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Abstract 
The event-driven, or reactive, programming style of the contemporary GUI is a major 
reason they are difficult to program. This is compounded in a distributed application. 
The reactive style, however, reflects the mismatch between multithreaded interfaces and 
a single threaded process, and is actually the equivalent of continuation passing style, 
a source code transformation used by some compilers. Using continuations for callbacks 
eliminates much of the difficulty of the reactive style. We describe a toolkit for managing 
the multiple threads of control which can be combined with existing GUI toolkits and 
which supports distributed applications. 
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1 INTRODUCTION 

Developing a good user interface is a hard problem involving social/psychological issues 
as well as technical ones. Meyers (1993) provides a list of these difficulties. Beyond the 
human-computer interface and graphics issues, however, stands the computer-programmer 
interface- graphical user interface (GUI) toolkits use a reactive, or event-driven, style 
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that is difficult for programmers, but which seems necessary to handle the ever increasing 
complexity of the user interface. The problem is even more pronounced in distributed 
applications, where there are several event-loops to contend with, as well as the thread of 
control of the application. 

The first part of this paper takes a careful look at reactive programming (and at its 
underlying architectural feature, the event-loop) to determine if this is essential for a 
flexible user interface. The analysis will indicate that onerous aspects of the reactive style 
are more artifacts of the software technology being applied than they are inherent to the 
problem. 

The remainder of the paper will use the results of this analysis to propose an alternative 
architecture that is easier for the programmer without limiting, in any way, the complexity 
of the user interface. On the contrary, it is easily expandable to distributed applications 
with multiple threads of control. This is done by returning to the run-time system many 
decisions which are currently handled by the programmer. The paper concludes with a 
survey of other attempts to deal with this issue. 

2 HOW THE EVENT LOOP ALTERS A PROGRAM 

The event-loop is an essential characteristic of modern Graphical User Interface program
ming. A program sits inside a tight inner loop which continuously gets an event, dispatches 
it to the appropriate handler, and then returns to waiting for the next event. The event
loop is (and, as we will see, must be) memoryless. Any state needed across events must 
be maintained explicitly through the handlers. The kind of information (variables and 
return addresses) that the run-time system automatically maintains for a process nor
mally sits on the stack; this is gone after each event. Loss of this information has serious 
consequences for how programs are written and is a major reason for the difficulty of GUI 
programming. 

2.1 A reactive example 

We will start with a somewhat complicated example- the card game, bridge. Bridge is 
played by four persons seated around a table with a standard deck of fifty-two cards. 
Opposite persons are partners. We will concentrate on the rubber, which is composed of 
two or more games (one set of partners must win two games to win the rubber). A game 

has four parts: 

1. All 52 cards are dealt to the players. Each player has a hand of 13 cards, which will be 
played in 13 rounds, called tricks. 

2. The players bid. In a round-robin fashion, the players make claims about how many 
rounds of play they can win. This goes on until three players pass. The highest bidder, 
called the declarer, establishes a contract. At the end of the game, the score will depend 

on the declarer's success. 
3. All13 tricks are played. We won't go into all the rules here. 
4. The play is scored. 
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procedure rubber(players playerArray[4]) returns integer 
{ 

array gamesWon[2] of integer; 
do 

contract := 0; 
declarer : = 0; 
leader := 0; 
array game[13][4] of card; 

for player := 0 to 3 do 
playerArray[player] .deal(cards); 

od 

do 
get the next player's bid 
if the bid is higher than contract then 

contract := the new bid 
declarer := the current bidder 
leader := the current bidder 

end if 
until three passes in a row 

for trick := 0 to 12 do 

od 

for player := 0 to 3 do 
game[trick][player] := 

playerArray[(player +leader) mod 4].playCard(); 
od 
leader := (scoreTrick(game[trick]) + leader) mod 4; 

gamesWon[scoreGame(game, declarer)]++; 
until (gamesWon[O] = 2 or gamesWon[l] = 2); 
return if (gamesWon[O] = 2) then 0 else 1 endif; 
} 

Figure 1 Rubber control flow 
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Figure 1 shows the control flow of a rubber (leaving out the rules) in pseudo-code. As 

a serial process, a rubber is a series of nested loops, the outermost for each game, the 

innermost for each trick. We will later consider a parallel version, where any number of 

tricks can be played simultaneously. 
Suppose we have four players sitting in front of their screens with a complex GUI that 

lets them consult help facilities, previous games, etc., while playing bridge. Each sees 

approximately the same screen, only the actions they can take at a particular time is 

different. After the cards are dealt, it is impossible to program anything approximating 

this simple control flow with an event-loop. 
Concentrating just on the play of a single game (i.e., disregarding other GUI elements), 

in an event-loop implementation, only the callbacks enabling a single player to bid must 

be active at the start. That player then clicks on a button indicating his bid. The callback 
must place the bid in some globally accessible place, and disable itself. It must then check 



