Z')} U S, D)

Y ¢ Signal Environment
D c Toggle Environment

Givenp = {R(x1,N1),..., R(x|1’|’ Nip| )} (|p| is the total number of user-defined reactor definitions):

kinit = ’C(Emlt: D Winit, s Q)

Einit =  {xi v~ ntoc(N;)|Vie[l.|p|]} U {time—0,.

Winit = {W(‘d main> {([mam] DEPLOY, [out(l 0) I Vl E [1 |0|mam]])} Sinit)}
Zimie = {+= L YU {x o Sga(xi) | Vi€ [1lpl]} U {time — Sgca(time),...}

Intra-Turn Semantics

Where |0|;1,4in is the number of outputs defined in the main reactor in p, and ntoc(N') = C(i¢, N, Z;nit) (where i fresh)




p € Program R

r € R € Reactor R(x,N)
n € N € Node = (i, nt, 5)
Syntax i € Input Port = x|v
€ Node Type =  RHO(N)
Anonymc_)u.s,_ neste.d, | DEPLOY
graph definitions with 0 € Output Port = x

lexical scope. x € X € Name
{in,-,j,outi’j | Vie N+, Vje N} cX

v € V € Domain Value

Name:
X y z
Special input names (in; ;)
* Tavg = R(
(defr ( ) —
T YT
/

Special output names (out; ;)

Haai Syntax Graph Visualisation Karcharias Syntax



k ::= IC(E,I;,W,S, D)

Configurations
| wew

Environment ‘J weW = W(ld, N,Z)
Set of active deployment identifiers Deployment identifier 4—'
Set of wirings < Node set <

Set of snapshots

a

Signal environment

A

Toggle environment

seS u= S(y,2)

Deployment identifier <—I

Signal environment <
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(average sensor@ sensorl sensor2)

Construct a cascade of reactor

deployments (instances) to fully connect
the average reactor.




(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

(average sensor@ sensorl sensor2)

Name Signal
inl’o
inz’o

ing’o

Outl,o



Main Idea: Signal Environments

(average sensor@ sensorl sensor2)

ame

Signal
Sgrs(sensor0)

Sgrs(sensorl)

Sgrs(sensor2)

\

J

Semantic entities that

refer to global signals.

o C Signal =

(defr (average x y z)
/ (+ xy z) 3))

0

5gms<x)
Sger (o, x)
Sopre(ip, 0,0)



g (:;;;?

Main Idea: Signal Environments

Signal
ing o Sgrs(sensor0)
in, Sgrs(sensorl)
in3 o Sgrs(sensor2)
S0

Outl'o

Name
in1,0
in2,0

in3,0

Outl’o

(defr (average x y z)
/ (+ xy z) 3))

Signal



Main ldea

ame

: Sighal Environments

Name

in1,0

Signal
Sgrs(sensor0)

Sgrs(sensorl)

Sgrs(sensor2)

(defr (average x y z)
/ (+ xy z) 3))

Signal
Sxes (Ld.avg, 1M10)
Sxes (Ld.avg, 1N20)

Sxzs (Ld.avg, 1M30)



Main ldea

ame

Outl'o

: Sighal Environments

Name

in1,0

Signal
Sgrs(sensor0)

Sgrs(sensorl)

Sgrs(sensor2)

(defr (average x y z)
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Signal
Sxes (Ld.avg, 1M10)
Sxes (Ld.avg, 1N20)

Sxzs (Ld.avg, 1M30)

Sope(tp,, ™+, .. )



Main Idea: Signal Environments

Name

in1,0

ame Signal
Sgrs(sensor0)

Sgrs(sensorl)

Sgrs(sensor2)

SO Swzr (Sxzr (ta,avg, do), 0Ut o)

Outl'o
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Main ldea

ame

Outl'o

: Signal Environments

Name

in1,0

Signal
Sgrs(sensor0)
Sgrs(sensorl)

Sgrs(sensor2)

Name

SRE}’(‘SRZ,'F(Ld,aUga d0)7 OUtLO)

inLo

inZ,O

Outl’o

(defr (average x y z)
/ (+ xy z) 3))

Signal
Sxes (Ld.avg, 1M10)
Sxes (Ld.avg, 1N20)

Sxzs (Ld.avg, 1M30)

Soraline, 1+, ..

