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Abstract
We present the architecture-oriented programming language
Objective-S, which goes beyond procedure calls for express-
ing inter-component connectors (so-called glue code) in or-
der to directly express a wide range of architectural patterns
directly in the implementation.

Previous approaches for encoding architecture require ei-
ther indirection, maintaining separate architectural descrip-
tions, or both. Expressing the architecture directly in the
implementation instead of indirectly avoids the problems
associated with creating and maintaining duplicate repre-
sentations.

Objective-S introduces syntactic elements that let us ex-
press many architectural connections directly using a simple
surface syntax. These surface elements are supported by a
metaobject protocol of polymorphic connectors.
The key insight of our approach is that while so-called

general-purpose programming languages do lack the ability
to express most architectural concerns directly, as shown by
previous research, this is not an inherent limitation.
With Objective-S, we take connectors that already exist

in implementation languages, such as data access or proce-
dure calls and make them polymorphic using a metaobject
protocol. This metaobject protocol enables polymorphic con-
nection using glue code at the metaobject level that is both
generic and mostly hidden from the surface language.

CCS Concepts: • Software and its engineering→ Gen-
eral programming languages.
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1 Introduction
As software systems have gotten larger, more diverse and
increasingly constructed from existing components, the way
we connect (“glue together”) those components has become
increasingly important. In the field of software architecture
that glue is known as connectors, whereas the loci of compu-
tation and storage are known as components.
The overall architecture is determined by the connectors

that connect these components together, for example by
mediating their communication in order to create complete
computational systems [21]. The connectors are the arrows
in typical "boxes and arrows" informal architectural diagrams
(see Figure 1).

Current general purpose programming languages aremore
focused on expressing the algorithms and data structures that
make up the components. They have very limited facilities
for expressing the connections between components. With
a few exceptions, some variant of the procedure call [24]
is the only connector provided that allows defining custom
connections. Other kinds of connections are achieved by
calling procedures, both for setting up the connection and
for implementing the communication over the connection.

As an example, a Unix pipeline is set up by first calling the
pipe() system call, then creating one or more subprocesses
using fork(), and actually communication is performed us-
ing the read() and write() system calls, with all the system
calls exposed as procedures (called functions in C).
In the shell, a Unix pipe is set up by using the vertical

bar symbol between two commands: a | b. This is a direct
expression, but requires using a domain specific language
and is limited to a specific kind of connector.
Proposed mechanisms for achieving direct expression of

architectural concerns have centered around giving first class
status to connectors [18]. They have ranged from early mod-
ule interconnection languages, coordination languages, ar-
chitecture description languages (ADLs) and even program-
ming languages augmented with a connector abstraction [1].

This work is licensed under a Creative Commons Attribution 4.0 Interna-
tional License.
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Figure 1. Boxes and Lines for Components and Connectors

Table 1. Connector classes and variants, adapted from [15]

Connector Type Variants
Procedure Call subroutine, function, method call,

macro, coroutine, system call ...
Data Access Local variable, file API, REST APIs, ...
Stream Unix pipes, Go channels, TCP sockets, ...
Event notifications, message brokers,..
Distributor naming, DNS, X-400,..
Linkage compile-time, run-time, dynamic, static
Adaptor Interpreters, DeLine packaging,..
Arbitrator locks, transactions,..

Having two separate representations comes with the draw-
backs of creating, maintaining and synchronizing these two
representations. Having a single representation would avoid
these drawbacks.

Objective-S makes it possible to express software archi-
tecture directly in the implementation, to program directly
with software architectural abstractions, by extending the
supported connector types beyond the ones supported in
general purpose programming languages.

Previous research [15][19] has identified and categorized
connectors, summarized in table 1. shows connectors grouped
into general connector types (first column) and then a few
of the variants within that general type (second column).

Most general-purpose programming languages have direct
support for a specific subset of the connector variants found
in the second column of Table 1, usually a procedure call and
variable access, but cannot directly express other variants or
connector types.

Those languages can be said to be architecturallymonomor-
phic, that is they only directly support at most one variant

of a specific connector type. A language would be archi-
tecturally polymorphic if it were able to directly express at
least several, better, yet most or all of the variants of a given
connector type.
Our approach with Objective-S is first to make existing

connectors polymorphic, so they are generalized from a sin-
gle connector variant to an entire connector type, while
keeping the surface syntax close as close to that of a single
variant. This is done by having an extensible object-oriented
framework of architectural abstractions that can be inte-
grated into the language using a fairly narrow metaobject
protocol.

Second, we minimally extend the surface language to sup-
port additional connector types. Finally, we add a generic
mechanism for expressing component connection and add
some supporting mechanisms such as complex object literals.

The rest of the paper will start by introducing the architec-
tural toolkit and language features that make up Objective-S,
with section 2 demonstrating how the supported connectors
are made polymorphic. Section 3 details the polymorphic
connection operator (→), and section 4 introduces some aux-
iliary features. Section 5 demonstrates how a variety of con-
nector variants and architectural styles can be expressed us-
ing these polymorphic connectors and combinations thereof.
Section 6 shows frameworks and applications built with
Objective-S. Section 7 discusses and evaluates the results.
Section 8 puts this work into context of previous publica-
tions and section 9 summarizes the findings and points to
future work.

2 Polymorphic Connectors in Objective-S
Objective-S is an architecture-oriented programming lan-
guage implemented as a generalization of Smalltalk [10] and
implemented in Objective-C [6]. Objective-S is a full peer
to Objective-C, so in the spirit of reusing existing compo-
nents without additional glue, messages can be sent from
Objective-C code to Objective-S code and vice versa with-
out a FFI or other bridging mechanism. Methods in either
language are essentially indistinguishable for callers.

Objective-S directly supports the first 5 connector types
listed in Table 1: procedure call, data access, stream pro-
cessing, event processing and naming. For each of these
connector types, it provides a common syntax for use at the
language level, an API (the metaobject protocol) for plugging
concrete instances into the language, and different ways of
selecting which instance to use. The linkage and adaptor
connectors are supported indirectly.

