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Abstract

JavaScript programmers make extensive use of event-dpk@n
gramming to help build responsive web applications. Howeve
standard approaches to sequencing events are messy, and oft
lead to code that is difficult to understand and maintain. \Aeh
found thatarrows, a generalization ahonadsare an elegant solu-
tion to this problem. Arrows allow us to easily write asyrmous
programs in small, modular units of code, and flexibly conepos
them in many different ways, while nicely abstracting th&ads of
asynchronous program composition. In this paper, we ptesen
rowlets, a new JavaScript library that offers arrows to trergday
JavaScript programmer. We show how to use Arrowlets to cocist

a variety of state machines, including state machines trzatch
and loop. We also demonstrate how Arrowlets separate ca@nput
tion from composition with examples such as a drag-and-tesp
dler and a bubblesort animation.

Categories and Subject Descriptors D.2.2 [Software Engineer-
ing]: Design Tools and Techniques—Software libraries; D.1.1
[Programming Techniquégs Applicative (Functional) Program-
ming

General Terms Design, Languages

Keywords JavaScript, Arrowlets, arrows, events, Web program-
ming

1. Introduction

JavaScript [Flanagan 2006, Crockford 2008] is lingua franca
of Web 2.0. With JavaScript code running in a client-sideatser,
applications can present a rich, responsive interfaceowttnnec-
essary delays due to server communication. Most JavaSuopt
grams are written in an event-driven style, in which progsasy-
ister callback functions that are triggered on events sa¢imeeouts
or mouse clicks. A single-threaded event loop in the web besw
dispatches the appropriate callback when an event ocawts,an-
trol returns to the loop when the callback completes.

To keep web applications responsive, it is crucial thabealks
execute quickly so that new events are handled soon aftgiotie
cur. Thus to implement non-trivial features like long-rimmloops
(e.g., for animations) or state machines (e.g., to implendesg-
and-drop), programmers must chain callbacks togetherh-eslt
back ends by registering one or more additional callbactsek-
ample, each iteration of a loop would end by registering tireemt
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callback with a (short) timeout. Unfortunately, this stpleevent-
driven programming is tedious, error-prone, and hampeausere
The callback sequencing code is strewn throughout the gnagr
and very often each callback must hard-code the names oftie n
events and callbacks in the chain.

To combat this problem, many researchers and practitioners
have developed libraries to ease the construction of ridmhaghly
interactive web applications. Examples include jQueryuery.
com), Prototype frototypejs.org), YUl (developer.yahoo.
com/yui), MochiKit (mochikit.com), and Dojo @ojotoolkit.
org). These libraries generally provide high-level APIs forreo
mon features, e.g., drag-and-drop, animation, and netvesdurce
loading, as well as to handle API differences between brmsvse
While these libraries do support a number of common scesario
even slight customizations may be impossible to achievhowit
modifying the library internals.

In this paper, we describérrowlets a new JavaScript li-
brary for composableevent handling. Arrowlets is designed to
be lightweight, and supports much easier reuse and cusiemiz
tion than the approaches mentioned above. Arrowlets isdbase
arrows, a programming pattern closely related to monads [Hughes
2000], which are used extensively in Haskell. An arrow awstr
tion resembles a normal function, with the key feature thiadves
can be composed in various ways to create new arrows. With Ar-
rowlets, the code for handling events is clearly separatad the
“plumbing” code required to chain event handlers togetfis
makes code easier to understand, change, and reuse: thefflow o
control is clearly evident in the composition of handlensd d¢he
same handlers can be chained in different ways and set torrésp
to different events. Other approaches to enabling more faodnd
reusable JavaScript code have also been explored in thetlite,
e.g., Flapjax [Meyerovich et al. 2009], which is based acbfumc-
tional reactive programming [Wan and Hudak 2000]. Arrowlet
offer a complementary approach that may be more similarigi-ex
ing JavaScript programming style while still offering thenefits
of separating computation from composition.

In the remainder of the paper, we begin by illustrating tlaast
dard approach for event-driven programming in JavaSciphg
with its difficulties. Then we introduce our basic approaotat-
laying these difficulties using Arrowlets. We next scale agrt-
clude richer combinators and present several examples.doie ¢
clude by comparing our work to related approaches. We heliev
that Arrowlets provides JavaScript programmers a flexited-
ular, and elegant way to structure their programs. The Aptsv
library, as well as several live examples, is freely avadaht
http://wuw.cs.umd.edu/projects/PL/arrowlets.

2. Event Programmingin JavaScript

In modern web browsers, JavaScript is implemented as aesing|
threaded programming language. This is a real problem fdr we
developers, because the browser’'s JavaScript interprgtieally



runs in the main Ul thread. Thus a long-running script cotedl a mousemove
web page (and browser), making it appear unresponsive.
To solve this problem, JavaScript programmers make heavy
use ofevent-driven programmingwriting programs that register mousedown mousemove mouseup
asynchronous callbacks to handle Ul interactions and takbup ™S
long-running tasks. For example, the following progtaegisters
the clickTarget callback on the HTML element namedrget, and
will be called each timearget is clicked?

function clickTarget (evt) { mouseup

evt. currentTarget .textContent = "You clicked me!";

document.getElementByld("target")
.addEventListener (" click ", clickTarget , false );

(a) State machine

Events are also used to slice long-running loops into srasis 1 function setup(event) {
that quickly return control to the Ul. For example, the fallng 2 var target = event.currentTarget ;
program scrolls a document one pixel at a time until the damtm 3 target . removeEve_ntLlsten"er("mousedq\llvn", setup, false);
can be scrolled no further. The call ¢ecTimeout schedules a call | 4 target .addEventListener ("mousemove", drag, false);
to scrollDown(el ) to occuromsin the future: 5 target .addEventListener ("mouseup", cancel, false );
’ 6 /* setup drag—and—drop */
function scrollDown(el) { 7 .
var last = el. scrollTop ++; 8 function drag(event) {
if (Iast 1= el. scroIITop) 9 var target = event.currentTarget;
setTimeout(scrollDown, 0, el ); 10 target .removeEventListener("mouseup", cancel, false );
1 11 target . addEventListener ("mouseup", drop, false);
scrollDown(document.body); 12 ) /* perform dragging */
13