Signal



D

(defr (average x y z)
Main Idea: Signal Environments (/ G+ xy ) 3)

Name Signal

in1,0 SRE,‘F(Ld,avga inl,O)

Sxes (Ld.avg, 1N20)
ame Signal Sz (tdavg: iN3,0)
Sgrs(sensor0)

Sgrs(sensorl) Spze(tor, 1+, ...

Sgrs(sensor2)

Name Signal

SO Swzr (Sxzr (ta,avg, do), 0Ut o) D o
|n1,0 SKZ?<Ld,avga 80)
in o 3

Outl'o

Outl’o



(defr (average x y z)
Main Idea: Signal Environments (/ G+ xy ) 3)

Name Signal

in1,0 SRE,‘F(Ld,avga inl,O)

Sxes (Ld.avg, 1N20)

g (:;;;?

ameé Signal Sey (La,avg, 113,0)

Sgrs(sensor0)
Sgrs(sensorl) Spze(tor, 1+, ...
Sgrs(sensor2)
Name Signal
SO SR%?’(‘SRZ_'F(Ld,aUga d0)7 0Ut1,0> D o
|n1,0 SKZ?<Ld,avga 80)
in o 3
Outl'o

Outl’o SQ)ZT(%,/;[/],- . )



(defr (average x y z)
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Name Signal

in1,0 SRE,‘F(Ld,avga inl,O)

Sxes (Ld.avg, 1N20)

g (:;;;?

ameé Signal Sey (La,avg, 113,0)

Sgrs(sensor0)
Sgrs(sensorl) Spze(tor, 1+, ...
Sgrs(sensor2)
Name Signal
SO SR%?’(‘SRZ_'F(Ld,aUga d0)7 0Ut1,0> D o
|n1,0 SKZ?<Ld,avga 80)
in o 3
Out1 0 Szer (Sxes (Ld,avg, d1), 0ut1 o)

Outl’o SQ)ZT(%,/;[/],- . )



] _ . (defr (average x y z)
Main Idea: Signal Environments (/ G+ xy ) 3)

= Name Signal
@E inl,O SKE{F(Ld,avgy inl,())

Sxes (Ld.avg, 1N20)

ameé Signal Sey (La,avg, 113,0)

Sgrs(sensor0)
Sgrs(sensorl) Spze(tor, 1+, ...
Sgrs(sensor2)
Name Signal
SO SR%?’(‘SRZ_'F(Ld,aUga d0)7 0Ut1,0> D o
— N7 o SK£7<Ld,avgv 80)
. ] !
aEs—— \ InZ,O 3
OUtl,O SRET(SRET(Ld,avgv d), OUtl,O>

Outl’o SQ)ZT(%,/;[/],- . )



Wl r| n g (W— R u ‘ e S) Local Wiring Rules (—,,):

(W-REF)
W14, {(i;§ [x]§7r,n£,)} U N, %)
: —w W(ig, {(i1§ [2(x)] §ir,nt,0) } UN, 3)
* Connect signals between deployments

* Signal environment is populated step-
by-step (W-REF)
* Set of node - — _
W(g, {(i;§ [x] §ir,nt,0) } UN,X)
—w W{ig, {(i;§[Z(x)]§ir,nt,0)} UN,X)

weW = W(iy,N,3)
Deployment identifier 4—'

Node set <

Signal environment <«

29



Wavg = W( ld,avg)
{([+,2m1,0,9m2,0,n30 ], DEPLOY, [z])
([/7 €, 3]7 DEPLOY, [OUtl,O])}a

{in10 ~ Saes (... ), - -
time ~ Sgrp(time), ... })

2

wéwg = W( ld,avg
{([/73373])%TL09’7 [OUtl,O])}7 weW = W(ld,N,z>
{.CU = SKE_‘F (SK£f<Ld,avga d1)7 OUt1,0>7 I
ing e Sg@f(. - )7 o Deployment identifier
time > Sgrp(time), .. .}) Node set <

Signal environment <

w(,llvg = W( ld,avg;
{}
{OUtl,O = SKZ}' (S'J{Z}'(Ld,cwg) d2)> OUtl,O)a
X = Sﬂ(fﬂ—’ (SKZIf(Ld,avg) d1>7 OUtl,O)a
’inl,o = Sg{zt}'(. . ), s
time ~ Sgrp(time), .. .})



(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

) Name Signal
@ in1,0 SRE,‘F(Ld,avga inl,O)