72 Part 1\vo Tools and Techniques 

if this is the last bid. If so, it must determine who won the bidding, set things up for the 
game. If not, then it must enable the next bidder to bid. Finally, it must return to the 
event-loop. After bidding is finished, a similar process occurs for each round of play. Each 
callback must determine where in the play it is and set up conditions for the next player's 
actions. 

In other words, in the reactive style, the thread of control is spread out among the 
callbacks. Each callback must ascertain the current state of the computation, react ap
propriately, and prepare for the next state. This adds an extra degree of complexity; the 
straightforward control flow of fig. 1 must be systematically transformed. In an applica
tion where there is little control flow, such as a drawing program or a chess game, this is 
not particularly onerous; where there is significant control flow, as in bridge, it is more 
so. 

The usual justification given for this transformation is user freedom. Graphical programs 
are user driven, the user should be given the widest possible latitude, the traditional 
programming style (in which input is all synchronous) constrains this freedom, therefore 
it must be abandoned. In the current case, the control flow follows the playing of a hand. 
Without the event loop, if a player wishes to do some other action, involving menus, 
help, or whatever, they are blocked from doing this; all input is captured by the routines 
for bidding or playing cards. A more radical example would be altering bridge to allow 
multiple rubbers to be played simultaneously. Although maximizing the user's freedom of 
action (within the semantics of the program) is important, we will show that the solution 
most widely used, the event-loop, is actually a side effect of the technology chosen for 
implementation. 

2.2 The essence of the event loop 

In the old days when graphical systems were rare and application user interfaces were 
variations on the menu, the choices open to a user at any point in an application were 
quite limited and could be handled in a case statement. When the program needed more 
information from the user, it could call a function to prompt the user. The application 
could be structured as a set of hierarchical menus accessed through nested function calls, 
relying on the language to keep track of state (applications written in languages which 
allowed nested functions, such as Pascal or Ada, could also use scoping to help commu
nicate information from one level to another). This made writing a user interface very 
straightforward. 

GUis are inherently multithreaded leading to the event-loop. Suppose that there is 
a path through the interface for which history is important, i.e., completing form A 
requires the results of form B, which in turn requires the results of form C. C, then, needs 
to know how to return to B, which needs to know how to return to A. One solution, 
along the lines used by the old-style menus, would be for the handler that creates form A 
to recursively call the handler that creates B when necessary. B's handler then likewise 
creates C. When C terminates, it hands its results to B, etc. (See figure 2a.) However, if 
we have another group of history-sensitive interface objects (V, £, and F), then we have 
a problem. In our Bridge example, a novice user might invoke an interactive tutor facility 
while choosing a bid. Since the user is free to develop both of these histories in parallel 
(working consecutively in A, V, B, £, C and then F), A would have to call the handler 
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for V, V the handler for B, etc., and the stack will have the two sequences interleaved. 
As shown in figure 2b, C is inaccessible until :F completes. In essence, it is impossible to 
use the stack for control in a modern GUI, and so the stack has been abandoned. The 
event-loop is a control regime which doesn't require a stack. 

With the event-loop, for A to communicate with B, A needs to be divided into two parts, 
A and A', one doing the work before the call to B and the other doing the work afterwards. 
To "call" B, A calls a separate function /3 passing a pointer to A' and whatever data is 
associated with the current invocation of A (in C++, this is an object and a method). /3 
stores this information, creates the GUI forB, and returns to A which then returns to the 
event-loop. When B terminates (or actually B', since B must also be split in two pieces) it 
calls A', passing in the data. A' does a little work (updating fields, activating/ deactivating 
buttons, etc.) and then returns to B' to get back to the event-loop. As a result, for example, 
it is impossible for a handler to call another piece of interface as if it were a function; the 
handler must first return to the event-loop for the next event to be retrieved. 

The event-loop forces the application programmer to explicitly maintain all the informa
tion which in other applications is implicitly maintained on the stack, such as the values 
of variables and the return location after the next event. The resulting program is, in 
fact, written in continuation passing style (CPS) (Appel l 992). Compilers for functional
style languages, such as Scheme and ML, frequently transform source code into CPS as 
an intermediate step. Humans normally don't program directly in CPS; it can be quite 
complex. 