We can think ofscrollDown as a state machine. In the initial state, |14 function drop(event) {
it tries to scroll one pixel, and then either transitionstie same 15 var target = event.currentTarget;
state (if the scroll succeeded) or to an accepting stater@flig 16 target-removeEventhstener(:mousemOHVS", drag, false);
is complete). ThecrollDown function implements a very simple |17 target ,-crem°‘;’eE"e_"t'-'5te“er( mouseup", drop, false );
state machine with only one handler, and as such is easy te.wri ig /* perform dropping */
Chaining handlers together to implement more complicatate s .

hi b difficul h ina d 20 function cancel(event) {
machines can be more difficult, as we show next using drag and ,; var target — event.currentTarget ;
drop. 22 target . removeEventListener("mousemove", drag, false);

23 target . removeEventListener("mouseup", cancel, false );

2.1 Standard Drag-and-Drop 24 /* cancel drag—and—drop */
Consider the problem of supporting drag-and-drop in a web|22 } " "
browser. Figure 1(a) gives a state machine showing the seque |28 document.getElementByld("dragtarget") _
. . . | 27 .addEventListener ("mousedown", setup, false);
ing of event handlers we need for this feature. We begin with a

mousedown event on an item of interest and transition to ébeip

state. From there, we cancel drag-and-drop if the usergeteihe

mouse fouseup), or start the drag for real onmousemove. The Figure 1: Drag-and-drop in JavaScript

user can keep dragging as much as they like, and we drop when

the mouse button is released. In each of these states, weaded event handlers. Code reuse is also hard, because each avent h

various things, e.g., when we (re-)enter theg state, we animate dler hard-codes its subsequent event handlers, and theféts

the motion of the selected object. of drag-and-drop are interspersed with the state transitiade. For
The standard approach to implementing this state machine isexample, if we wanted to initiate drag-and-drop witeuseover

shown in Figure 1(b). Each function corresponds to one s event, we would need to make a new copyeafip and modify only

mixes together “plumbing”, i.e., the state transition cadanstall the state transition code.

and uninstall the appropriate event handlers and “actiadedo

implement the state’s behavior. For example, we installstagp

function to handle thenousedown event on line 27. When called,

(b) Standard JavaScript implementation

2.2 Drag-and-Drop with Arrowlets

setup uninstalls itself and adds handlers to transition todiag and Event-driven programming in JavaScript does not have toobe ¢
cancel states (lines 3-5), and then carries out appropriate action Vvoluted and monolithic: with Arrowlets, we can easily wréeent-
(line 6). driven code that is clean, understandable and reusable.

Even though this code has been distilled down to only the con-  Figure 2(a) gives aarrow composition diagraroutlining drag-
trol flow, it is not that easy to understand. The flow of conisqar- and-drop with Arrowlets. It corresponds almost directly the
ticularly convoluted: each event handler ends by returrfing the state machine in Figure 1(a), except we have indicated tigetta
actual control “continues” indirectly to one of several sequent (Fdragtarget) and written events as nodes. The two dashed boxes

indicate portions of the composition we intend to reuse.

LFor brevity, the code as shown in this paper does not run ierret Figure 2(b) shows the complete implementation of drag-and-
Explorer due to minor AP| differences. The examples haven hesified drop with Arrowlets. As before, we introduce four functions
to work in Safari and Firefox. setupA, dragA, dropA, andcancelA, to handle the respective drag-

2The last parameter taddEventListener, required by Firefox, selects the ~ and-drop states. Each handler takes as inpdtag proxy and
order of event handling, and can be ignored for this and kéroexamples the triggering event. The drag proxy wraps the actual target
in the paper. and additionally implements four methodsettupDrag, moveDrag,



dragDropOrCanceld

. mousemove — dragA — Repeat

mousedown | . mouseup —» dropA — Done '
/: mousemove — dragA / . .
SetupA{

(a) Arrow diagram

mouseup —cancelA

1 function setupA(proxy, event) {
2 proxy .setupDrag(event);
3 return proxy;
4
5 function dragA(proxy, event) {
6 proxy .moveDrag(event);
7 return proxy;
8
9 function dropA(proxy, event) {
10 proxy .dropDrag(event);
11 return proxy;
12
13 function cancelA(proxy, event) {
14 proxy .cancelDrag(event);
15 return proxy;
6 }
17
18 var dragOrDropA =
19 ( ((EventA("mousemove").bind(dragA)).next(Repeat))
20 .or ((EventA("mouseup").bind(dropA)).next(Done))
21 ). repeat ();
22
23 var dragDropOrCancelA =
24 ((EventA("mousemove").bind(dragA)).next(dragOrDropA)))
25 .or ((EventA("mouseup").bind(cancelA)));
26
27 var dragAndDropA = /x drag—and—drop */
28 (EventA("mousedown").bind(setupA))
29 .next(dragDropOrCancelA);
30
31 DragElementA("dragtarget").next(dragAndDropA).run();
(b) JavaScript implementation
32 DragElementA("dragtarget")
33 .next(EventA("mouseover").bind(setupA))
34 .next(dragDropOrCancelA)
35 run()
(c) Alternative—setup omouseover
36 (nextPieceA
37 .next(EventA("click" ). bind (setupA))
38 .next ((dragOrDropA
39 .next(repeatlfWrongPlaceA)).repeat ()
40
41 ). repeat()
42 .run()

(d) Jigsaw game re-using drag-and-drop elementary arrows

Figure 2: Drag-and-drop with arrows

dropDrag, cancelDrag. The bodies of these four methods corre-
spond exactly to the code represented by lines 6, 12, 18, 4nd 2
in Figure 1(b). Using proxy objects affords greater flexipiin
customizing the side-effect of drag-and-drop, and is adsteth
trick found in many JavaScript libraries. For example, onagel
and-drop application could use a proxy that moves the tavgen

[ Combinator Use |
f.AsyncA() lift function f into an arrow (called auto
matically by combinators below)
h = f.next(g) h(x) IS f(g(x))

h = f.product(g) h takes a pair{,b) as input, passesto f
andb to g, and returns a pairf(a), g(b))
as output

h calls f with its inputx, and then callg
with a pair &, f(x)).

h calls f with its input; if the output off
is: Repeat(x), thenf is called again with
x; Done(x), thenx is returned

h = f.bind(g)

h = f.repeat()

h = f.or(g) h executes whichever dfandg is trig-
gered first, and cancels the other
[ h.run() begins execution df |

Table 1: Arrow combinators used by drag-and-drop.

dragged, while another could use a proxy that draws a traihide
the dragged target.