Sxes (Ld.avg, 1N20)

amé Signal Sey (La,avg, 113,0)
Sgrs(sensor0)
Sgrs(sensorl) Spze(tor, 1+, ...
Sgrs(sensor2)
Name Signal
oEm— SO Sﬁ&f’f(‘sxﬂf(bd,avga dO)v OUt1,0> 6
o |n1 0 SKZT<[/d,avgy 80)
can—— !
) \ |n2,0 3
Outl,o SK’ET(SK'ET(Ld,ngv d1>7 0Ut1,0>

Outl’o Smy(bb,/,[/],...>



(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

Name Signal
- Sg{ﬂfr(bd,avgv inl,O)

% ame Signal

i) knsor()

Sxes (Ld.avg, 1N20)

Sxzs (Ld.avg, 1M30)

Joiknsorl) Sprp(toe; 1+, .. .)

Eknsor2)
Name Signal
SO SKE}’(‘SRZ,'F(Ld,aUga d0)7 OUt1,0> 6
) |n1'0 Sﬂ(ﬂf(‘fd,avga 80)
—
) \ |n2,0 3

O Utl,O SR'ET(SR'ET(Ld,ngv d1>7 OUt1,0>

\ OUtl’o Sm¢<bb,/7[/]7--->

32



(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

) Name Signal
| S 10 avgain1,0>

% ame Signal

S 20 avgain2,0>

S 30 avg77;n3,0>

is8knsor0)

Jlknsorl) Sprp(toe; 1+, .. .)

R knsor2)
Name Signal
oEm— SO SK%?(‘SRZF(Ld,avga dO)v OUt1,0> 6
) |n1 0 Sﬂ(ff(Ld,avga 80)
ca—— !
cEEEE—— \ |n2'0 3

Out]_,o SK’E?(SR'ET(Ld,twga d1>7 0Ut1,0>

\ OUtl'o Smﬂbb,/,[/],...)

33



(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

) Name Signal
1 S 10 avgs ’1;77,170>

% ame Signal

S 20 avgain2,0>

S 30 avg77;n3,0>

is8knsor0)

Pl bnsor])

S O

R knsor2)
Name Signal
e SO SKE?(‘SRZF(Ld,avga dO)v OUt1,0> <_
) |n1 0 Sﬂ(ff(Ld,avga 80)
ca—— !
cEEEE—— \ |n2'0 3

O Utl,o SR'ET(SR'ET(Ld,avga d1>7 OUt1,0>

\ OUtl'o Sm¢<bb,/,[/]7--->
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(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

Name Signal
inlfo &Y 10 avg> in1,0>

% S 20 avg,ing’())

SEEWMavg i13,0)
= O

Signal

IO ; L
e \ I ' 3
1,0 RET (LSR'E.‘f (Ld,(wgyd ),0@”’;]70) 2 ()
\ ‘,'lll'c (;M?<Lb’/ I/] ...>

35



(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

Name Signal
inlfo &Y 10 avg> in1,0>

% S 20 avg,inz’())

Y 30 FRTEYY

S

D RE o
= s o -
D
\ INZ 0 3
OUtl 0 SK'ET(SR'ET(Ld,(wg,dl),0Ut170>
\ outl’o S‘DﬂP(Lb,/,[/],...)

36



(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

Name Signal
inlfo &Y 10 avg> in1,0>

% S 20 avg,inz’())

Y 30 FRTEYY

S

D RE o
= 10 S 60 L)
D
\ INZ 0 3
OUtl 0 SK'ET(SR'ET(Ld,(wg,dl),0Ut170>
\ outl’o SM’[/]"">
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(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

Name Signal
inl,O Y 10 avg,in1,0>

% S 20 avgs ’L.nz’())

S 30 avgain?,,O)

-

0Ut1,o SKHW?dl),OUtLO) \ ’
outy Sm,[/‘,...)

38



(defr (average x y z)

Main Idea: Sighal Environments (/ G+ xy2)3))

Name Signal
inl’o & 10 avgyin1,0>

% S 20 avgain2,0>

S 30 [ in?},O)
o

Name Signal

C Outl,o

39



Propagation (S-Rules)

* Reduce signal’s into their
current values.

e S-rules define the semantics
of computing a snapshot.

seS u= S(y,X)

Deployment identifier <—I

Signal environment <

Evaluation Contexts:
E = {x—»>EG Ul
Es u= O

I Sgeg (Eo, %)

|

Smﬂ.’(‘bsga_ag) _
Sopee (i, p,§[E5]80)

Evaluation Contexts:

E = {x—>E;}ul
Es = O

| Sﬂ(f?(gmx)

| SfDZT(‘b’ 80"5)

| Soee(tp. p.7§[E5]§0)
(s-GLOBAL)

5 =E[Sgea(x)] = = E[E(x)]
IC(E, I;,W,{S{14,=)} U S, D)
- K(E,I;,W,{S(14,2")} US, D)




Savg = S( ld,avg
{OUtl,O = 89(@7 (SRZf<Ld,avga d2>7 OUt1,0>7
T = Swa (Sﬂ(ff<l/d,avg7 dl); OUt1,0)7
inl,O Hsﬂ.ﬂ‘f(’ )7 )
time = Sgp(time), ... })

2

I _
Savg - S( ld,avg >

{outy o = Sags (Sxes(Ld,avgs d2), 0ut1 ),
X = SKZ? (Sxfgr(bd,avga dl); OUt1,0)7
’l:’n,l,() > 10,’1:7?,2,0 > 20, ’I:’I'Lg,() = 30,
time~1,...})

4

ngg = S( ld,avg
{O'U,tl’() > 20,
x ~ 60,
’I:’n,l,() > 10,’1:7?,2,0 = 20, ’I:’I’L3,0 = 30,
timer1,...})

seS == S(g,2)
Deployment identifier 4—'

Signal environment <
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Tt's not that easy..

(defr (weird x y z) .
(def +O|"'* o eg. (if Ceven? time) + *))

(/ (+or* x Y Z) 3))




Higher-Order Reactivity

Name
inl’o
inz’o

ing’o

Signal
Sgrs(sensor0)

Sgrs(sensorl)

Sgrs(sensor2)

Swres (SRET(Ld,avm do), OUt1,0>

Wiring decision is made
at-propagation time, not
at wiring time.

Name
in1,0
|n2,o

in3,0
Outl’o
Name
iNg o

Inz,o

ing’o

Outl,o

(defr (weird x y z)
(def +or* .)
(/ (+or* x y z) 3))

Value
Sxes (Ld.avg, 1M10)
Sxes (Ld.avg, 1N20)

Sxzs (Ld.avg, 1M30)

Sope(tp,, ™+, .. )

Value
SK’E? (Ld,avga Z'nl,0>
SKET (Ld,avga in2,0>

Sxzg(Ld,avg, N3,0)



(defr (weird x y z)
(def +or* ..
(/ (+or* x y z) 3))

Higher-Order Reactivity

Name Value
in1,0 SRE,‘F(Ld,avga inl,O)
|n2,0 Sﬂ{ﬁf (Ld,avga in2,0>
Name Signal in3,0 Sz (Ld,avgs 113,0)
Sgrs(sensor0)
Sgrs(sensorl) outy o Spzp(tos, ...
Sgrs(sensor2)
Meta signal with the Name Value
deployment identifier (t4) Sopre(tha Sger (td.avg, +-01-%), ...)
3 inl 0 SK’E? (Ld,avga Z'nl,0>
So Sz (Swrr (Ladwg, do), 0uti o) . ’ _
|n2'0 SRET (Ld,avga 7fn2,0>
ing’o SK‘ET (Ld,avg, ’L'7’L370>

Outl,o



(defr (weird x y z)
(def +or* .)
(/ (+or* x y z) 3))

Higher-Order Reactivity

Name Value
in1,0 SRE,‘F(Ld,avga inl,O)
|n2,0 Sﬂ(ﬂf (Ld,avga in2,0>
Name Signal in3o Sxzr (Ld.avgs N30)
nensor())
Mensorl) OUtl,O Sozp(to+, ...
nensorQ)
Meta signal with the Name Value
deployment identifier (t4) Spe(thd; Saer (L.avg, +-01-¥), ...)
3 inl’o SK’E? (Ld,avga inl,O)
So Sz (Srer (La¥wg, do), 0ut1,) :
|n2'0 SRET (Ld,avga 7//"/2,0>
in3’0 SKZT (Ld,avg, in3,0>

Outl,o



(defr (weird x y z)
(def +or* ..
(/ (+or* x y z) 3))

Higher-Order Reactivity

Name Value
in1,0 SKE{F (Ld,avga inl,O)
|n2,0 Sﬂ(ff (Ld,avga in2,0>
Name Signal in3,0 Sxeg (Ld,avg, N3,0)
«nensor())
Mensorl) OUtl,O Sozp(to+, ...
«nensorQ)
Meta signal with the Name Value
deployment identifier (t4) S (taavgs +-0r-*), ...
3 inl 0 Sﬂ{ff(%l,avga inl,O)
SO SRZIF (SK‘ET<Ld,avg7 dO)a OU’tl,O) * ’ )
|n2'0 SRET (Ld,avga 7//"/2,0>
in3’0 SKZT (Ld,avg, in3,0>