In CPS, each function in a program takes an extra parameter, called the continuation. 
Functions never return to their caller. When they have done their piece of work, they call 
this extra continuation parameter, passing in the result . Since no function ever returns, 
but simply calls another, a program in CPS, like an event-loop program, cannot use 
a stack. The GUI programmer programs in this style, but with extra complications (a 
callback cannot directly call its successor). 
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When source code is transformed to CPS, the process starts from the outermost func
tions and works its way in, eventually transforming the body of each source code function 
into a group of little continuation functions which call each other in sequence after per
forming a small amount of work. Although a GUI programmer has not explicitly performed 
any such transformation, A' and B' in the previous example are continuation functions 
organized around user events. By creating several callbacks and then returning to the 
event-loop, the event-driven program allows the user to "non-deterministically" choose 
which of several continuations to jump to. The objects created by the programmer in an 
object-oriented GUI are a replacement for the stack frame; the members are the local 
variables and the continuation. 

Our goal is to provide a "best of both worlds" approach: on the one hand, to allow 
control flow and other dependencies among events to be programmed in a straightforward 
fashion, on the other to support the freedom for the user provided by the CPS approach 
of the event-loop. Given the tension between the two, it is also desireable that it be 
easy to specify and change these relationships. One resolution to this dilemma, which has 
been tried (Pike, 1988), would be the wholesale us of explicit threads. We will explore an 
equivalent, but more flexible, approach here through the use of first-class continuations. 
The essential insight is, if we use a continuation for a callback, then when the desired 
event occurs, the program will continue with the next statement, as if it had just been 
blocked for input. As we shall see, there is still plenty of work to make a usable system 
from this; the range of behaviors that a user interface needs to support is quite complex. 

The next section will discuss first-class continuations and the mechanics of using them 
for callbacks. After that we will introduce an Athena based GUI toolkit we have devel
oped and discuss some other GUI systems that have taken a multithreaded or concurrent 
approach. We will also discuss some implementation details, show how existing systems 
can be integrated with this approach, and how this approach is extended to distributed 
systems. 

3 FIRST-CLASS CONTINUATIONS AND CALLBACKS 

A first-class continuation is an object that represents the remainder of a computation 
(Dybvig 1987, Reynolds 1993, Wand 1980). A more concrete description would be an 
object containing the process stack, a, and the return address, {3, just before execution of 
a function call (fig. 3). This continuation acts as a one parameter function; when called 
with a parameter,'"(, it overwrites the current process stack with a, places 1 in the return 
register (or appropriate position in the bottom stack-frame) and jumps to {3. In other 
words, whenever the continuation is called, it is as if the original function call had just 
terminated, returning the continuation's parameter as answer. The closest C/Unix analog 
are the functions setjmp and longjmp, where setjmp stores the current values of the 
registers, including the stack pointer, in a structure, and longjmp restores them, peeling 
the stack back to the point at which setjmp was called, as if returning from the initial 
setjmp call. Unlike setjmp/longjmp, a first-class continuation can be called at any point 
in the future computation, repeatedly if desired. (Continuations do not necessarily require 
copying the stack. Compilers or interpreters using CPS, such as SML/NJ (Appel 1992), 
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do not employ a stack.) The analogy between continuations and setjmp/longjmp would 

be an equivalence if setjmp stored the stack as well as the registers. 
Suppose, at the start of a game, a user is engaged in a dialog with a bridge tutor 

function. When her turn to bid arrives, she starts another dialog with the tutor, and also 

calls up the help facility (where the help concerns the mechanics of the interface, not the 

game), before choosing a bid. A number of threads are now mixed on the stack, as in 2. 

While the user ponders, each of these is waiting for input. In other words, each has called 
some function, beta, to retrieve input from the user. Normally the input would go to some 
callback. Let beta instead first take the current continuation of the caller, and store it in a 

list of pairs, mapping from input events to continuations (fig. 4). Now, when the user even 

occurs, it is passed to the appropriate continuation, restarting that thread. Following the 
user's actions, beta acts as a scheduler (without a timer interrupt, threads only give up 

control when they require input). Because continuations can be called repeatedly, a dialog 

with the tutor can be started more than once. Bidding must be more strictly controlled 
to prevent multiple bids. 

Continuation callbacks allow a traditional programming style to be combined with the 

multiplicity of events in a GUI. Despite the presence of several concurrent threads of 

control, continuations have allowed us to avoid explicitly creating threads. The next step 

is further simplify this by hiding the continuations and combining the flow of control of 

the application with the appearance and disappearance of graphical objects. 