The remainder of Figure 2(b) assembles the drag-and-datg st
machine from the handlers we have written. To do so, wecosg
binatorsto compose the handlers with the appropriate event trig-
gers. These combinators compaaeows, which include regular
functions or specialized event listeners that we providel de-
scribe serial and parallel combinations of arrows. Tablescdbes
the arrow combinators we use to implement drag-and-drdixidu
tails appear in Sections 3 and 4.

In Figure 2(b), we have split the composition into three pgec
dragOrDropA, dragDropOrCancelA, dragAndDropA. Each handler
is connected to its triggering event usibigd, and then connected
to each other with other combinators. For example, the arrow
dragOrDropA on lines 18-21 (shown in a dashed box in the part (a))
connects the drag state to itself (upoma&usemove) or to the drop
state (uponmouseup).

Finally, the entire drag-and-drop composition is insthlten
the DragElementA("dragtarget") drag proxy on line 31. The ar-
row DragElementA, which we have elided, locates and returns the
named HTML element wrapped in the proxy object that imple-
ments the animation of drag-and-drop.

Notice that the composition on lines 18-31 is simply a trigéers|
ation of the arrow diagram. We think this is a much more divey
to construct this event handling code than the standardoappr
we saw earlier, while retaining its basic computationalctire. In
particular, with Arrowlets the code implementing the effeteach
handler is essentially unchanged; the difference is that-baded,
indirect state transitions have been traded for more flexitirect
arrow compositions. Moving to a system like Flapjax, whices!
an entirely different computational model, would requirerenper-
vasive changes [Meyerovich et al. 2009]. (See Section 5 fmem
discussion.)

Once we have used Arrowlets to sepakatapA, dragA, dropA,
andcancelA from each other and their event triggers, we can reuse
them in different compositions of arrows. For example, Fég2(c)
shows an alternative drag-and-drop implementation thaitiated
by amouseover event, rather than mousedown event.

We can even reuse the elementary arrows of drag-and-drop in
a different application. Figure 2(d) shows the basic cd+ftosv
of a jigsaw puzzle game. One piece of the jigsaw puzzle is first
displayed (line 36), picked up with alick event (line 37), and
then moved with the cursor until being dropped by theuseup
event insidedragOrDropA (line 38). However, the piece may be
automatically picked up again if it was dropped in the wrong
place (line 39). And the whole composition repeats with thgtn



class Arrow a where
ar = (b—c)—abc
(>») mabc—acd—abd

instance Arrow (—) where
arr f =f
(f>>09) x=9g (f )

(a) Arrows in Haskell

Function . prototype . A = function() { /* arr x/
return this;
}

Function. prototype .next = function(g) { /* >> */
var f = this; g = g.A(); /* ensure g is a function */
return function(x) { return g(f(x)); }

}

(b) Function arrows in JavaScript

Figure 3: Two definitions of arrows

jigsaw piece. Re-using the code in Figure 1(b) to build thég/n
structure would be non-trivial, while with Arrowlets, bdihg such
compositions is straightforward.

3. Implementation of Arrowlets

The design of Arrowlets is based on the concept of arrows from
Haskell [Hughes 2000]. Arrows are generalizations of msnad
[Wadler 1992], and like them, they help improwgodularity, by
separating composition strategies from the actual contipot
they areflexible because operations can be composed in many dif-
ferent ways; and they helpolatedifferent program concerns from
one another.

We will first explain the concept of arrows with the simplest
possible arrows, namely regular functions, and then buildto
to describe how various components of the Arrowlets libraargy
implemented in JavaScript.

3.1 Function Arrows

Figure 3(a) gives a (very) simplified definition of tierow type
class in Haskell. A typa s an instance ofrrow (written Arrow )
if it supports at least two operationarr f, which lifts functionf
into a, and f > g, which produces a new arrow in whiahis
applied to the output of.

The simplest arrow instancérrow (—), represent standard
functions wherearr is the identity function, andss> is function
composition. With these operations, we can compose fumetio
using arrow operations:

addlx=x+1
add2= add1>s> addl

result = add21 {— returns 3-}

Figure 3(b) shows function arrows in JavaScript. In Javipgcr
every object has prototypeobject (analogous to a class). Proper-
ties (e.g., methods) of an object are first looked up in theabj
itself, and if not found, are looked up in the object’s prgpm.
JavaScript functions are themselves objects, and hengdéve a
prototype, name@unction . prototype.

In Figure 3(b), we add two methods to every function object.
The A method, corresponding tarr, lifts a function into an arrow.
As in Haskell, theA method is just the identity. Theext combi-
nator, corresponding tss>, composes two arrows by returning a

1 function CpsA(cps) {

2 this.cps = cps; /* cps = (x, k) — () */
3

4 CpsA.prototype.CpsA = function() { /* identity */
5 return this;

6

7 CpsA.prototype.next = function(g) {

8 var f = this; g = g.CpsA();

9 /* CPS function composition x/

10 return new CpsA(function(x, k) {

11 f.cps(x, function(y) {

12 g.cps(y, k);

13 b3k

14 ok

15

16  CpsA.prototype.run = function(x) {

17 this .cps(x, function(y) { });

18

19  Function. prototype.CpsA = function() { /* lifting */
20 var f = this;

21 /* wrap f in CPS function */

22 return new CpsA(function(x, k) {

23 k(f(x));

24 b

25}

Figure 4: CPS function arrows in JavaScript

new (anonymous) function invoking the composition. In ttusle,
binding f to this setsf to refer to the object (i.e., function) whose
next combinator is invoked. We also lift argumegito an arrow
with the callg.A(). This check helps ensure thats a function (all
of which have thex method).