Outl,o



Higher-Order Reactivity

Deployment disabled

(its output is not used in
this turn)

Name Signal

ing g nensor())
inz,o ensor1)
R0

Meta signal with the

I Name
deployment identifier (t4) do S (taavgs +-0r-*), ...
ing o
So Sz (Sxer (Ldtwg, do), out1 o) ? ’
In; o
iN3 o

Outl,o

(defr (weird x y z)
(def +or* .)
(/ (+or* x y z) 3))

Value

,aVg ) inl,O)

,aVg ) 7;7"/2,0>

,avg ) iTL3,0>



(defr (weird x y z)
(def +or* .)
(/ (+or* x y z) 3))

Higher-Order Reactivity

Name Signal
inl’o nen80r0>
N20 gemﬂ; wWhat happens in the
in ensor2 i
very first turn?
d 0 Spre(ts,a, Saes (L,avg, +-0r-), .. )
So Sxm(sa@}b«i,avg: do), outy0)
d1 Sore(ty,a: Sen(/), - )
o) Utl,O Sazr (Saer (La,avg, d1), 0uts o)
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(defr (weird x y z)
(def +or* .)

Higher-Order Reactivity trert Xy B3

Name Signal
i ensor(
N30 ‘n ) Name Value
inZ,O mensorl) in1 0
o2 s
ing’o
do S (Ld,avg7+'0r'*>7 o0 )
SO SRZIF (SK‘ET<Ld,avg7 dO)a OU’tl,O) O utl
When “evaluating” the 0
meta signal, the new
deployment is created.
d S@fﬂﬂg,d,‘ggw(/),---)
1 :
OUtl,O SKE,’F(SKE,’F(Ld,avm d1>7 Ou’tl,0>
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W-Rules and S-Rules can be interleaved!

* Dynamically create new deployments
for new captures (reactors) on the
operator signals.

(W-DEPLOY)
x, 1, fresh

> = 3[x > Spep(ip, 0, 0)][0; — Szer{(Sgzy(1a,x),outip) | Vie [1..|o]]]

W(iz,{([c]§T, DEPLOY,0)} UN, ) =1 W(iz,N,=')
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W-Rules and S-Rules can be interleaved!

* Dynamically create new deployments
for new captures (reactors) on the
operator signals.

Stored in the configuration.

Toggle Environment

D == {(ip,1c) = 1g,...}

Branching location identifier 4—|

Capture (reactor) identifier <

P

Deployment identifier <

Evaluation Contexts:

(S-ACTIVATE)

(x> Es}US W (. 2,2) €W 1g€lq
O VseS:s=8(13% )1 1y
Sxer (€ x) K(E,1;,W,S,D)

Sopre iy, o, 0)
S e 1s5) ||~k K(E I W,{S(14,Z)} US,D)

(S-DEPLOY-NEW)
3 =E[Sprp(tp,C(tc, N,2c), )] (tp,1c) ¢ dom(D) l; fresh
w=W(i,N,Zc[inig = oi | Vie [1.[5]]]) ' = €[]
D' = D[(‘b"c) I ‘Zi]
IC(E, 1;,W,{S(14,2)} u S, D)
= K(E {i;} U, {w} UW,{S(15,=")} uS,D")

(S-DEPLOY-EXISTING)
S = E[Spee (1, Clie, N, 2c), 5)] 1y = D(1p,1c)
’C(E, I;,W, {S(ld, Z)} w S, D)
—k K(E {13} VI3, W, {8(14.%")} US, D)

' = &[]




W-Rules and S-Rules can be interleaved!

* Dynamically create new deployments
for new captures (reactors) on the
operator signals.

* One reduction relation (=)
* Two helper relations (—,, and —)

* Both local and global wiring and snapshot rules.