4 A CONTINUATION-BASED USER-INTERFACE 

As has been noted before, continuations are considered difficult and perplexing to program 

with. It's scarcely reasonable to hold out the promise of new flexibility only to offset it with 

even more new complexity. We resolve this by presenting the user with an abstraction 
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of how events are related to each other and an API that implements this abstraction. 
Manipulating continuations is pushed beneath the API and out of the programmer's 
purview. 

4.1 A taxonomy of events 

In order to handle concurrency in the interface, we must first understand how user
generated events can lead to concurrency. We consider only those (user) events that lead 
to actions by the application, as only they lead to changes of state. In this section we will 
give a short taxonomy of these actions to motivate the description of how to handle their 
concurrency. We define an event as some external stimulus to the application, such as a 
mouse click, and an action as a. piece of application code, identified by name, which can 
be called in response to an event. 

An action has a lifespan during which it can occur; it is born at some point, exist for 

some period of time (which might be forever) and then die. During its lifespan, an action 
is, at various points, either active or inactive. This is the action's state. When an interface 
object comes into being, its actions are born as well, and when it is destroyed, its actions 
die as well. 

For the purpose of analyzing concurrency, we can further categorize live actions by 

where they stand along four axes: 

1. global/local: This characterizes the scope of an action. A global action is always alive 
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once it comes into being, ordinarily at the beginning of an application. It remains 
continually active unless explicitly deactivated. A local action arises at some point 
in a computation due either to an event (eg., a popup menu), or to the flow of the 
application, and dies at some later point. A local action's state can be changed either 
explicitly or implicitly. 

2. synchronous/asynchronous: A synchronous action returns to its caller after it executes. 
An asynchronous action does not. Some part of the interface, such as a popup, may 
also be synchronous; it can be called by an application and will return a value, just as 
any regular function does. The asynchronous counterpart of this returns immediately, 
although it may create other interface components that continue to exist independently. 
Asynchronous actions are similar to callbacks in ordinary event-loop systems. 

3. unique/repeatable: A unique action is essentially non-reentrant. Once a unique action 
has started, and until it completes, user events cannot trigger that action again. An 
example might be a worksheet to calculate the value of an entry in a tax form appli
cation. Since the entry can only have one value, it would not make sense calculate the 
same value twice in parallel. A repeatable action is one which can have any number 
of simultaneous instantiations- the action can be invoked any number of times before 
any of the instantiations complete, such as the invoices in our example. 

4. blocking/nonblocking: A blocking action is one which inhibits a group of related actions. 
An example would be recalculation in a spreadsheet; while the recalculation takes place, 
values cannot be altered. Actions which do not block are simply nonblocking. Certain 
blocking actions are also exclusive, meaning there must be no outstanding actions for 
them to be active. 

Not all actions stand at the corners of this hypercube. An action might arise with other 
actions and outlive their demise. It may be possible to activate repeatable actions only 
a limited number of times, either fixed in the application or dependent on other factors. 
Blocking actions might only block certain other actions, and not all. 

In this system, old-style menus have local, unique, blocking actions. No such obvious 
model is available for graphical interfaces; their actions are a mixture. As we have seen, 
though, it is only with great difficulty that they can be made synchronous. An application 
may have some pull-down menus that are available throughout the run of the application: 
they are global. Popups are local and frequently synchronous. Control panels are usually 
global, unique (there is only one for the application), and nonblocking. On the other hand, 
in many applications there are dialog boxes where the entire application is blocked until 
the user responds. 

We will now apply these concepts to simplify the programming of the application. The 
techniques presented here make it possible to program it in a style similar to an ordinary 
program, with the concurrency usually implicit rather than explicit. The fundamental 
concept of using continuations for callbacks, however, is extremely powerful. Continuations 
allow a program to jump around in fairly arbitrary ways. Very different abstractions from 
the ones presented here could be developed under the same overarching framework. 
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4.2 An overview of the toolkit 

In describing the toolkit we will first examine how the actions are built, organized and 
connected to GUI components, after which we will apply this to our original example. 

Our toolkit was originally built on top of the Athena widget set. As our Scheme inter
preter provides direct support for C++ classes, widgets were first wrapped in C++ and 
then in Scheme. More recently we have been migrating to Tk, but this does not affect the 
current discussion. The description that follows will attempt to be as X independent as 
possible and can be easily generalized. 

