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PATTERN SEQ(Stock+ a[], Stock b)
“ WHERE skip_till_next_match(a[], b) {
[ symbol]
and a[1].volume > 1000
and a[i].price > avg(al..i-1].price)
and b.volume < 0.8%*a[a.LEN].volume }

WITHIN 1 hour
Stream/Complex Event Processing (SASE+ [Agrawal et al. '08])

def wait() & finished(r) =
reply (Some r) to wait

or wait() & timeout() =
reply None to wait

Concurrent Programming
— e I — (JoCaml [Fournet & Gonthier ‘96, Conchon et al. '99])
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IN THIS WORK: WHAT ARE JOINS DOING?

COMPUTATIONAL INTERPRETATION OF ASYNCHRONOUS JOINS

Cartesian product combinelatest Zip

Enumerate the cartesian product, where (user-defined)
side effects influence how the computation proceeds.




OUR MAIN CONTRIBUTION

CARTESIUS: PURELY FUNCTIONAL, VERSATILE EVENT CORRELATION

Cartesian product

We support
let cart: R[A] > R[B] —> R[(A,B)] * Direct-style join specifications
= AN ab. correlate {
X from a
y from b

yield (x,y)}
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We support
* Direct-style join specifications

let implicit ?restriction
(mostRecently a)

|+| (mostRecently b) in
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» Controllable matching behavior




OUR MAIN CONTRIBUTION

CARTESIUS: PURELY FUNCTIONAL, VERSATILE EVENT CORRELATION

B
i p ; Q »
ZIp
We support
let implicit ?restriction = * Direct-style join specifications
(mostRecently a)

» Controllable matching behavior

'+| (aligning a b)|in * Mix-and-match composition of features
correlate * Uniform programming model &

x from a extensibility

y from b

yield (x,y)}



OUR MAIN CONTRIBUTION

CARTESIUS: PURELY FUNCTIONAL, VERSATILE EVENT CORRELATION

In the Paper: Timing and Time Windows

correlate { correlate
x from a with slidingWindow(1h)
from b X fTrom a

where y from b
abs(?timex - ?timey) < 5s yield (x,y)} vior

NS

ylelc of features
OTTE Uniform programming model &

X ﬁrom g extensibility

y from

yield (x,y)}
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match readkey <>
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Effect Interfaces:
yield: Int — Unit async : {a} — Future[a] await,: Future[a] — «
[Dolan et al. '17, Leijen ‘17a]

Effect Handlers:
let interact = handler interact: Vo pu {a}Yieldw) _ (printinreadkey..) jnit

X =-> <>

yield val resume -> with interact ({
println val; map (yield)[1,2,3,4]}

match readkey <>

\Cr -> resume <>

-> <>



ALGEBRAIC EFFECTS AND HANDLERS

[PLOTKIN & POWER ‘03, PLOTKIN & PRETNAR "09]

Effect Interfaces:
yield: Int — Unit async : {a} — Future[a] await,: Future[a] — «
[Dolan et al. '17, Leijen ‘17a]

Effect Handlers:
let interact = handler interact: Vo pu {a}Yieldw) _ (printinreadkey..) jnit

X =-> <>

yield val resume -> with interact ({
println val; map (yield)[1,2,3,4]}

match readkey <>

\cr -> resume <> .
Handler composition:

e h, B h, := Atn . with h; (with h, (tn ()))




PROCESSING MODEL

INTERLEAVING CONCURRENCY

i[nterlee]we: V. List[{Unit}(@syneu)] s (@syncu) | pit
Leijen "1/a

e, || - lle,  {interleave [e,...,e ]}



PROCESSING MODEL

INTERLEAVING CONCURRENCY

i[Pyerlgz]we: V. List[{Unit}{asynex)] s (asyncu) njt
eljen '17a

e, || - lle,  {interleave [e,...,e ]}

The calling context observes effects of the strands!
{await x} || {println "foo"} || {yield 1}: {Unit}(yield.printin.async)
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CORRELATE BY HANDLING

DEFINES JOINS IN TERMS OF EFFECTS AND HANDLERS

The calling context observes effects of the strands!
hEH - EHh

push @ push O
push G push @
_J O

{eat r; (push, )| ‘o {eat r,, (push )|
s . 3 —Q—0O0—00—




CORRELATE BY HANDLING

DEFINES JOINS IN TERMS OF EFFECTS AND HANDLERS

The calling context observes effects of the strands!

hl EEl EE| hk
DIl push @ push O
push G push @
_J
{eat r; (push, )| {eat r,, (push )|

a-o— —0-0—700~




CORRELATE BY HANDLING

DEFINES JOINS IN TERMS OF EFFECTS AND HANDLERS

hlEEI EEIhk



CORRELATE BY HANDLING

DEFINES JOINS IN TERMS OF EFFECTS AND HANDLERS

hl A ... [ hk: {Unit}<p“5h1’“"p“3hn’ async.,e) _ (async,e) Unit
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let implicit ?restriction = h 1in
correlate {
X1 from I 1

Xn from rp
where p
yield e }
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correlate { ‘$
x1 from ri o,
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THE BIG PICTURE

let rout =

let implicit ?restriction = h 1in

correlate { ‘$
X1 from r '