A framework of concrete connectors and components that
can be plugged into the metaobject protocol is also provided.

2.1 Polymorphic Identifiers / Storage Combinators
Polymorphic identifiers (PIs) [27] implement the naming
connector type and connect to the underlying storage that
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implements the data access connector type provided by stor-
age combinators [30]. Syntactically, PIs are derived from
and closely follow URI syntax. Like other programming lan-
guages, read access is expressed by writing the PI in an
expression and write access is expressed by placing the PI on
the left hand side of an assignment expression, with the as-
signment using either the Pascal/Smalltalk convention (“:=”)
or a left-facing arrow (“←”). Listing 1 shows a few sample
assignments.

greeting := 'Hello World!'.
var:greeting := 'Hello World!'.
file:hello.txt := greeting.
var:conf/2024/website := https://2024.splashcon.org.

Listing 1. Polymorphic Identifiers

Identifiers without a scheme are prepended with the cur-
rent default scheme. In the example above, the default scheme
is var:, so var:greeting and greeting resolve to the same
reference.

Data access is mediated by the storage combinator metaob-
jects via the Storage protocol shown in Listing 2.

protocol Storage {
-at:id.
-<void>at:id put:object.
-<void>at:id merge:object
-<void>deleteAt:id;
}

Listing 2. Storage Protocol

Data retrieval, when an identifier is mentioned in an ex-
pression, is handled by the at: message, data storage, when
an identifier is at on the left hand side of an assignment, by
at:put:. The id parameters are the polymorphic identifiers
that are passed from the language to the respective stores.
In the following text, we will use URI and Polymorphic

Identifier interchangeably.

2.1.1 Polymorphic References. In Objective-S identi-
fiers denote values, so to file:hello.txt refers to the con-
tents of the file hello.txt, and hello refers to the contents
of the variable hello.

To get a reference (pointer) to a value, the special scheme
ref: is prepended to the identifier: ref:file:hello.txt is
a reference to the file and ref:hello is a reference to the
variable hello.

References are created by stores by passing them a poly-
morphic identifier. The store controls what kind of reference
to return to the client. The default implementation stores
the original identifier and the store,

2.1.2 Property Paths. Property paths extend the concept
of properties (which formalize the pairing of accessor meth-
ods to Load Update Pairs (LUP) [23]), to allow access methods

to be defined not just for simple property names, but for com-
plex paths. This allows direct specification of methods that
handle entire classes of access paths.

Listing 3 shows the definition of a store for the tasks of a
to do list application using property paths.
scheme Todo : MappingStore {
var tasks.
-taskList {

this:tasks allValues.
}
/tasks {
get { self tasks. }
}
/task/:id {

get { this:tasks at:id . }
put { this:tasks at:id put:newValue.

self persist. }
}

/complete/:id {
post { (this:tasks at:id) setDone:true.

self persist. }
}

-<void>persist { source:tasks := self tasks.}
}

Listing 3. Todo store definition

Property paths are defined at the same level as methods,
using the a leading slash ("/") to indicate that what follows
is a property path definition, followed by the path pattern to
match. Inside the property path definition, the REST verbs
get, put, post and delete can be given a method implemen-
tation. If the operation has a parameter, such as with a put
or post, this is made available within the method using the
name ’newValue’. The path definition can contain path pa-
rameters (:parameter) and wildcards (*), with any named
path parameters also available as bound variables in the
method.
Paths are matched in the order they appear in the file.

Property paths support inheritance, so a path not matched
will be passed to the superclass. Only verbs mentioned are
matched.

2.2 Streaming
Syntactic support for streaming consists of the << operator
for writing objects to a stream, taken from C++, with the
special case of passing data to the next filter in a pipeline
designated by the ^ operator.
stdout << 'Hello World!\n'.

Listing 4.Writing to a stream

The metaobjects implementing the stream abstraction are
filter classes that implement the streaming protocol taken
from Polymorphic Write Streams [29] and hown in listing 5.
protocol Streaming {
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-<void>writeObject:anObject;
}

Listing 5. Storage Protocol

Any object that implements the Streaming protocol can
be a stream target, any object that sends this message can
act as a stream source. The protocol is widely adopted in
Objective-S: in addition to many filters, polymorphic refer-
ences, one-argument closures, and mutable arrays can also
act as stream targets.

2.2.1 Defining Filters. Filters are objects under the hood,
and so defining a new filter requires creating a new class.
Objective-S includes syntax to bring the syntactic overhead
of creating a filter down to roughly the same level as defining
a method.

Listing 6 shows the definition of four filters, one that adds
3 to a number and one that multiplies by 4, one that converts
a string to upper case and one that just duplicates the input.

filter add3 |{ ^object + 3. }
filter times4 |{ ^object * 4. }
filter upcase |{ ^object uppercaseString. }
filter dup |{ ^object. ^object. }

Listing 6. Example filters

Each filter definition creates a new class that is a subclass
of the Filter class. The |{ is shorthand for the definition of a
-<void>writeObject:object { method that is the standard
message with which filters communicate data.

2.2.2 Pipelines. Filters are connected into pipelines using
the polymorphic connection designator (section 3). Listing 7
creates a pipeline of two filters that first adds 3 to a number
passed in and then multiplies the result by 4.

add3 → times4

Listing 7. Pipe that adds and multiplies

2.2.3 DataflowConstraints. Objective-S syntactically sup-
ports dataflow constraints using a permanent assignment op-
erator: “|=”. The syntax is similar to the assignment syntax
“:=”, because they do very similar things: assign the value
on the right hand side to the location on the left hand side,
with the difference that regular assignment does this once,
whereas permanent assignment maintains a permanent con-
nection and will update the left hand side whenever the right
hand side changes.
Dataflow constraints are built using a combination of

storage combinators and polymorphic write streams. The
LoggingStore combinator acts as a decorator for any other
store. It sends the references of any state update messages
to a polymorphic write stream.
There is therefore no additional metaobject protocol for

dataflow constraints.