Defining actions 
A toolkit, such as Athena, usually has a set of low level widgets which can be put together 
by an application to create more coarse grained objects. It is these that are significant to 
the application; our efforts are concerned with aiding in manipulating these larger objects. 
Furthermore, the elements of an application's Ul are not designed as independent entities, 
but often have some kind of nested structure; for example, a event in one window can 
trigger an action that affects the appearance of another. We find nested scopes work well 
for supporting a hierarchy of windows, whether in a single application or spread around 
a network. The actions in an application are grouped in recursive lists that function as 
scopes, which we calllezical coordination structures. A single window may contain events 
triggering actions in one or more scopes, with the parent scope in a parent window. A 
user event in a child window can trigger an application action in a parent window by 
name. Scheme, our implentation language, also has nested scopes (as well as first class 
continuations), but there are reasons to have a parallel hierarchy of scopes in the user 
interface: 

1. There may not be an appropriate one-to-one mapping from the organization of the 
application to the appearance of the user-interface. 

2. There may be significant interface management associated with an action, such as 
displaying or removing windows. This is exactly the kind of management from which 
user interfaces typically try to relieve the programmer. 

3. In a distributed application, the user interface may be the best, if not the only, way 
for parts of the application to communicate. This, in fact, is evident in the X Windows 
inter-client communication mechanism. 

To maintain independence from a particular widget set, a GUI is composed of three 
layers: 

1. A widget layer, whose job is to appear on the screen and pass events up to the next 
layer. When an event occurs, a particular scope is called in the upper layer with the 
name of the event. 

2. A scheduling layer, composed of nested scopes of actions, where each action has been 
defined with the appropriate set of attributes. The innermost scope receives a call from 
the widget layer that an event has occurred - this is the only callback allowed at the 
widget layer - and looks up the action associated with that event. According to the 
state of the system and the attributes of the action, it is determined if the action is 
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active. If so, the necessary changes to the application state are made (essentially setting 
flags) and the callback of the action is invoked, either synchronously or asynchronously, 
as the case may be. Finally, any necessary cleanup operations are performed, and the 
result returned to the caller, if appropriate. There should be a one-to-one, or one-to
many correspondance between this layer and the first - events at the GUI level which 
don't have a corresponding action are not handled by the application. We concentrate 
on this layer here. 

3. An application layer, which has access to both of the lower layers. From a coordination 
standpoint, the interesting communication is between the application and the middle 
layer, but the application also needs to be able to affect the GUI to provide feedback 
to the user. How dependent the application is on a particular GUI platform depends 
on the nature of this communication. 

In this framework, a graphical application starts with the application setting callbacks in 
the coordination layer. Before a GUI component is displayed, the application layer passes 
it to the coordination layer, which sets all the GUI callbacks back into the coordination 
layer and then displays it. When an event occurs with an associated action, the application 
is called with the name of the action, any client data for the action, a pointer to the 
current scope in the application, a pointer to the widget associated with the action, and 
an optional, system dependent, event structure (if the action is called directly by an 
application component, then the last two parameters are not included). If this widget is 
associated with the creation of new widgets (such as a pop-up window), then these the 
new scope for the new widget and the new widget itself are passed in. 

A lexical coordination structure is created by a call to make-event-scope passing in an 
optional parent scope and a list of action descriptions. An action description has several 
attributes to determine the behavior of the action. These are listed in figure 5, along 
with their default values. The description need only list attributes different from the 
defaults. A terminal action removes the associated set of windows from the screen. If the 
container widget is part of a synchronous action, then when the terminal action occurs, 
the result of the associated action will be returned as the result of the call which created 
the container. Any action description may itself contain, as an optional parameter, a list of 
action descriptions. In that case, the action introduces a new scope (frequently associated 
with a popup window). 

Setting callbacks 
We will now apply this scheme to the original bridge problem. We will start with the 
standard, single-threaded bridge game described above, and then relax the constraints 
until almost everything occurs simultaneously. Our implementation language is a concur
rent, distributed dialect of Scheme (Fuchs, 1995), although for our purposes we only need 
to assume an interrupt-driven scheduler, so computations can proceed without waiting 
for the current thread to request input, and some concurrency control construct, such as 
monitors. SML/NJ, a Standard ML compiler with first-class continuations, or its deriva
tive, Concurrent ML, are logical alternatives, as could be prototype-based object oriented 
languages, such as Self (Chambers, 1989). Using a language-independent structure has 
the potential advantage of allowing application components in several different languages 
to cooperate in a distributed system. 
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Attribute Defnlt Va.lue• De•cription 

name none N arne ofthe action 

active yes yes, no Whether action is active at startup 

unique multiple single, multiple If action can be called a second 
time before the first finishes executing 

meet asynch synch, asynch If action is synchronous or 
asynchronous 

blocking no yes, no, excl Whether this action blocks 
other actions when active 

terminal no yes, no Whether action terminates the 
associated interface component. 

enabling no yes, no Introducing a set of callbacks 
active until the action occurs. 