Local Wiring Rules (—,,): Evaluation Contexts:
& = {x> E}us
(W'REF) Es w= 0O
= = = | Szgg(EoX)
Wiia. {(i 8 [x]5F.nt,5)} U N, 3) | Swrfeea)
—=>w W(ig, {(i1§ [2(x)]§ir,nt,0) } UN, %) | Soze(.p.5§[E5]57)
(W—DEPLOY) Local Snapshot Rules (—):
%, tp fresh (S-SELF-REF) (S-DEPLOY-PRIMITIVE)

2 = 3[x > Spep(1p, 0,7)1[0i = Sges (Saes (ta. x).outip) |Vie [100]]] 3= €[Sgpriax)]  v=3(x)
W(ig, {([¢]§T, DEPLOY,3)} UN,3) =1y W(1g,N, =) 8(14,2) =5 814, E[0])

S(14, E[Spee(1p, p, 0)])
=5 S{1q, E[6p(0)])

(W-RHO) (S-TUPLE-REF)
S(1a, E[Sagy (v,0ut(41))])
ic fresh = =shift i0(2) ¢ = C(ic, Ninners c) —s S{1g, E[v:])

W{iq, {(T, RHO(Ninner ), [0]) } UN, =) =1 W(iq,N,Z[0 — c]) Global Rules (—):

injji1  x=ingj (S-ACTIVATE)
Where shift_io(2) = {x’ = o|Vx > o3, x’ = outjji1 x=outjj} (S'CONGRUENCE) W14, D,3) € W tacly
s s VseS:s=8(153 )10 %1y
/C(E, I, W, S,D)
g K:(E,Id, w, {S(ld,z)} U S,D)

x otherwise

Global Rules (—): K(E.Iz;W.{s} uS,D)
—k IC(E,Id, w,{s'}US, D)
(W-CONGRUENCE) (s-REF)
Wy W %= E[Srprltgpx)]  0=3'(x) 3" =£[0]
KAE I35, W, {S(14,2), S(11,2')} u S, D)
-k K(E Iz, W, {S(1q.2"), S(1;,=")} uS, D)

KC(E, I;,{w} U W, S,D) > K(E,I,{w'} UW,S,D)

(s-GLOBAL)

%= E[Sgn(x)] T = E[E(x)]
K(E,I;,W,{S(14,2)} uS,D)

- K(E,1;,W,{5(14,5")} US, D)

(S-DEPLOY-NEW)
2 = E[Spep {15, C(1e. N, 2c),3)]  (1ps1c) ¢ dom(D) 1l fresh
w=W(ip, N, 2c[inig = o3| Vie [1.[a]]]) =" = €[]
D’ = D[(1p, 1) = 1]
K(E 13, W,{S(12,2)} U S, D)
-k K(E {1z} ULz {w} UW,{S(1a,Z')} uS, D)

(S-DEPLOY-EXISTING)
2 = E[Spre(tp, C{1c, N, 2c), 7)] ’,,1=D(‘b”c) 2,=£[’¢li]
K(E. 13, W, {S(14,2)} U S, D)
-k KK(E, {1} UL, W, {S(14,2")} U S, D)




Inter-Turn Semantics (Driver Loop)

Semantic Entities:

kinter ¢ Inter-Turn Co ration = jcinter T, k .
¢ brimitive TimeVarying Sourens 12 fer oy * Perform intra-turn steps “forever”
keKcK where 'l;—/k
Linter :’,’Cit,-i,ﬂe(i‘z (NEXT-TURN) each turn
it k = ’C(E, I;, W, S,D) eK eter...

Tinit = {time —

, S(‘main,d’Emain) €S
k' = K(E[x; = vinow | Vi € [1..|7]]]. {tmaina} W. D, D)

Reduction ]

(INTRA-TURN
k —

K:inter(r, k) )

I ({3 > [04now] §i | Vi € [LJe[]}. )
~ I (s T | Vi € [12]]), k)

r loop of the

(NEXT-TURN)
k = K(E,I;,W,S,D) €K
S(tmain,d> Emain) € S
k' = KAE[xi = vinow | Vi € [1..|7[]], {lmain,d}’ W, 3, D)

/Cinter<i{'ftie"f’ [Ui,nOW] §51 | Vie [1|T|],}, k)
- K ({x; — ;| Vi € [1..|7]]}, k)
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PLT Redex implementation of Karcharias can be found