2.3 Message Passing and Higher Order Messaging
The variant of the procedure call connector directly sup-
ported by Smalltalk is synchronous, late bound messaging,
which is polymorphic in type but monomorphic in messag-
ing semantics. Objective-S makes the messaging semantics
polymorphic using Higher Order Messaging (HOM) [26].

A Higher Order Message consists of a prefix message and
an argument message, or main message. The main message
carries the intent and the prefix message specifies how the
message should be delivered. Listing 23 gives an example:

robot async turn:20.

Listing 8. Async higher order message

Here, the robot is sent the turn:20message asynchronously.
Conceptually, all message sends are mediated by HOMs,

with the HOM sent to the reference and then controlling
how the argument message is sent to the object referred to
by the reference. Similar to PIs, defaults recover the com-
mon behavior, with the default HOM being sync, a HOM
requesting default Smalltalk synchronus dynamic message
delivery.

3 Polymorphic Connection
So far, we’ve looked mostly at how to interact with new
connectors and their associated components, but connecting
components has been implicit and specific: the procedure
call connection is established by simply mentioning the other
procedure, a Smalltalk message send by mentioning the re-
ceiver object and the message name.

Having this sort of optimized syntax for connectors is cru-
cial to making programming languages usable, but of course
it usually only applies to a very narrow set of connectors.

Objective-S supports the right arrow (both ’→’ and ASCII
’->’ ) as a polymorphic connection designator. It indicates
that whatever is on the left hand side should be connected
to whatever is on the right hand side, if possible.
We call the “->” a “desginator” and not an operator, be-

cause it does not indicate an imperative command to create
the connection, to be executed once. Instead it is the syntac-
tic element that defines the connection and does so for the
lifetime of the connection. For example, a breakpoint set on a
specific connection would trigger whenever communication
occurs via that particular connection.

3.1 Ports and Roles
In order to explain how polymorphic connection works, we
first need to briefly introduce a slightly more complex and
complete view of connection than the one shown in figure 1.
Figure 2 shows component connection via ports and roles as
defined in the software architecture literature:

Interaction between components is still mediated via con-
nectors. However, these connectors are now complex, with
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Figure 2. Components with Ports, Connectors with Roles

Component A Port A.1 Role 1 Connector Role 2 Port B.1 Component B

roles as actual attachment points. Similarly, components now
have ports as attachment points.
Due to syntactic constraints the Objective-S connection

designator currently supports a limited version of this model,
with the connector only having two fixed roles: left-hand-
side (LHS) and right-hand-side (RHS).

3.2 Matching
A fully qualified connection definition has to specify the
source component, the port of the source component to
connect, the connector in question, the role of the connector
that the source port connects to, the target component, the
port of the target component to connect to and finally the
role of the connector that the target port is connected to.
The polymorphic connection designator can be used to

express such a fully qualified connection definition if nec-
essary, but most of the time it suffices to just specify two
components to be connected, leaving out the ports, roles and
even the specific connector to be used.

When a connection between two components is requested
without any further qualification, the matching algorithm
first determines the default ports of the two components
and then requests the default connector from those ports. It
then matches the two ports to the roles of the connector and
asks the connector to connect them by sending it a connect

message.
A port can be specified using the port scheme. Listing 9

shows the celsiusTextField being connected to the port
setCelsius: of the model object.
celsiusField → port:model/setCelsius: .

Listing 9. Connecting to a port

The port in question is a message port, the celsiusField

will send the setCelsius: message to the model object with
its current value as the argument when the user makes a
change. Similar to CLIC [3], Objective-S makes all the mes-
sages an object responds to available as ports, by default.

3.3 Metaobject Protocol
To carry out this task of matching and connecting compo-
nents via connectors, the Objective-S metaobject protocol
has interfaces that represent components, ports and connec-
tors. Just like objects conforming to the Storage protocol can

participate in variable retrieval and assignment operations,
objects that conform to these protocol can participate in the
connection matching process.

4 Support Features: Classes, Literals and
Templates

In order to connect components wemust create those compo-
nents. Objective-S supports fairly conventional class defini-
tion syntax, with component definition as a minor extension.
Slightly more distinct are complex object literals, which

allow writing the definition of arbitrary object instances in
the program text without resorting to procedural creation.

4.1 Class and Component Definition
Unlike most Smalltalks, Objective-S has syntax for class and
method definitions. Listing 10 defines a single class Taskwith
three instance variables and a single method.

class Task {
var id.
var <bool> done.
var title.

}
-description {"Task {this:title} done: {this:done}"}

Listing 10. Tasks class

An analogous syntax also defines other kinds of compo-
nents such as filters or scheme handlers, as well as some
user-level connectors such as protocols. Component defini-
tions are mapped onto class definitions.

Listing 11 shows the definition of the ModelDidChange pro-
tocol:
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protocol ModelDidChange {
-<void>modelDidChange:object;

}

Listing 11. Protocol definition

A protocol corresponds to an interface in languages like
Java.

4.2 Complex Object Literals
In order to avoid “accidentally algorithmic” code, Objective-S
includes a facility for writing complex objects as literals di-
rectly in the program text without having to write procedural
code that constructs them.
Program text usually describe classes, whereas systems

typically consist of connected object instances. This dichotomy
leads to indirection, with object instance having to be defined
and connected using procedural code, leading to exactly the
kind of indirection Objective-S is trying to remove [2]:

The program’s text is a meta-description of the
program behavior, and it is not always easy to
infer the behavior from the meta-description.

Complex object literals are closely modeled on the syntax
for object and array literals in other languages, particularly
JSON. Like JSON, arrays are delimited by square brackets
and dictionaries by curly brackets. However, partly in order
to distinguish them from closures, dictionaries need to have
their opening curly bracket preceded by a hash mark.

An optional class name may be provided between the hash
mark and the opening curly brace. If it is given, an instance
of that class is constructed. If not, a dictionary is constructed.
Listing 12 shows the definition of a single Task instance.

#Task{ id:0, title: 'Submit paper', done: false }

Listing 12. Tasks data

Arrays do not require the leading hash mark, but can
use one to construct an object that can be created from an
array. Listing 13 defines an array of two Task instances, one
completed, one not.