Figure 5 Action attributes 

(define (play-bridge player! player2 player3 player4) 
(let ((the-scope (make-event-scope 

'(scope asynch 
(action start-rubber (unique single)) 
(action start-tutorial) 
(action start-help (unique single))))) 

(gui (make-bridge-gui player! player2 player3 player4)) 
(rubber (lambda (action data scope vidget. event) ... )) 
(tutor (lambda (action data scope vidget. event) ... )) 
(help (lambda (action data scope vidget. event) ... ))) 

(action-set! (action-get the-scope 'start-rubber) rubber) 
(action-set! (action-get the-scope 'start-tutorial) tutor) 
(action-set! (action-get the-scope 'start-help) help) 
(initialize-gui the-scope gui) 
(the-scope 'display)) 

Figure 6 Playing bridge 

Another important aspect of the toolkit is that actions can be triggered either by a 
user event or by invocation by some other part of the application. 

In the basic bridge example, we have mentioned three actions at the outermost level, 
all of which are active: 

1. Start a rubber. This action is unique and asynchronous. In other words, it can be 
chosen immediately after the application starts up, but there can only be one rubber 
at a time, and it return value, the final score, is discarded when it terminates. 

2. Start a tutorial. This action is multiple and asynchronous, as we've allowed for concur
rent sessions with the tutor. 
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3. Call help. This action is asynchronous as well, although we haven't specified whether 
it is single or multiple. 

The code for this in figure 6. Because they are asynchronous, each action is in a separate 
function. 

Having specified these initial settings, we can alter their relationships without altering 
their implementation, to a certain degree. In a tournament, play-bridge would return a 
score to the tournament manager. This is accomplished by changing the definition of the 
scope to: 

'(scope synch 
(action start-rubber (unique single)(meet synch)(terminal yes)) 
(action start-tutorial) 
(action start-help (unique single))))) 

The net result of this change is that the display call to the-scope will return syn
chronously with the result of start-rubber. The tournament calls play-bridge syn
chronously. The actual play of a rubber is initiated by one of the players. 

It might also be considered unfair to use the tutor while playing a rubber. To accom
modate this, starting a game and starting a tutorial are made blocking. In the current 
implementation, calling help would then need to be placed in an outer scope, so that it is 
not blocked as well. Concisely fine tuning these dependencies will be an important area 
for extending this model. Nevertheless, we can achieve large changes in behavior with a 
small effect on the implementation. 

As another example, figure 7 shows the definition of the scope and the code for getting 
a bid. To bid (in a simplified version), a player either states a suit and a number of tricks 
s/he expects to win, or passes. Here, the user must verify the bid by activating the ok 
action. Setting the suit or number of tricks is asynchronous, allowing the user a change of 
mind. The calls are blocking to prevent race conditions. Ok, however, is synchronous and 
terminal, meaning that it terminates the call to display the-scope. Since no callback was 
stated for ok, the system returns to the next line in the application, which returns from 
get-bid. 

As mentioned, each rubber is composed a number of games, each of which returns 
a score. Traditionally, each game is synchronous and unique. This opens two possible 
implementations: 

1. Program the entire rubber as done in fig. 1, placing all the calls directly in the function 
body. 

2. Create nested scopes for the actions that take place within a rubber. In this case, 
actions can be controlled either programmatically or through the user interface. 

In the former case, little changes behaviorally, but in the latter, if the game action is 
made multiple, then any number of games can be active simultaneously. Updating the 
score would need to be placed in a monitor to avoid contention if two games end almost 
simultaneously. The same effect can be obtained by placing the update into another, 
unique, action. Other changes would need to be made to the source code, but the basic 
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(scope synch 
(action spades (blocking yes)(client-data spades)) 

(action tricks (blocking yes)(client-data 1)) 

(action pass (blocking yes)(client-data pass)) 
(action ok (meet synch)(terminal yes))) 

(de:fine get-bid 
(lambda (action data scope widget . event) 

(let ((suit #f) 
(num-tricks #f)) 

(map (lambda (action) 
(if (not (eq? (action-name action) 'ok)) 

(action-set! action (lambda (action data . stuff) 
(if (number? data) 

(action-list the-scope)) 
(the-scope 'display) 

(set! num-tricks data) 
(set! suit data)))))) 

(if (eq? suit 'pass) 'pass (cons suit num-tricks))))) 

Figure 7 Getting a bid 

control flow could be maintained. The approach allows an application to migrate back 
and forth between serial and parallel implementations. 