Karcharias i

https://gitlab.soft.vub.ac.be/boeyen/karcharias

p €Program = R

r € RcCReactor == R(x,N) Local Wiring Rules (—1,):
n € N € Node n= (E,nt,a) (W-REF) : e
i€ Input Port u= X | o) Wia,{(i § []§ir,nt,0)} U N, %) Local Snapshot Rules (—>):
e W §[2(x)]§irnt,0)} UN,
nt € Node Type T R}[O(N) w Wl (s Bt o)) ) (S-SELF-REF) (S-DEPLOY-PRIMITIVE)
| DEPLOY (W-DEPLOY) o 3= E[Srprlax)]  0=3(x) Sta.€ Esg?,[g,,,(g,) %J)
€ P n= _ X 1p fres| . S(1a. %) =5 S{ia, E[0]) —s S{ia, E[8p(
0 € Output Port x 5 = 3 Spun {1,901 > Sz (S {1 x),outio) | Vi € [1.Jol] R
x € X S Name W14, {([0]§5, DEPLOY,5)} UN,Z) =1, W(ig,N, %) (1, E[Szy (.0ut(g )] ) Semantic Entities: )
{ln - outi ; | Vie N+ V_] € N} cX —s S(ia, €[vi] k'™€T ¢ Inter-Turn Configuration = Kcinter (¢ k)
LJ» L] . > = (W—RHO) Global Rules (—): 7 € Primitive Time- Varymg Sources = {x+—79..}
v € V € Domain Value ofresh ¢ = shiftio(X) ¢ = Clic, Nimmer Zc) keKcK where ki
Wi, {(@. RHO(Ninner ). [0])} U N, Z) = W(ig,N,Z[0 — c]) (S-CONGRUENCE) (S-Ax(/:\;r(!.‘:?;?)):) €W wgcly Initial Configuration:
injjy1  x=ing; % s S Ve g)cg S, f "ia * 1 k::zlter = ’clmer<rinil’kini!)
. oo ; h EI; W, JS,D EI4,W,S,D)
k € K ¢ Configuration K(E,I;,W,S,D) Where shift_io() = {x' = o|Vx > o e5x' = {O“fiJH x = outy } . ;(qui,d,w{,s{}jJ} Us,)D) o K(E, zd( WS (i 2)} Us,D) Tinit = {time — [0,1,2,3,...], ...}
w € W C Deployment Wiring W(i4,N,3) Global Rales (-+): * otherwise (s-rer) Reduction Relation (~):
s € S € Deployment Snapshot S(1g,%) E= E[Sapr(fpx)]  0=¥(x) =" =€[o]
¢ € Capture C(tc, N, %) (W-CONGRUENCE) K(E. 1 W. (8414.%), S(13.2')} ©5.D) (INTRA-TURN)
oC Signal Wy w - K(E 15, W, {S(1a.2"),S(13,3")} uS, D) k >k 24
KC(E, Iz, {w} U W, S,D) -1 K(E,I;, {w'} UW,5,D (s-GLoBAL) KT (1 k)~ KT (1 k]
ng;(x) (EIg. {w}u ) =k KAE Iz, {w }u ) 2= E[Sgmix)] 3 = E[E(x)] (r. k) (r.k')
Sgeg{o, x) _ K14, W, {S(14,%)} 5. D) (NEXT-TURN)
Sopze(tp,0,0) =k KAE 12, W, {5 (1a: )} U5, D) k=K(EI;W,S,D)y ek
i . | o (S-DEPLOY-NEW) S(‘main,d:£main) €S
0 Ip | c | g l el z =[Sz (. C(LE[N 2c),5)] (t[b :‘C)If] dom(D) [,' ?esh K = K(E[x; = timorn |V € (L] Th {tmaima}» W 2.D)
N w= W(l N,3c[inig — oi | Vie [1.[5]]]) =& -
E c > ¢ Value Environment {x—uo...} D L Dl(igte) 4] ! ’Clmer<,{xti ~ [0inow] §0i| Vi e [1~~|f|]l},k)
inter _ .
3 CSignal Environment = {xw—g,...} Kl ﬁf:“u""{ {}Sé‘ivzz}s‘:j g,))}us o ~ K ({xi = 03 | Vie [1.]7]]}. k)
s {1g ,{w 8 1ds 3
c i =
D c Toggle Environment  :: {(p,tec) = 1g,---} (s-DBpLOY-BXISTING)
1p € I, © Branching Point1d, i € I € Capture1d, 15 € I; S Deployment Id 2= E[Spre{ty, Clie N.Ze) )] 1g=Dltyyie) ¥ =E[1g]
. KE 1y W, {ST14,3)] 05, D)
P € Primitives, §p : V* — Vx (for every p) i KAE {1} UL, W, {S(14.Z')} US, D)
iven p = X1, N1 ). o oy x|P|’ |p| p| is the total number of user-defined reactor definitions):
Gi R N; R N is th al ber of defined definiti
kinit = K{Einit, D, Winit. 3, @)
Einit = {xj — ntoc(N;) | Vie [1.]p|]]} U {time — 0,...}
Winit = {W{td,main {([main], DEPLOY, [out(; ) | Vi € [1..[o|main]]) }. Ziniz ) }
H Yinit = +v—>r+],... U{xi— Sgra(xi)|Vie[l. U {time — Sg,p(time),... H
Intra-Turn Semantics i { yO i Seea(x [ Vie [1-lpl]} UL gea(time), ...} Inter-Turn Semantics
Where |0|,qin is the number of outputs defined in the main reactor in p, and ntoc(N') = C(i¢, N, Z;nit) (where 1. fresh)