[ #Task{ id:0, title: 'Submit paper', done: false },
#Task{ id:1, title: 'Write code', done: true } ].

Listing 13. Tasks data

5 Polymorphic Connectors for
Architectural Styles

The previous sections gave an overview over the language
features that enable polymorphic connectors and connection,
along with a set of connectors with those features.
This section uses these capabilities to express specific

architectural patterns directly rather than indirectly, without
additional procedural glue code at the point of connection.

We also show how this feature of direct connection is robust
in the face of connector variations of kind and of scale.
The uniformity of concrete connectors within a connec-

tor type makes composition via the connection designator
possible, and the architecture visible.

5.1 Dataflow
Connecting user interface elements to the rest of the program
does not naturally match the call/return architectural style:
neither is the user interface element naturally a subroutine
of the client that employs it, nor is the client naturally a
subroutine of the user-interface element that computes some
value for that element and then returns control to it.

Overcoming this mismatch usually requires some sort of
procedural callback, the Inversion of Control architectural
pattern.

For example, if we wanted to print user input from a text
field to the console, this would be mean connecting the text
field to stdout. With procedural code, this requires installing
some sort of callback, such as shown in listing 14.
text := #TextField{ frame:(180@24) }.
text setCallback: { :text | stdout println:text. }.

Listing 14. UI to stream

The text field with width 180 and height 24 is visible
enough thanks to complex object literal syntax, but the target
is almost entirely obscured by the glue code, in fact it’s not
even clear that there are elements that are being connected.

In Objective-S, stdout is a Polymorphic Write Stream and
UI elements are stream sources, so the connection can be
made directly. Listing 15 shows the same text field connected
to Unix stdout.
text := #TextField{ frame:(180@24) }.
text → stdout.

Listing 15. UI to stream

The connection is clearly visible and the only glue is the
the generic connection designator “→”.

This clear visibility of the architecture, of the components
and their connections, remains if we make the example more
complex by adding custom processing.

Listing 16 uses the upcase filter from listing 6 as a stand-in
for custom processing to be done before sending the result
to stdout.
upout := upcase → stdout.

text := #TextField{ frame:(180@24) }.
text → upout.

Listing 16. UI to stream

After defining the named filter, which could have been
done elsewhere, the actual connection code is exactly the
same.
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In the callback case, we would probably modify the code
as shown in listing 17.
text := #TextField{ frame:(180@24) }.
text setCallback: { :text | stdout println:text

uppercaseString. }.

Listing 17. UI to stream

This obvious extension of the previous code from listing 14
exposes a problem that was already present before, but not
yet apparent: we are performing actual computation in what
should only be glue code, so mixing up view and model.
Breaking Model/View separation – mixing model code

into what should be only view code – is an extremely com-
mon problem in UI programming and one major difficulty
with the MVC pattern in industry.

To fix it, what we should have done from the start is create
a model object that handles the actual action that is to be
triggered by the UI, as shown in listing 18.
class Model {

-<void>printText:text {
stdout println: text uppercaseString.

}
}
model := Model new.
text := #TextField{ frame:(180@24) }.
text setCallback: { :text | model printText:text. }.

Listing 18. UI to stream

However, that seems like a lot of effort for a gain that
at least initially seems mostly theoretical. The underlying
problem is that our connection code is “accidentally algo-
rithmic”: it is using procedural abstraction, best suited for
computation, to create a connection.

Polymorphic references (section 2.1.1) are also integrated
as stream sinks or sources, so listing 19 will show a text field
and overwrite the contents of the file /tmp/hello.txt with
whatever is typed in the field.
text := #TextField{ frame:(180@24) }.
text → ref:file:/tmp/hello.txt.

Listing 19. UI to file (variable)

Single argument blocks also act as filters, and can thus be
used in situations where a stream is expected. So if putting
custom code directly inline in the glue specification is re-
quired, it is also possible, as seen in listing 20.
text := #TextField{ frame:(180@24) }.
text → { stdout println:$0. }.

Listing 20. UI to closure

Of course, dataflow is not just useful for connecting UIs.
For example the Objective-S standard library provides XML
and JSON parsing and generation services as composable
filters. Creating a Unix filter from an Objetive-S filter is also

straightforward, listing 21 shows how the upcase filter from
listing 6 is packaged as a Unix filter.
#!env st
filter upcase |{ ^object uppercaseString. }
(stdin → upcase → rawstdout ) run

Listing 21. UI to closure

Similarly, Unix filters are adapted to Objective-S filters
where needed.

5.2 Call/Return and Objects and Messages
Objective-S supports the call/return architectural style us-
ing Smalltalk-style messaging. This specific instance of the
procedure call connector type from Table 1 is synchronous,
dynamically dispatched, local and has a single receiver. Fig-
ure 22 shows such a message.
robot turn: 20.

Listing 22. Standard message send

This could also be expressed using a fully qualified HOM
as robot sync turn:20, but with the default HOM being sync
, this can be omitted. All these characteristics can be altered
via a Higher Order Message. Figure 23 shows the same mes-
sage still with a single local receiver, dynamically dispatched,
but dispatched asynchronously.
robot async turn: 20.

Listing 23. Asynchronous message send

Sending the same turn: message asynchronously with
Cocoa APIs requires turning the message to be sent into
arguments of an asynchronous dispatch message, as shown
in listing 24
receiver performSelectorInBackground: #turn:

withArgument: 20.

Listing 24. Asynchronous message without HOM

Further expanding the scope of messaging to other pro-
cesses or even remote systems typically requires completely
abandoning the language-provided messaging for a reified
messaging mechanism such as Mach messages or, in list-
ing 25, BMessages of the Be/Haiku operating system.
BMessage *msg = new BMessage(WINDOW_REGISTRY_SUB);
msg->addFloat( "degreesToTurn" , 20.0 );
messenger.SendMessage(msg);

Listing 25. BMessage robot turning

With a HOM, as used by the Croquet system [22] for this
purpose, even a remote message reuses the familiar syntax,
as seen in listing 26:
robot future turn: 20.