The major change from parallelizing rubbers is the need to rethink the rules of the 

game to accomodate this new possibility. We leave this question to the interested parties. 

Within each game, actions are also normally synchronous. The same technique for 

parallelizing each rubber can be used for parallelizing each game and trick, so all tricks of 

all games can be played at simultaneously. Starting a trick can be done by either a user 

or the application. Within that, the order of play can also be parallelized. Supporting 

such extreme parallelism requires extra work to determine termination. We are looking 

at extending the model to support some of this; for example, there are exactly 13 tricks, 

and each trick uses four cards, and each card comes from a different user. It should be 

possible to automate all three of these constraints. 

The one aspect of a bridge game which is inalterably unique is the playing of a card 

- each card can appear in at most one round of play in a single game. In our system, 

we model this as a unique action which never terminates. For each user, for each game, 

there are thirteen unique actions, corresponding to the cards. They are accessed through a 

synchronous action, corresponding to a popup. The continuation associated with playing 

a card terminates the synchronous action without returning, so the card-playing action 

never terminates until garbage collected after the game. 
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4.3 Combining continuation code with existing systems 

It is an important side-effect of this approach that we can combine it with existing appli
cations that were written using an event-loop. With the event-loop, each action functions 
as a discrete unit and only communicates with other actions through shared data struc
tures. If we add new actions which do not write to any of those structures, such as we 
have been discussing, then the existing actions are unaffected. Similarly, we can take any 
set of actions and rewrite the callbacks along the lines we have laid out without affecting 
other actions, so long as we update the shared data structures correctly. It is also possible 
to proceed in the reverse direction by taking the Scheme code for some set of actions, 
rewriting it in CPS and then converting that to C++. 

We have taken advantage of this to build the GUI over the Athena and Tk widget sets. 
Callbacks are handled by the widgets themselves, except where they are overridden by 
Scheme callbacks. The same approach can be used with any other application, so long 
as there is a way for Scheme code to access and manipulate data in the language of the 
application. 

The most complicated part of the interface, in fact, is the relationship between Scheme's 
read-eval-print loop and the GUI toolkit's event-loop. They cannot mutually call each 
other forever, so one must submit to the other and be called as a routine. As both Athena 
and Tk give access to the event-loop, we have chosen to replace the event-loops with 
event-loops in Scheme that function as threads. When an event occurs, it is first passed to 
the GUI. If there is a Scheme callback, then two Scheme variables are set, which are used 
to execute the callback when the toolkit returns. This eliminates concern the for process 
stack, and has the added feature of allowing both toolkits to coexist simultaneously. 

It is also possible to give priority to the event-loop. By using continuations as callbacks, 
we have already placed the entire state of the computation in an object. The Scheme 
inner loop needs to be modified to call this continuation. In addition, the Scheme inner 
loop needs to know when to return to the event-loop. Inside the toolkit, whenever the 
application needs input, is a call to get-events. This call must terminate the Scheme 
inner-loop, but the rest of the Scheme code need know nothing of this. 

4.4 Distributed extensions 

This approach was originally developed to support distributed multi-user applications, an 
environment which is inherently multithreaded. The only additional support distributed 
version requires is the ability to send messages around the network; the model itself doesn't 
distinguish between local events and remote ones. A well partitioned system would place 
elements of the distributed lexical coordination structure on nodes where events may 
occur, but this is not necessary. Although our implementation was written for distributed 
Scheme, the same approach can be implented in a distributed object-system. 

5 PREVIOUS WORK 

Several previous windowing systems have been built using concurrent processes and com
munication channels based on Communicating Sequential Processes (CSP) (Hoare 1978). 
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Pike (1988) describes another such system written in Newsqueak, an application specific 
concurrent language. In this system, the windowing system and its clients communicate 
over five typed synchronous channels, one for bitmaps, one each for keyboard and mouse 
events, and two for control information. This separation of concerns leads to an enormous 
simplification in constructing the windowing system. Also, because the window manager 
has a well described interface, it can be called recursively to handle child windows. Haahr 
(1990) describes Montage, a windowing system built from the bottom up, along the same 
lines, entirely in Scheme. Haahr also uses continuations for multithreading, but uses ex
plicit threading. Heavy use of continuations was found to slow the system and cause 
excessive garbage collection. This may be due to the particular implementation of con
tinuations. Reppy and Gansner (1993) describe Pegasus, a multithreaded user interface 
written in Parallel ML along similar lines and Reppy (1992) describes eXene, a similar 
system written in Concurrent ML for Xlib. The particular advantage of these last two is 
their use of CML's implementation of higher-order concurrency, including multicasting as 
well as point-to-point communications. 