Lessons learned



Lessons Learnead

* Graph-based RP needs wiring and propagation
e w-rules and s-rules

* Wiring and propagating can, in general, be interleaved!
* Run-time wiring decisions due to higher-order reactivity

* Memory consumption ...



Remember this graph?

[] (555)GHC.Conc.Signal.CAF

B man

[ (1037)tdComp/cpGX.cpGXAuxc...
[ (1107)tdFun/fdComp/cpGX.cpG... Why does this happen?
B (1156)fpAux.ti/fpAuxfirstP...

[ ] (1174)cpGX.cpGXAux.Af.(..)...

B (1106)fdComp/cpGX.cpGXAuxc...
[ (1179)cpCxipAux.tf.(...)...

B (1097)cpAXA.cpAXAAUX tH/CpA...
. (995)reactimate.loop/react...

I:I (1094)cpGX.cpGXAux/cpGX/cpA...
| all [ (1168)fpAux tfpAuxfiirstP...

(‘ ‘ ‘ \ D (993)reactimate/runme/main

| N x N N)\A | D (921)runme/main
?ﬂ A ﬂ V{»y’\’i A \/ VV B (1098)fdFun/cpAXA/CPGX.cpGX...
[ ] (1150)cpXX tficpAXA.cpAXAAU...
~ 'V'-WM B (1184)0caTime/compPrim.f...
[ (992)reactimate/runme/CAF-...
. (1068)fdComp/cpXG.cpXGAux/c...
B otHer

2,000

1,800

1,600

1,400 |

0.0 2.0 4.0 6.0 8.0 seconds



(>>>): sequential composition of SFs

Signal Functions

(>>>) :: SFab->S bc->SFac
(SF {sfTF = tf1}) >>> (SF {sfTF = tf2}) =

SF {SfTF = tf} Elegant, because it’s all just
Recursion composition of functions.
where

tf = ( y &)
Actually, this is not what
where really happens due to
( : ) = tf2 optimisations...

( , b) = tf1

Nilsson, H., Courtney, A., & Peterson, J. (2002, October). Functional reactive
programming, continued. In Proceedings of the 2002 ACM SIGPLAN
workshop on Haskell (pp. 51-64).



Without optimisations

GCisn’t possible!

Each recursive application of
(>>>) extends the function’s
lexical environment,
B crotepenox ticpodcompPin.. In addition to Haskell’s lazy
evaluation model, this
ntroduces a space leakl

Which is what graph-based RPLs

avoid altogether by treating RP
00 05 10 15 20 25 30 35 40 45 50 55  seconds programs as graphs [*]

oM

Cooper, G. H., & Krishnamurthi, S. (2006, March). Embedding dynamic
dataflow in a call-by-value language. In European symposium on
programming (pp. 294-308). Springer, Berlin, Heidelberg.



In case of Karcharias...

(NEXT-TURN)
k =IK(EI;,W,S,D)eK
S(‘main,d’Emain) €S
k" = K(E[x; = vinow| Vi € [1.|]]]. {tmaina} W.2.D)

K {1 > [vimow] §3i | Vi € [L. 2]} k)
I ({xi o> B | Vi € [1.]2]]}, k)

Question now becomes: when
_ do we have to wire?
¢ Easy/ler to determlne memory consumptlon

* Wirings remain static, after they have been constructed.
* Snapshots are “reduced” versions of wirings (with actual values of signals)




Future Work

* Currently lacking:
* No error handling / detection of stuck states
 Stateful computations aren’t formalised yet

* Thorough comparison between function-based RP and
graph-based RP

e Ultimate goal

* Expressive, higher-order, RP language that works for very
small computers

e Statically classify RP programs w.r.t. their required memory
allocation/consumption behaviour

Looking for ideas! 61
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