Listing 26. Asynchronous message
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Table 2. Data access variants

Data Store Convention PL Objective-S
Local variable hello hello
Environment variable getenv("hello"); env:hello
Dictionary dict at:’hello’ dict:hello
File f=fopen("hello","r"); fread(buffer,len,f); file:hello
Keychain SecItemCopyMatching(queryDict , &retval); keychain:hello
Dynamic Library dlopen("hello.dylib", RTLD_NOW); dl:hello
Web urllib.urlopen("http://hello.com") http://hello.com/

We can also alter the “single receiver” dimension, by send-
ing the message to an entire collection of objects with the
the do Higher Order Message, as shown in listing 27

robots do turn:20.

Listing 27. Multiple receiver message

Previous work on Higher Order Messages used the mes-
sage intercession capabilities of dynamic object oriented
languages, so being less dynamic than standard messaging
was not possible.

With HOMs being supported directly by the compiler,
Objective-S removes this limitation and thus makes mes-
saging more completely architecturally polymorphic. Static
dispatch now also becomes possible. Listing 28 shows the
syntax for static binding and inlining.

receiver static msg:argument.
receiver inline msg:argument.

Listing 28. Static dispatch and inlining via HOM

5.3 (In-process) REST
The REST architectural style [9] underpins the World Wide
Web. In-Process REST [25] was the result of the realiza-
tion that many of the qualities of this data-access-oriented,
distributed architectural style are also beneficial in a non-
distributed context.
Table 2 gives a small example of how polymorphic iden-

tifiers and the store abstraction treat the data access con-
nector uniformly for a wide variety of data stores at a wide
range of scales. The uniformity actually goes further than the
Objective-S columns suggests: the scheme names are user-
definable, so they can also be made to match exactly.
The uniformity also goes beyond the syntax: the data-

access metaobject protocol for all these stores is also the
same, meaning that clients written for one store usually
work for all other stores as well. As an example, the URI
file:. will get a directory listing in the st, the Objective-S
interactive shell. As listing 29 shows, the same mechanism
also works with environment variables or instance variables
of a Task object.

] file:.
ConnectorHierarchy.pdf connectors-metaclass.aux
connectors-metaclass.bbl connectors-metaclass.bib
connectors-metaclass.blg connectors-metaclass.log
connectors-metaclass.out connectors-metaclass.pdf
connectors-metaclass.synctex.gz connectors-metaclass.tex
] env:.
__CFBundleIdentifier TMPDIR XPC_FLAGS
TERM DISPLAY SSH_AUTH_SOCK
TERM_SESSION_ID SHELL HOME
LOGNAME USER PATH
] task:.
isa id done title

Listing 29. Directory listing for file:, env: and a task

scheme:s3 := ref:http://localhost:9000/ asScheme
scheme:s3 source setHeaders: #{ user: 'minioadmin' , password: 'minioadmin' }.
text → ref:s3:bucket1/message.txt.

Listing 30. S3 scheme defined and used

Listing 31 shows how the To Do store defined in listing 3
can be turned into an actual system by composing it with a
file-store via a JSON translator.

fromJSON := #JSONConverter{ up: false, converterClass:
class:Task }.

todo := #Todo{ tasks: (tasks dictionaryByKey:'id'.) }.

todo → fromJSON → ref:file:/tmp/tasks/ asScheme.

Listing 31. Todo system

The JSONConverter is a storage combinator that translates
objects between its source and destination from or to JSON
using JSON converter streams.
The top level structure of the system is seen in the last

line of code: the todo store is connected to the file-system
via the JSON converter.

5.4 Events / Implicit Invocation
Event programming is similar to messaging, but without
the sender specifying the receiver(s) of the message. Instead,
the message is broadcast, usually via some sort of channel
abstraction, and receivers can register their interest by sub-
scribing to specific channels.

In this way, senders and receivers are more highly decou-
pled.
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5.4.1 Local Events. The implicit invocation style is pro-
vided via notification protocols. A notification protocol de-
fines a single message that is sent to objects that subscribe
to the protocol when a notification is sent.
The notification is sent by sending the notify: message

to the protocol object itself, as seen in Listing 33.
protocol:ModelDidChange notify: ref:myObject.

Listing 32. Sending a notification via protocol

An adapter to the polymorphic write streams sends the
notification message on every object written to the stream.
protocol:ModelDidChange << ref:myObject.

Listing 33. Sending a notification via protocol

Objects can subscribe and unsubscribe to notifications
manually if so desired. More simply, a class can adopt the
notification protocol and its objects will then be subscribed
automatically.

Among other things these notifications are used to handle
Model → View communication in our implementation of
the MVC pattern. Views simply adopt the ModelDidChange

protocol. Stores used by the model use a logging store to send
the ModelDidChange notification. This notification then gets
translated into sending the view a modelDidChange: message
with a reference to the object that changed so it can refresh
itself.

5.4.2 Distributed Events. Event processing is widely used
to glue together distributed systems, often asynchronously.
There are a wide variety of systems, such as Amazon SQS,
Microsoft Event Bus, Kafka, RabbitMQ, ZeroMQ etc.
These systems are also often referred to as messaging or

streaming services, and they combine some of the features
of both messaging and streaming. In Objective-S, we model
distributed event systems using the stream abstraction.
Listing 34 shows how to send an event to a RabbitMQ 1

queue on the local host.
r := #OQRabbit{ queue:'testQueue' , sending: true ,

host:'localhost' }.
r << 'Hello Objective Rabbit '.

Listing 34. Sending an event to a RabbitMQ queue

This code and the other examples omit some setup details
by relying on defaults for exchange configuration, channel
setup and credentials. Listing 35 connects a text field directly
to a queue.
queue := #OQRabbit{queue:'testQueue', sending: true}.
text := #TextField{ frame:(180@24) }.
text → queue.