These systems have concentrated on developing lower-level functionality, where there 
is little state between events, while we have concentrated on the client level, where there 
may be significant state. Although the threads we have used are mostly implicit, explicit 
concurrency and channels, as used in these systems, can be integrated with the coordina
tion structures we advocate. With some extension, channels can be implemented through 
pairs of actions. These explicitly concurrent systems will be difficult to integrate with 
existing, non-concurrent GUI toolkits and applications. 

Other recent user interfaces exploiting parallelism are Rendezvous, in Hill (1993) and 
Patterson (1990), and Siri, in Horn (1993). Rendezvous is an interface for multi-user 
applications built in CLOS on top of X. Rendezvous uses a combination of constraints 
and multithreaded dialogs using ERL (Event-Response Language), which defines a state 
machine. The current version explicitly assigns a thread to each interface object. Hill 
(1986) describes Sassafras, a forerunner of Rendezvous. Siri is a constraint based language; 
computation arises to maintain constraints. It is implicitly parallel as constraints may be 
resolved concurrently, but requires programming in a completely different style. 

Our approach can coexist quite easily with constraint systems such as that of Ren
dezvous. Many constraints are only concerned with the appearance of the interface, which 
can be kept separate form application concerns. Maintaining other constraints may re
quire action from the application, but there is no reason this is not more easily handled 
through continuations. Siri, on the other hand, uses constraint maintenance as its only 
mechanism, and so is not easily combined with any other approach. 

Propositional Productions Systems (PPS), in Olsen (1990), is also a system based on 
state-machines, and there are others. Systems based on state-machines are limited to 
expressing regular expressions. If our initial analysis is correct, then state-machines are 
popular partly because they don't require a stack, although they can require lots of state 
variables. A system supporting recursion is inherently more powerful and is, we argue, 
easier to program since much of the state information is implicitly maintained. 

Algae, Flecchia (1987), uses stacked dialogs with syntax based on C. Each dialogue is 
a fixed sequence of events (and corresponding handlers), where handlers can call other 
dialogs. A single dialog can be multithreaded by sending an event to all handlers in a single 
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dialog. Unfortunately, the use of a stack means that the multithreadedness is limited to 
the current dialog, which is the same situation as the state-machine. 

6 CONCLUSION 

We have shown how the reactive, event-driven programming style currently in vogue forces 
the programmer to take the underlying application and convert it into another representa
tion due to the inability of popular programming languages to support multiple threads. 
We have also shown how the use of first-class continuations can allow the application to 
be written in a straightforward fashion. Finally, we have shown how this can be combined 
with existing systems. 

The toolkit described here is intended for writing distributed, multi-user applications, 
although it does not explicitly distinguish among the number of users or computers in
volved. We have found that this approach makes the application side of the GUI much 
simpler to program. In particular, the event-loop would have made distributed callbacks 
more difficult to manage. Because the concepts are completely general, we hope to support 
other GUis on a variety of platforms. 

The ideas developed here are intended to improve life on the application programmer 
side of the user interface and are orthogonal to many other aspects of the user interface. 
We hope that others will be able to integrate these ideas with their own work. 
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Discussion 

Gilbert Cockton: How are continuations hidden? 

Matthew Fuchs: By the way actions are defmed. 

87 

Gilbert Cockton: How do you know that your action definitions have the same expressive 
power as the underlying continuation passing style? 

Matthew Fuchs: There is an inverse relationship between continuations and action definitions, 
but there are probably some things that you can not do with action defmitions that you can do 
with continuations. 

Pedro Szekley: Do continuations incur performance penalties? 

Matthew Fuchs: Yes and No. In stack-based architectures you could have to copy the stack. In 
languages like ML, they are ,,free". 

Joergen Steensgaard-Madsen: Does your technique raise particular problems when dealing 
with unusual situations, e.g., a user's termination of one part of an application on which 
another part depends? 

Matthew Fuchs: Use of continuations seems to ease the handling of unusual situations. The 
particular example mentioned cannot be handled in general and must be dealt with on the 
application level. 