With these simple definitions, we can now compose functions
as arrows in JavaScript in the same way as Hagkell:

function add1(x) { return x + 1; }
var add2 = addl.next(addl);

var result = add2(1); /* returns 3 x/

JavaScript lacks Haskell's sophisticated type system, so w
unfortunately cannot statically ensure arrows are useckecty.
For example, the definition in Figure 3(b) only works for deng
argument functions. Moreover, we may have different kinfls o
arrows that cannot be simply mixed together. Thus in practic
(and in the examples below), we will introduce new prototype
distinguish different kinds of arrows from each other.

3.2 CPSFunction Arrows

Regular function composition will not work as a basis for rave
handling arrows because event handlers are invoked asyralsly,

e.g., they are registered as callbacks with functions ssistid&ventListener.
Instead, in Arrowlets we useontinuation passing styl&€PS) [Ap-

pel 1992], a well-known programming technique. We convért a
functions to take a continuation parameter, which is akiramo

event handler callback, and use CPS composition to comggse r

ular functions and asynchronous functions.

Figure 4 shows how we use CPS in Arrowlets. A CPS function
takes two arguments: the “normal” argumeind a continuatioR,
called with the function’s final result. In the figurépsA (lines 1—

3) constructs a CPS arrow from &s function. In JavaScript,
constructors are simply regular functions, and when we kevo

3 Notice that we did not need to apply themethod toadd1, because we
have added th@ext combinator to all functions, thus implicitly making
them arrows.



1 function SimpleEventA(eventname) {

2 if (!( this instanceof SimpleEventA))

3 return new SimpleEventA (eventname);

4 this .eventname = eventname;

5

6 SimpleEventA.prototype = new CpsA(function(target, k) {
7 var f = this;

8 function handler(event) {

9 target .removeEventListener(

10 f.eventname, handler, false );

11 k(event);

12

13 target . addEventListener (f.eventname, handler, false );
14 3});

Figure 5:SimpleEventA for handling JavaScript listeners

new CpsA(cps), JavaScript creates a new object and then initializes
it by calling CpsA(cps) with this bound to the new object.

On line 4 we introduce our convention of givir@psA objects
an identity CpsA method, which we use like the method from
Figure 3(b): if we successfully invoke = x.CpsA(), we know
x is a CPS arrow. Thaext combinator is implemented using the
CPS equivalent of function compositibrinvoking f, and passing
in a continuation that invokeg, which itself continues withk
(lines 7-15). We call a CPS arrow by invoking itsn method
(lines 16-18), which simply calls the function in thes field with
the actual argument and a do-nothing function that actseafirtal
continuation. Finally, we extengunction's prototype with aCpsA
method to lift a normal one-argument function into a CPSwarro
With this method, programmers using Arrowlets can writeutag
functions, and the details of CPS are effectively hidden.

With these definitions, we can convert ciudid1 andadd2 func-
tions to CPS and compose them:

function add1(x) { return x + 1; }
var add2 = add1.CpsA().next(add1.CpsA());

var result = add2.run(1); /* returns 3 */

/* where: add1.CpsA().cps = function(x,k) { k(add1(x)); }
add1.CpsA().next(add1.CpsA()).cps
= function(x, k) { k(add1(add1(x)));} */

3.3 Simple Asynchronous Event Arrows

Building on CPS arrows we can now define simple event arrows,
which are CPS functions that register their continuatiansandle
particular events. Ultimately we will want several formsamfm-
position, but for now, we define an event arrSitpleEventA that
supports linear sequencing, shown in Figure 5.

In this code, the functioisimpleEventA acts as a constructor,
where line 3 implements a convenient JavaScript idiom. & th
constructor is called as a regular function (i.e., withaa), it calls
itself again as a constructor to create a riwipleEventA object.
This allows us to omihew when usingsimpleEventA. Line 4 stores
the name of the event this arrow handles.

Lines 6-14 define th8impleEventA prototype object to be a
CpsA arrow constructed from an anonymous function. By making
the prototype apsA object,SimpleEventA inherits all the proper-
ties of CpsA. The anonymous function installs the local function
handler to be triggered oreventname (line 13). When this event
fires, handler deregisters itself from handling that event, and then

4 JavaScript lacks tail-call optimization, so this simpléion of next can
cause the call stack to overflow. Our actual implementatsestrampolines
to avoid this issue.

invokes the continuatiokwith the received event. We chose to im-
mediately deregister event handlers that have fired singedire-
sponds to transitions in a state machine, according to otivating
use case.

Examples Let us rewrite the very first example in Section 2 to
use our simple event arrows. First we write a handler arravthfe
event:

var count = 0;

function clickTargetA (event) {
var target = event.currentTarget;
target .textContent = "You clicked me! " + ++count;
return target;

¥

This function extracts the target of the event, updatesits aind
then returns it (for the next event handler). To registes tude to
handle a single click, we write the following plumbing code:

SimpleEventA("click" ). next( clickTargetA )
.run(document.getElementByld("target"));

This code creates an event arrow foklaek event (on thetarget
element) and composes it with our handler arrow. When theteve
fires, clickTargetA is called with the event's target, and the event
handler is removed. Also, in this code, the structure of ehan-
dling is quite apparent. And, because we have separatediiinédp

ing from the actions, we can reuse the latter easily. For exam
ple, to count button clicks on another target, we just creeate
other SimpleEventA, reusing the code foelickTargetA (the effect

on count is shared by the two handlers):

SimpleEventA("click" ). next( clickTargetA )
.run(document.getElementByld("anotherTarget"));

If we want to track a sequence of events on the same target, we
simply compose the handlers:

SimpleEventA("click"). next( clickTargetA )
.next( SimpleEventA("click").next(clickTargetA) )
.run(document.getElementByld("target"));

This code waits for one click, increments the count, and theits
again for a click, and increments the count once more. Sdiglien
composition of asynchronous event arrows usieg is associa-
tive, as expected, so we could equivalently write the absve a

SimpleEventA("click"). next( clickTargetA )
.next(SimpleEventA("click"))
.next(clickTargetA )

.run(document.getElementByld("target"));

Event arrows have another useful property in addition ty eas
composition: The details of different browser event hawgllii-
braries can be hidden inside of the arrow library, rathen theing
exposed to the programmer. For example, Internet Explases u
attachEvent instead ofaddEventListener, and we could modify the
code in Figure 5 to call the appropriate function dependinghe
browser.