Listing 35. Connecting UI to a RabbitMQ queues

1https://www.rabbitmq.com

Receiving from a queue is very similar. Listing 36 connects
a local queue to stdout, so incoming events are logged to the
console.

queue := #OQRabbit{ queue:'testQueue' , host:'
localhost' }

queue → stdout

Listing 36. Receiving events from a RabbitMQ queue to
stdout

The same receive/logging functionality using the Python
client libraries is shown in Listing 37. Aswith the Objective-S
examples, some configuration details have been omitted, the
actual example is 52 lines of code vs. the 12 shown here.
Although the difference in pure code bulk is also notice-

able, for us the more significant factor is how the architecture
is obscured. The actual destination is hidden in the 2nd line,
implicit in the print statement of the function that is the
callback given to the channel in the second to last line.
The remote event stream can be connected to any other

stream-compatible target. Listing 38 shows a queue being
connected to the ModelDidChange protocol notification, so
events coming in on this particular queue trigger the UI to
updated.

queue := #OQRabbit{ queue:'testQueue' }
queue → protocol:ModelDidChange.

Listing 38. Distributed ModelDidChange notifications

This can be used to update a local UI when some remote
resource changes, a remote observer pattern.

5.5 Observer
The Observer pattern is implemented by the Log storage
combinator, which has a base store and a Polymorphic Write
Stream that is the log itself. Listing 39 shows a conceptual
implementation of the logging store.

scheme Log {
var stream.
/*:uri { put { source at:uri put:value. stream <<

`uri. } }
}

Listing 39. Logging store

With the wildcard, the property path matches all writes.
It passes the write on to its source store and then logs the
URI to the stream attached to its logging port.
Any filter attached the logging port is thus notified of

all writes. Connecting the logging stream to the adapter for
protocol notifications described in section 5.4 notifies all
subscribers of updates.
Stores that interact with the outside world, such as the

filesystem store implement change logging by consulting
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def on_message(chan, method_frame, header_frame, body, userdata=None):
print( userdata, body)
chan.basic_ack(delivery_tag=method_frame.delivery_tag)

def main():
parameters = pika.ConnectionParameters('localhost')
connection = pika.BlockingConnection(parameters)

channel = connection.channel() """configure channel"""
channel.queue_declare(queue='standard', auto_delete=True)
on_message_callback = functools.partial(

on_message, userdata='on_message_userdata')
channel.basic_consume('standard', on_message_callback)

channel.start_consuming()

Listing 37. Simplified Python RabbitMQ receiver

external services, for example kqueue for file system opera-
tions. Stores have a method that returns their store-specific
logging-store.

5.6 Dataflow Constraints
Dataflow constraints describe computed variables that are
updated automatically when any of the parts of the expres-
sion, any inputs of the computation change. They are used in
many different domains such as spreadsheets, build systems
(make) and GUI update management to keep different ob-
jects, files or values consistent with a computed specification.
They are also known as spreadsheet constraints.

As discussed in section 2.2.3, dataflow constraints are spec-
ified in Objective-S using the |= syntax. Listing 40 shows a
simple constraint that keeps a Fahrenheit temperature con-
sistent with a celsius temperature.

f |= c * 9/5 + 32.

Listing 40. Celsius to Fahrenheit constraint

Constraints use the generic logging mechanism described
in section 5.5. A dataflow constraints listens to the updates
that the logging store sends, and whenever one of those
updates affects the variables of its right hand side, it updates
the value of the variable of the left hand side by recomputing
the right hand side.
With the building blocks of stores, logs and streams in

place, the implementation of the generic dataflow constraint
mechanism itself is only a few lines of code, a simple do-it-
yourself exercise with the language only providing a small
amount of syntax support.
The same building blocks should also be usable to build

more sophisticated mechanisms: dataflow constraints that
build an update-graph to avoid glitches and cycles, multi-
way constraints as well as constraint solvers that actively
search for solutions.

The fact that all the underlying mechanism are polymor-
phic means constraints can be applied to any kind of store.
The samemechanism that is used for GUI updates can also be
used for keeping directories synchronized. Listing 41 shows
a script that synchronizes two directories provided as argu-
ments on the command line.

#!env stsh
#-sync:<ref>sourceRef to:<ref>targetRef
source := sourceRef asScheme.
target := targetRef asScheme.
target |= source.

Listing 41. Directory synchronization

The Objective-S interpreter st converts the two command
line arguments sourceRef and targetRef to references, then
the script converts those references to stores. The actual
synchronization is performed by the last line, which will
continuously monitor the source directory and mirror any
changes to the target, just like it did for the in-memory
constraint.

The dataflow constraints mechanism scales beyond a sin-
gle machine. Listing 42 shows a local directory being syn-
chronized to a specified directory on a remote machine.

#!env stsh
#-sync:<ref>source to:host user:user dir:dir
sourceScheme := source asScheme.
session := #SSHConnection{ host: host, user: user }.
scheme:sftp := session store.
targetScheme := ref:sftp:{dir} asScheme.
targetScheme |= sourceScheme.

Listing 42. Remote directory synchronization

The main difference between the remote case and the local
case in listing 41 is the use of an SSHConnection to obtain a
store representing the remote filesystem. The target store
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is made relative to that and the final line of code specifying
the actual dataflow constraint is once again identical.

5.7 Model View Controller
The Model View Controller (MVC) architectural style [14]
can be succinctly expressed using first class references and
notification protocols. UI widgets are parameterized with
a polymorphic reference (section 2.1.1) to the underlying
model object and adopt the implicit invocation protocol (sec-
tion 5.5) for model updates.
When the user changes the UI, the widget updates the

model via the reference.
Model updates are logged via the observer mechanism

described in section 5.5: the actual underlying model is over-
laid with a Log storage combinator, the URI is logged and
observers notified.

Listing 43 shows the 7GUIsCounter task [13] implemented
in Objective-S.
init:model:count := 1.
button := #Button{ title: 'count' }.
button → { model:count := model:count + 1. }.

#Grid{ rows: [
[ #Label{ ref: ref:model:count }, button ]
] }.

Listing 43. Counter

Note the use of object literals to define the objects, using
polymorphic references to connect the UI with a value, and
using a stream connection to a closure to implement an
action.