I let r,,, = with (/. [ h)

xn from rp {eat r; (push )} || --- || {eat r, (push )}
where p |
yield e }

| correlate ,'

. Vout
interleave t
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THE BIG PICTURE

1et Nout =
let implicit ?restriction = h 1in
correlate { ‘¢

f
e let ., = with (., [ /)

X, from rn (eat r, (push )} || --- || {eat r, (push )}
where p i
yield e }

 correlate i'

- Interleave 4
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RESTRICTION HANDLERS

SPECIALISE THE NAIVE CARTESIAN PRODUCT

ri

< - -

correlate

1L interleave ]

suspend/resume push,.. push,

R

Vout



RESTRICTION HANDLERS

SPECIALISE THE NAIVE CARTESIAN PRODUCT . [ eriion

v yield e

| 1es
sh
PU

let mostRecentlyi = handler
pushi ev resume ->
seti (<ev,w> :: nil);
resume (pushi ev)
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RESTRICTION HANDLERS

SPECIALISE THE NAIVE CARTESIAN PRODUCT . [ eriion

v yield e

| 1es
sh
PU

let mostRecentlyi = handler
pushi ev resume ->
seti (<ev,»> :: nil);

resume (pushi ev)
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10 million random events.
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@ icfp18main-p5-p.pdf (page 9 of 31) ~

Versatile Event Correlation with Algebraic Effects 67:9
Expressions

v == Ax.e|Aa®e | kD | com (Val) X.Y.z... (Var) h = x+>e | h:comx x> e (HCls)

e == x|v|ee|e[T"]|ke|fixe (Exp) a® pXy~... (Tvar) com == (Cmd)

| match e {p+ e} | handle{h}e p == x|kp (Pat)

Types

T.U,V == a’IT—r‘TIDfl\/a".T (Typ) k == =|e (Kind) = @|Ix:T|I'a* (TCtx)

D := Unit | Nat | Bool | List[T] | --- (Data) T ==T (TStar)

£ = a® | () | (com, &) (Row) T® == ¢ (TRow)

Fig. 4. Syntax of Acart.

Evaluation Contexts

E=x=[]|Ee|lv&E|E[TX]|kDEE|fixE (ECtx) Xeom = "] | Xe|o X |X[T*] |[kvXe|fix X (XCtx)

| match & {p— e} | handle {h} & | match X {p+ e} | handle {h} X,
where com € C(h)
Handler Capabilities C(h): Clxw—e)={} C(h; com x y > e) = {com} U C(h)
Dynamics El(ix.e)v] — &Ele{v/x}] B)
ElAa”e) [T*]] — Ele[T"/a”]] (Tarp)
E[match v {(p; > e€i)i<i<n}] — Elejo]., wherev U"Pi’lsiSH (pj. o) (MATCH)
Elfix (Ax.e)] — Ele{fix (Ax.e)/x}] (FIx)
Elhandle {x — e;:h}v] — Ele{v/x}] (RET)
Elhandle {h} X, ,[comv]] — &Ele{v/x.(Ay.handle {h} X, ,[y])/r}]. (s#anDLE)
where (com x r v e) € h, y is fresh
Pattern matching vipo vlzp.o)
(vi Up; 0i)icir...n) vlipo Yo'.v §p o vy (p". o)
v lx {v/x} —
(kv1...0n) b p,.. pn) ¥is10i v,z (p.o) v,z (" o)

Fig. 5. Dynamic semantics of Acart.

We assume that algebraic data type signatures are pre-defined and well-formed, e.g.,
type List[T] := nil | cons T List[T]

is the type of lists. Examples of data values are: () is the unit value of type Unit, true and false
are of type Bool, (const v nily) is of type List[T] if v is of type T, (S (S 0)) is of type Nat and
(v1,v,) is of pair type (T;,T5) if v, (resp. v,) is of type T, (resp. T>). For readability, we write
numeric literals for Nat in the obvious way, and write list values in the usual bracket notation, e.g.,
[0, 1] = consyna: 0 (consy,: (S 0) nily,,)-

Figure 4 shows the formal syntax of 4., which for the most part is standard. We write k v
for applications of data constructors to values and correspondingly D T for instantiations of data
types, in a fashion similar to Lindley et al. [2017]. We support polymorphism over both values and
effect rows and hence annotate type variables with the kind * or e, respectively. In examples, we
sometimes omit the kind if it is unambiguous and we omit explicit type abstraction and application.

Figure 5 shows the operational semantics of Ac, in terms of the reduction relation e; — e; on
expressions, using evaluation contexts [Felleisen and Hieb 1992]. The rules (f), (Tapp), (MATCH)
and (F1%) are standard sovernine fuuinction annlication tvoe annlication pattern matchine and
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expresses join variants.

* Programming of "interleaved 000+ —0 000
coroutines”.

correlate

 Effects make naive enumerations Mt eeae

/ suspend/resume T push;...push,

effiCiento _,,;w;,;/puu ( | v

————— ’restriction <>

—

] sty
X
A
ALowawi

|
¥ yield e push/resolve
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