4. Full AsynchronousArrows

Now that we have developed simple event arrows, we can extend
them with features for implementing more sophisticatedrgdas,

like drag-and-drop. To do this we need to introduce a number o
arrows and combinators. We introduce these by example aedt,
defer a detailed description of their implementation tot®edcs.2.



4.1 Arrowsand Combinators

Asynchronous Event Arrows with Progress Previously, we in-
troduced an arrov8impleEventA for handling particular events. In
practice, we want to support multiple arrows “in flight” atimé,
e.g., in thesetup state of drag-and-drop, we wait for multiple events

at once. Thus we must be able to cancel an event handling arrow.

while it is active so that we can switch to another state.

Our solution is to create a new arrofgyncA, which extends
CpsA with support for tracking progress and cancellation. When a
AsyncA is run, it returns aprogress arrow which can be used to
observe or cancel execution of the arrow. We asgncA to build
EventA, which similarly extendsSimpleEventA with support for
progress and cancellation. UsiBgentA, we can augment the two-
click example from the prior section so that it returns a pesg
arrowp. We can then usgto affect the arrow in flight, e.g., to stop
waiting for clicks after 10 seconds, as shown below.

var target = document.getElementByld("target");

var p = EventA("click").next( clickTargetA)
.next(EventA("click" ). next(clickTargetA ))

.run(target );

/* p can be used to abort the event arrow */

setTimeout(function() {
p.cancel (); /* cancels event arrow */
target .textContent = "Can't click this";
1, 10000);

We can also usg to track when an event begins:

var status = document.getElementByld("status");
p.next(function() {
/* called when event arrow finishes x*/
status .textContent = "l've been clicked I";

}).run();

The body ofbubblesortA is a standard bubble sort, except in-
stead of ado-while loop, we continue iteration by returning a
Repeat object with updated values folist , i, andj, or we return
Done when the loop is complete. We create the arrow by using the
repeat combinator with an interval of 100sso that the bubble sort
can be visualized slowly. We could also use a shorter intdova
improved performance.

Paralle arrows with product() In addition to sequencing, the
standard definition of arrows in Haskell includes combirafor
parallel compositions. Theroduct combinator {++ in Haskell)
takes two arrows and produces a new arrow that takes as input a
pair, applies the constituent arrows to each componenteopdir,
and outputs the result in a pair. For Arrowlets, we additilynde-
fine theproduct combinator to execute concurrently and synchro-
nize at the completion of both arrows.

Using theproduct combinator, we can extend the example at
the end of Section 3.3 to respond only after the user clickisvon
targets in any order. First, we modififick TargetA to update two
targets:

function clickTargetsA (targetl, target2) {
targetl .textContent = "You clicked me!";
target2 .textContent = "And me too!";

}

Note that Arrowlets automatically unpacks a pair of targets the
argument list ofclick TargetsA . We can then register this handler on
two targets with the following plumbing:

(EventA("click" ). product(EventA("click")))
.next( clickTargetsA )
.run(Pair (document.getElementByld("target1"),
document.getElementByld("target2")));

Now only after both targets are clicked on, which may be in any

We can use progress arrows in combination with looping, de- order, will the clickTargetsA handler be called to display the mes-

scribed next, to build widgets like progress bars for longragions.

Looping with repeat() To support loops in state machines, such
as thedrag state in our drag-and-drop example, we providepaat
combinator. The expressidnrepeat(t) creates an arrow that puts
finaloop. Iff returns returnRepeat(x), thenf is called again with
x aftert milliseconds have elapsed; otherwisg ieturnsDone(x),
then the loop completes and retusas

As an example, we can usepeat to implement an animation
of bubble sort:

var bubblesortA = function(x) {
var list =x.list, i =x.i, ] =x.j;
if (j+1<i){
if (list .get(j) > list.get(j + 1)) {
list .swap(j, j + 1);

return Repeat({ list: list, i:i, j:j +13});
}else if (i >0){
return Repeat({ list: list, i:i — 1, j:0 });

} else {

return Done();
}.AsyncA().repeat(100);

/* list is an object with methods get and swap */
bubblesortA .run({ list : list , i: list .length, j: 0 });

The arrowbubblesortA takes as input an object that contains
three properties: théist to be sorted, and indicesandj represent-
ing the iteration state. Herdist is a proxy object with methods for
looking up an elemenggt) and for swapping two elementsivap);
these methods could be implemented to visualize the pregies
sorting in the display.

sage.

Branching with Either-or() Our next addition toAsyncA is an
“or” combinator that combines two asynchronous arrows dnd a
lows only one, whichever is triggered first, to execute. Kkamneple,
this allows us to wait for a keystroke or a mouse movementyend
spond to only one. An “or” combinator is necessary for suppgr
any branching state machine, as with drag-and-drop.

As an example, we demonstrate a simple coin-toss game imple-
mented withor below. We first defin&VriteA to create an arrow that
writes into an event's target element. Then, we compose twowa
that respond to clicks ifeads and tails . Finally, we combine the
arrows withor, ensuring that the player can only click once, on
eitherheads or tails .

function WriteA(str) {
return function(event) {
var target = event.currentTarget ;
target .textContent = str;
return target;
+
¥

var heads = ConstA(document.getElementByld("heads"));
var tails = ConstA(document.getElementByld("tails"));

(heads.next(EventA("click")). next(WriteA("l win!")))
.or( tails .next(EventA("click")). next(WriteA("You lose!")))