6 Applications
Both Objective-S the language and the underlying toolkits
are in use in a number of different contexts.

6.1 Web Programming
As the in-process REST architectural style and its language
support in Objective-S are taken from web programming,
Objective-S allows direct interaction with the web without
first mapping the REST style to procedures or methods.

The beneficial impact of removing these unneeded trans-
lation layers was already reported [30]. However, without
language support, that solution is highly non-obvious both
when writing the code and in particular when reading it.
With language support, these issues fall away, as we already
saw in a small example in listing 30.

Serving data on the web is also simplified, without having
to resort to extensive metaprogramming or extra-linguistic
annotations used in current web frameworks such as Ruby
on Rails, Sinatra, Spring to map the REST architecture to
procedures.
Listing 44 shows one way to say Hello World to the web

using Objective-S:

#HTTPServer{ port: 8081 } → #MPWDictStore{ hello: '
World' }.

Listing 44. Hello World via HTTP

For the hello world example, a simple dictionary store
is sufficient, but any store can be exposed via HTTP us-
ing the same mechanism. For example, the env: scheme is
served using the following code: #HTTPServer{ port: 8081 }

→ scheme:env. It can then be browsed as shown in figure 3

Figure 3. Environment served via HTTP

Clicking on the name of the environment variable links
to the value of the variable.
This approach follows the basic principle of keeping the

model of an application free from references to the outside
world, while at the same time making adapters to the out-
side world as transparent and functionality-free as possible.
This principle has been rediscovered many times, for ex-
ample in the work on packaging mismatch [8], hexagonal
architecture [5], MVC and naked objects.
Turning the Todo store from listing 3 into a web applica-

tion is similarly straightforward.
Listing 45 shows a web API serving the tasks as JSON.

toJSON := #JSONConverter{ up: true, converterClass:
class:Task }.

#HTTPServer{ port: 8081 } → toJson → scheme:todo.

Listing 45. Serving via HTTP

It uses the same JSON converter store from listing 31, but
this time configured to convert to JSON when reading and
from JSON when writing instead of the other way around.
Listing 46 shows a shell session interacting with this ser-

vice via the curl command line tools.
]curl localhost:8082/tasks
[{"id":0,"done":0,"title":"Submit paper"},{"id":1,"

done":1,"title":"Write code"}]
]curl localhost:8082/task/0
{"id":0,"done":0,"title":"Submit paper"}
]curl -X PUT localhost:8082/complete/0
]curl localhost:8082/tasks/
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[{"id":0,"done":1,"title":"Submit paper"},{"id":1,"
done":1,"title":"Write code"}]

Listing 46. Interacting with the To Do HTTP service

We first get the list of tasks. The first task is not done yet,
the second is done. We then list the task that isn’t done yet,
mark it as done and show the entire list again to verify.

With the string templating built into Objective-S, adding
HTML support is straightforward. The Objective-S website
is both built and served with Objective-S. The screenshot in
Figure 4 shows the Objective-S website code and preview in
SiteBuilder, a live web-coding tool built for Objective-S.

Figure 4. SiteBuilder with Objective-S site

Although SiteBuilder is primarily intended for the live de-
velopment of dynamic web applications, it is also convenient
for static sites.

6.2 GUI Tooling
As a language focused on connecting existing components,
Objective-S does not come with its own GUI library. Instead
it connects to the native libraries of the host system and
makes it easier to define and compose UI elements and to
connect them to applications.
User interface development was the original domain for

which architectural-linguistic mismatch was identified, even
though it was not called that at the time [4].
The problem comes in two flavors: first, defining the ob-

jects that make a UI is not inherently procedural or functional
(though fluid interfaces can be used to ease construction).
Second, the interaction between the UI and the model do not
follow a linear control flow, but are instead characterized by
complex interactions.

6.2.1 UI Definition. In Objective-S, the definition part is
handled via complex object literals, which are often able to
express even complex objects directly. Object templatesmake
it possible to reuse common configurations of UI objects.
Figure 5 shows the temperature converter example from the

7 GUIs suite of sample problems in a live coding environment
for user interface creation called ViewBuilder.

Figure 5. ViewBuilder with temperature converter

6.3 Rendering Pipeline
With Polymorphic Write Streams, Objective-S provides a
built-in dataflow system. However, it is not limited to this
one kind of dataflow system. Adapters can integrate other
dataflow systems, and this has been done for Unix filters,
the event processing systems from section 5.4 as well as the
Nile dataflow language and Gezira graphics system written
in Nile [11].

Figure 6 shows a screenshot of an animation of star shapes
that was adapted from the Gezira project. One of the filters
was replaced with a PWS filter and the mixed pipeline itself
was specified in Objective-S instead of in Nile.

Figure 6. Gezira Stars Demo with mixed pipeline

7 Discussion and Evaluation
The work on Objective-S has led to many surprising discov-
eries. The role of connectors turned out to be both more
subtle and much simpler than initially expected.

Performance on practical systems turned out much better
than expected.

124



Beyond Procedure Calls as Component Glue Onward! ’24, October 23–25, 2024, Pasadena, CA, USA

7.1 Role of Connectors
When the work on Objective-S started, the expectation was
that connectors would be a prominent first-class language
feature, as envisioned byMary Shaw [18]. In fact, Objective-S
actually still has syntax for defining connectors, but this
syntax is essentially unused and not presented here. Instead,
the metaobject-based implementation that was seen as a
bootstrapping mechanism turned out to have exactly the
right characteristics in practice.

It turns out that the number of different connectors found
in the wild is small, much smaller than the number of compo-
nents. The number of distinct connector types is smaller yet.
Table 1 has them in the single digits, though of course larger
than the number of connectors supported in mainstream
programming languages.
On the other hand, these few connectors are used ex-

tremely frequently, and thus both deserve and get direct
programming language support in order to make program-
ming usable.
The polymorphism of the metaobject protocol approach

allows us to bring language support to a much wider vari-
ety of connectors while keeping the set of visible language
features small, by only requiring such support for the much
smaller set of connector types. This makes optimized lan-
guage support feasible.