.run();

Forwarding Arrow Inputs Finally, most arrows take an input,
perform some computation on it, and output the result of tira-c
putation to the next arrow in sequence. However, there argyma



1 function AsyncA(cps) { this.cps = cps; }

2 AsyncA.prototype.AsyncA = function() { return this; }
3 AsyncA.prototype.next = function(g) {

4 var f = this; g = g.AsyncA();

5 return new AsyncA(function(x, p, k) {

6 f.cps(x, p, function(y, q) {

7 g-cps(y, g, k);

8 ;

9 i

10 }

11 AsyncA.prototype.run = function(x, p) {

12 p = p || new ProgressA();

13 this .cps(x, p, function(y) {});

14 return p;

15 }

16  Function. prototype . AsyncA = function() {

17 var f = this;

18 return new AsyncA(function(x, p, k) { k(f(x), p); });
19 }

20

21 function ConstA(x) {

22 return (function() { return x; }).AsyncA();
23}

Figure 6: Full asynchronous arrows (part 1)

cases where we want pass the input “around” the next armwa.
keep the original input in addition to the output. For exapt our
drag-and-drop example from Section 2.2, an event handieives
not just the event it was triggered on, but also the proxy alpea
which the event listeners were installed on. Tl combinator
provides this feature. In the short example below, we show dio
image manipulator can display before-and-after shots afghts
ened image.

var showBeforeAndAfterA = brightenA .bind(displayA);

4.2 Implementation Details

Progress and Asynchronous Arrows The first step of our imple-
mentation is to extendpsA so that continuations take both the nor-
mal function argumentand a progress arrow argumenProgress
arrows are created with therogressA constructor, described be-
low. Our CpsA definition extended with progress arrows is called
AsyncA, for asynchronous arroyand is shown in lines 1-10 of Fig-
ure 6. The constructor (line 1) and identity function (linewsrk
analogously to those a@psA; next (lines 3-10) simply passes the
extra parameter through the CPS composition.rihenethod now
optionally takes a progress arrow argumgntr sets to an empty
progress arrow on line 12 if no argument is passdthen run
passes the arguments this .cps, as before, and finally returns
back to the caller. This last step allows the callerof to make
use of the progress arrow later, in the case that it was cteate
line 12 rather than passed in. Finally, the code to lift fioret to

AsyncA (lines 16-19) is the same as before. For convenience, we

also introduce a functiofonstA(x), which produces an arrow that
ignores its input and returns(lines 21-23).

Next, we useisyncA to implement an arrow constructBrentA
in Figure 7(a), just as we usethsA to implementSimpleEventA.
The arrow constructor (lines 1-5) is as bef@entA inherits from
AsyncA (line 6), also as before. When an event arrow is run, it
registers (line 17) theancel function (lines 8-11) with the progress
arrow, and installs an event handler (line 18). This allos/sodater
abort the arrow (i.e., remove the event handler) if we wishew
an event is triggered, we inform the progress arrow by invgki

51f the argumenp is not given, then it is set tandefined, in which case
p || eevaluates te.

1 function EventA(eventname) {
2 if (!( this instanceof EventA))
3 return new EventA(eventname);
4 this .eventname = eventname;
5
6 EventA.prototype = new AsyncA(function(target, p, k) {
7 var f = this;
8 function cancel () {
9 target .removeEventListener(f.eventname,
10 handler, false);
11
12 function handler (event) {
13 p.advance(cancel );
14 cancel ();
15 k(event, p);
16
17 p.addCanceller (cancel );
18 target .addEventListener (f.eventname, handler, false );
19 })
(a) Event arrows
1 function ProgressA() {
2 if (!( this instanceof ProgressA))
3 return new ProgressA();
4 this. cancellers = [|; /* empty arrays */
5 this . observers = [];
6 1
7 ProgressA.prototype = new AsyncA(function(x, p, k) {
8 this . observers . push(function(y) { k(y, p); });
9 1)
10 ProgressA.prototype . addCanceller = function( canceller) {
11 /* add canceller function */
12 this . cancellers . push( canceller );
13}
14  ProgressA.prototype .advance = function( canceller) {
15 /* remove canceller function x/
16 var index = this. cancellers .indexOf( canceller );
17 if (index >= 0) this. cancellers . splice (index, 1);
18 /* signal observers */
19 while (this. observers .length > 0)
20 this . observers . pop ()();
21}
22 ProgressA.prototype. cancel = function() {
23 while (this. cancellers .length > 0)
24 this . cancellers .pop()();
25 3}

(b) Progress arrows

Figure 7: Full asynchronous arrows (part 2)

its advance method (line 13). Upon receiving this method call,
a progress arrowp will in turn alert any other objects that are

listening for progress messages frpnfror example, a progress bar

object might ask to be informed each time an arrow compasitio
advances, to update the image of the bar. The remainder cbtlee

is as withSimpleEventA: we cancel the event handler (line 14) and
call the continuatiork, this time with both the event to process and
the progress arrow (line 15).

To actually implement progress arrows, we could most likely
extend regular function arrows (from Figure 3(b)), but sinc
AsyncA is somewhat more flexible, we choose that as our start-
ing place. Figure 7(b) defingogressA, our progress arrow type.
Each progress arrow has two sets of listenetsicellers (line 4),
which are invoked when the arrowtancel method is called, and
observers (line 5), invoked via the arrow’sdvance method.

Users can add to the set of observers by invokinghtiie com-
binator inherited fromAsyncA. On lines 7-9, we set the underlying



1 AsyncA.prototype.repeat = function() {

2 var f = this;

3 return new AsyncA(function rep(x, p, k) {

4 f.cps(x, p, function(y, q) {

5 if (y.Repeat) {

6 function cancel () { clearTimeout(tid); }
7 q.addCanceller (cancel );

8 var tid = setTimeout(function() {

9 q.advance(cancel );

10 rep(y.value, q, k);

11 3, 0);

12 } else if (y.Done)

13 k(y.value, q);

14 else

15 throw new TypeError("Repeat or Done?");
16 b

17 i

8 }

19

20 function Repeat(x) { return { Repeat:true, value:x }; }
21 function Done(x) { return { Done:true, value:x }; }
22

23 Function. prototype . repeat = function(interval ) {

24 return this . AsyncA().repeat( interval );

25

Figure 8: Looping withAsyncA

CPS function of the arrow to push its argument onto the oleserv
list. Thus, invokingp.next(f).run() for progress arrow addsf

to observers. Making ProgressA an asynchronous arrow gives it
all the flexible compositional properties of arrows, e.galiows
adding multiple, complex observers. For example, we coultew
p.next(f).next(g) for a progress arrow that invokegf()) when
progress occurs, or cafl.next(f).run(); p.next(g).run() to add
both observers andg.

Cancellers are registered explicitly via thgiCanceller method
(lines 10-13). Ifcancel is invoked, the progress arrow calls all
cancellers (lines 23—24). Ifadvance(c) is invoked, the progress ar-
row first removes: from cancellers (lines 16—17) and then calls
any observers (lines 19-20). A call tadvance implies that a unit of
progress was made (e.g., an event triggered), and so thespornd-
ing cancellation handler for the unit of progress is removed as it
is no longer needed. The corresponding observers are ateveel
and invoked (line 20). This behavior is analogous to the rexhof
event listeners after an event triggers.

repeat() Figure 8(a) shows the implementation @beat that
creates an arrow that executes repeatedly while yieldingedJI
thread viasetTimeout recursion. We return a new asynchronous
arrow containing the functionep (line 3). When invoked,rep
callsf (the arrow from which the repeating arrow was created) and
passes it a new, nested continuation with argurpeartd progress
arrowq.

The argumeny is an object created with eith8epeat or Done
(lines 20-21). These methods store their argummémt JavaScript
approximation of a tagged union—an object with tha:e field set
to x and either th&Repeat or Done field set to true.

Given argumeny, there are two cases. is tagged withDone
(lines 12—13), then we extract thalue from y and pass it to the
continuationk for the entire arrow. Ify is tagged withRepeat
(lines 5-11), we use the looping idiom from Section 2 to exe-
cute rep again afterinterval has elapsed. To allow the loop to
be cancelled during this timeout period, we extend the fisam-

1 function Pair(x, y) { return { fst:x, snd:y }; }

2 AsyncA.prototype.product = function(g) {

3 var f = this; g = g. AsyncA();

4 return new AsyncA(function(x, p, k) {

5 var outl, out2, ¢ = 2;

6 function barrier () {

7 if (——c == 0) k(Pair(outl, out2), p);

8

9 f.next(function(yl) { outl = y1; barrier (); })
10 run(x. fst, p);

11 g.next(function(y2) { out2 = y2; barrier (); })
12 .run(x.snd, p);

13 b

14 }

Figure 9: Combining arrows in parallel

1 AsyncA.prototype.or = function(g) {

2 var f = this; g = g.AsyncA();

3 return new AsyncA(function(x, p, k) {

4 /% one progress for each branch */

5 var pl = new ProgressA();

6 var p2 = new ProgressA();

7 /* if one advances, cancel the other x/
8 pl.next(function() { p2.cancel ();

9 p2 = null; }).run();
10 p2.next(function() { pl.cancel ();

11 pl = null; }).run();
12 function cancel () {

13 if (pl) pl.cancel ();

14 if (p2) p2.cancel ();

15

16 /* prepare callback x/

17 function join (y, q) {

18 p.advance(cancel );

19 k(y, a);

20

21 /* and run both */

22 p.addCanceller ( cancel );

23 f.cps(x, pl, join);

24 g.cps(x, p2, join);

25 ok

26 1}

Figure 10: Branching witlAsyncA

cellers to kill the timeout (lines 6 and 7), and since we pesged
by one iteration, we advance the progress arrow (line 9).

product() Figure 9 shows theroduct combinator for theé\syncA
arrow. We use th@air function to create pairs as objects with two
properties,fst andsnd . To implementproduct, we first define the
function barrier on lines 6-8, which serves to synchronize the ar-
row at the completion of its constituent arrows. Then, we the
arrowsf on lines 9—10 ang on lines 11-12, giving as input the first
and second components:gfespectively. Upon completion of each
arrow, we store the result intat1 or out2 and call barrier . Whenc
reaches 0, i.e., when boffandg have completed, thearrier func-
tion will in turn call the continuatiork with the results. Although
not shown above, Arrowlets also unpacks pairs automayiaatio
the argument list of regular (non-CPS) functions for comsece.

Either-or() Figure 10 gives the code for the method, which
combines the current arrowwith the argumeng (line 2). Call-

ing f.or(g).run() executes whichever of or g is triggered first,
and cancels the other. To keep the presentation simplerssuere
bothf andg are asynchronous event arrows. When invoked, the new
arrow first creates progress arropisandp2, which whenadvanced



var idA = function(x) { return x; }.AsyncA();
var dupA = function(x) { return Pair(x, x); }.AsyncA();

CpsA.prototype.bind = function(g) {
var f = this; g = g.AsyncA();
return dupA.next(idA.product(f))

.next(g);

O ~NOO U~ WNPRE

Figure 11: Passing state around arrows

calls cancel on the other arrow (lines 8-11). We also register
(line 22) the cancel function (lines 12—15), which will remove
any handlers that are still installed. Then, we invoke thraponent
arrows, f with p1 (line 23) andg with p2 (line 24). When either
arrow completes, they cajbin (lines 17-20), which first advances
the progress arrow for the composition itself (line 18) and then
invokes the regular continuation.

bind() bind can be implemented witfext andproduct along with
two helper arrows, as shown in Figure bind creates a new arrow
that first duplicates its input into a pair withupA, passes through
the first component untouched v and applies to the second
component, and finally appligsto the resulting pair.

Many combinators in Arrowlets such agd are implemented
with just next and product. In general, we find it quite simple in
practice to compose additional convenience combinatarseded.

4.3 Discussion

We believe our asynchronous arrow library to be potentiafig-

ful for a variety of applications beyond those presente@ssence,
Arrowlets can be used to construct arrows correspondinghtie a
trary state machines, where transitions between statag ot@
synchronous or asynchronous calls. The combinaters and or
can construct machines that are DAGs (where each machitge sta
corresponds to a single handler), and witbeat we can create ar-
bitrary graphs. It is easy to imagine other applications toald

be built from such state machines, such as games (wheredelat
actions in the game, e.g., matching two cards, could be ceatho
into a state machine) or productivity applications (wheagious
elements of the Ul have state).

In addition to timeouts and Ul events, Arrowlets can also-sup
port other kinds of events, e.g., completion of a networklerlfO
call. Indeed, our original motivation for developing Arri@ts was
to make it easier to write a web-based code visualizatiolf that
starts by loading XML files over the network. To do this we teea
a composite asynchronous arrow that first loads an indexafild,
then iteratively loads each file present in the index, wheesload
commences when the previous one completes. Our limited-expe
rience with this application suggests that it is quite easgdopt
Arrowlets for creating new widgets in existing applicasomr to
retrofit existing code to be more modular and easier to miainta
We intend to explore the use of Arrowlets to compose entipgi-ap
cations in future work.

5. Related Work

An earlier version of this work appeared as a poster at ICRB20
which included a much shorter, 2-page writeup. There areraév
threads of related work.

JavaScript libraries JavaScript libraries, such as jQuery, Proto-
type, YUI, MochiKit, and Dojo, provide high-level APIs foom-
mon GUI features, such as drag-and-drop and animation xaon-e
ple, in jQuery, one can make a document widget “draggable”

Shttp://www.cs.umd.edu/projects/PL/PP/

Threads

select |

: atomicblock ~ yield =~ wait fork  join _ select
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" T AsyncA” " next” EventA” " ‘product =~ " or
Arrowlets

Figure 12: Analogies between threads and Arrowlets

within its parent container with the synté(box).draggable().
These high-level APIs are easy to use, but they are often ndt m
ular and have limited options for customization, as we haumd
with drag-and-drop.
One form of customizability that is offered by library infeces
is an animation queue. The queue contains one or more animati
steps (calleckffecty. Programmers can sequence animation steps
dynamically by adding to the queue. Such queues and othex mor
complex compositions are easily implemented with Arroslet
Some libraries also make use of an idiom calteethod chain-
ing. In this idiom, all methods of an object return the object it-
self, such that further methods can be invoked on it. Contbiea
in Arrowlets can be seen as a variation of this idiom thatrretu
newly composed arrows while leaving the original arrows adm
ified. Avoiding mutation makes it easier to reuse arrows iress
distinct compositions.

Flapjax Flapjax [Meyerovich et al. 2009] is another JavaScript
library that solves the problems we have mentioned, butstake
data-flow orientedapproach, in the style dfunctional reactive
programming[Wan and Hudak 2000]. In Flapjax, programmers
use combinators to construct, compose, and filter firss@asnt
streamsand these streams drive the processing that will ultimatel
update the display, write files, send messages, etc. Artevide
more control-flow oriented In particular, handler arrows are nat-
urally chained together to form state machines: each handtee-
sponds to a node in the machine, and how handlers are composed
determines the transitions in the machine. We can custothize
machine by composing handlers differently; in Flapjax welmi
instead customize the makeup of the event stream. Sincevieto
do not manipulate first-class event streams, they are Itevet-
than Flapjax’s abstractions, and arguably closer to Jagagro-
gramming practice. Indeed, in Section 2.2 we showed it wialy fa
straightforward to move from existing code to Arrowletsdahus

to gain Arrowlets’ benefits of improved composability andge.

Threads and event-driven programming Perhaps surprisingly,
programming with Arrowlets bears a striking resemblancpris
gramming with threads, despite the fact that JavaScriphifles
threaded. Indeed, it is well-known that threads and eveetsa@m-
putationally equivalent [Lauer and Needham 1978]. Thedalst
servation is that single-threaded event-driven programgris anal-
ogous to multi-threading with cooperative scheduling, iick one
thread runs at a time and yields the CPU either voluntarilyloen

it would block on an I/O operation [Adya et al. 2002, von Behre
et al. 2003].

Li and Zdancewic [2007] have built a thread monad for Haskell
that follows this observation. We can translate their oletéon to
arrows by viewing a thread as a sequence of event handleesewh
each handler’s final action is to register an event that érgghe
next handler in the sequence (e.g., after a timeout or I/Qiteve
completion). By this view, a thread is is analogous to anvarro
composition using Arrowlets; Figure 12 suggests the m@hatiip
between threads and Arrowlets.



Haskell’s Arrow libraries Our inspiration to develop an arrow-
based library comes from a number of related libraries inkiellhs
such as Fudgets [Carlsson and Hallgren 1993] and Yampa gHuda
et al. 2003]. Fudgets is a library for building graphical usger-
faces (GUI), and uses arrows to implement GUI elements ssich a
buttons, menus, and scroll bars, as well as event handlessnmA
plete GUI application is composed of Fudgets using variaums-c
binators. Yampa is arrow-based library for functional te&cpro-
gramming, as with Flapjax. In Yampa, arrow combinators cosep
signalswith signal functions Yampa has been used to implement
a robotics simulator as well a GUI library named Fruit [Coest
and Elliott 2001].

Unlike standard GUI applications such as those written id-Fu
gets or Fruit, web applications are typically developed @ombi-
nation of HTML and CSS to define the graphical layout of inter-
face elements, and JavaScript for the interface behaveor évent
handling). Arrowlets is designed with this distinction inna and
focuses on composing event handlers in JavaScript.

Twisted's Deferred  Twisted ¢wistedmatrix.com) is an event-
driven networking library for Python, which, like Arrowketpro-
vides an abstraction to manage event callbacks. In Twisteh-
chronous functions such as network file access do not také-a ca
back parameter, but instead retubsferred objects that represent
values that may have yet to arrive. The valueDigferred can be
accessed by adding a callback function viaigCallback method.
This approach resembl@sonads a concept that is closely related
to arrows.

Unlike addCallback, the next combinator in Arrowlets provides
a consistent interface to compose asynchronous or synmison
functions with each other. To have a similarly consistetgriiace
using Deferred, programmers have to be careful to wrap the return
value of every function in @eferred Object, which is an error-
prone endeavor in dynamically-typed languages such asoRyth
or JavaScript. AlsoaddCallback composeDeferred objects with
functions, whereasext composes arrows with arrows. This asym-
metry makes it more verbose to write reusable compositieas.
thermore, Arrowlets provides a richer library of combinatéor
synchronization and asynchronous looping.

6. Conclusion

We presented the Arrowlets library for using arrows in Javib.
The key feature of Arrowlets is support for asynchronousneve

arrows, which are triggered by events in a web browser such as

mouse or key clicks. By providing sequencing, parallelpiag,

and branching combinators, programmers can easily expmss
their event handlers are composed and also separate eveltiniga
from event composition. Arrowlets supports sophisticamterface
idioms, such as drag-and-drop. Arrowlets also includegess

arrows, which can be used to monitor the execution of an asyn-

chronous arrow or abort it. In translating arrows into Javas,
Arrowlets provides programmers the means to elegantlcsire
event-driven web components that are easy to understardifymo
and reuse.
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