7.2 Composability
Connecting components into systems requires a set of com-
ponents with compatible interfaces. The same polymorphism
(few connector types, more connectors) that made syntactic
support feasible also lead to a relatively small set of reference
interfaces that components can be made compatible with
and thus a good basis for composability.

This small set of compatible interfaces enables the generic
connection designator (“→”). The fact that the interfaces
reflect common operations of programming languages gives
them a good chance of being widely applicable.
This theoretically useful combination of a small set of

interfaces with wide applicability seems to be borne out
in practice: systems appear to be organized along similar
lines (data access, messaging, events, data flow,...) at different
scales.

This allows components to be connected without the need
for glue code.

7.2.1 Glueless Connection. In UI programming, there is
a conflict between the desire for glueless connection, simply
hooking up UI elements to the data those elements represent,
and the inevitable need for adaptation when the model does
not quite match what is needed.

When gluelessmechanisms such as bindings or 4GLswork,
they are incredibly concise and expressive, as they match
UI state directly with underling data(base) state. Practically,

however, they only work when the underlying data model
matches the UI precisely, which is rarely the case.

When it’s not the case, abstractions have to be introduced
to adapt the two components to each other, and in our general
purpose programming languages, these abstractions have to
procedural. Now the state-oriented UI and the state-oriented
model have to interact through a mismatched procedural
layer.

The result of this is that general purpose UI toolkits such
as Cocoa/CocoaTouch or Android have a largely procedural
and delegate-based interaction model. Not only does this
mean glue code has to be written for all interactions, even
the ones that go directly to data, but that glue code also does
not follow the natural control-flow for procedural code, but
instead requires patterns such as Inversion of Control in
order for the UI components to call back to their clients.

Objective-S has facilities both for expressing dataflow and
data access connections, and for abstracting over dataflow
and data access. This means not only that UI/state connec-
tions can be expressed without resorting to procedural ab-
straction, but also that the model layer can be adapted to the
requirements of the view layer without resorting to proce-
dural abstractions.
The end-effect is that with Objective-S, glueless interac-

tion mechanisms can be used without loss of generality. List-
ing 47 shows how browser views are created and presented
in a window for the filesystem or environment variables,
respectively.
#Browser{ #store: scheme:file } openInWindow:'Disk'.
#Browser{ #store: scheme:env } openInWindow:'Envit'.

Listing 47. Glueless UI

Although they are very different schemes, they can be pre-
sented in the same way. Other underlying data sources can
be adapted to the be presentable using a storage combinator
and then be presented using the same single line of code.

7.3 Performance
The Objective-S work has so far focused almost exclusively
on expressiveness rather than performance.
The primary current implementation is a tree-walking

interpreter with the expected dismal performance character-
istics. Despite this handicap, systems built with Objective-S
often exhibit surprisingly good performance.
For example, the Objective-S website, served by server

written in Objective-S and hosted on the entry-level free tier
arm64-based hosting service has withstood several of the
distributed denial of service attacks known as being shown
on the Hacker News front page. Tests using the wrk2 low-
overhead http-testing tool show a capacity of around 1800
requests per second on that fairly low-capacity virtualized
server.
2https://github.com/wg/wrk
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7.3.1 Tasks Backend. The tasks backend developed in
this paper was also benchmarked using wrk, and compared to
a very similar backend implemented using the Sinatra Ruby3
web framework. The benchmark machine was a 2020 M1
MacBookwith 16 GB of RAM. As only a rough indication was
sought, benchmark conditions were not tightly controlled be-
yond the basics of doing multiple runs to prevent cold/warm
effects and making sure there were no background processes.
For each framework the root page that lists all tasks was

tested with two tasks. The results are shown in Figure 7,
with Objective-S handling around 89K requests/second and
Sinatra managing around 1.8K requests/second.

Objective-S

Ruby/Sinatra

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Tasks Backend, Requests / s

Figure 7. Tasks Backend Perforamance

The reason such a slow language can lead to such quick
systems is that in many cases it just connects fast compo-
nents written in C or Objective-C and then gets out of the
way. Glueless connection and avoiding accidentally algorith-
mic code at the connection level is not just expressive, but
also fast.
In addition, existing web programming systems often re-

quire significant parts of functionality to be expressed using
their metaprogramming facilities that map REST to proce-
dural code, which adds to overheads.

7.3.2 Native Compiler. With more Objective-S code run-
ning in the hot path, performance gets successively slower
and should eventually fall below the Ruby/Sinatra example.
For example, the “hello world” style server in listing 48 that
is fully implemented in Objective-S only manages around
60K requests / second, despite being simpler than the tasks
backend.

3https://sinatrarb.com

scheme HelloServer
{

/hi/:name {
get { 'hello: ',name. }

}
-main:args {

self waitOnPort: 8081 intValue.
}

}

Listing 48. Benchmark Hello World Service

Interacting with this server via curl yields the results
shown in listing 49,

]curl localhost:8081/hi/Onward\!
hello: Onward!

Listing 49. Interacting with Hello World Service

Work has started on a simple native compiler based di-
rectly on Wirth’s Grundlagen und Techniken des Compiler-
baus [31]. It does not use LLVM or similar frameworks and
currently only supports ARM64 and the Mach-O object-file
format as well as some JIT compilation. It does not feature
any optimizations.
Benchmarking the above code with both the interpreter

and the native compiler on the same machine as above yields
the results given in Figure 8.

Native compiler

Interpreter

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000

Hello with Parameter, Requests / s

Figure 8. Native vs. Interpreted Performance

The native compiler is able to improve performance on
this simple server by around a factor of 2.6.

8 Related Work
There has been a lot of work in the formalization of software
architecture and coordination languages as well as in flexible,
extensible programming languages. There is little if anywork
that combines these two approaches.

8.1 Previous Work
Some of the components that make up Objective-S and are
shown here were presented in earlier work. This includes
Polymorphic Identifiers [27], Storage Combinators [30], Poly-
morphicWrite Streams [29] andHigher OrderMessaging [26].
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This work generalizes these polymorphic metaprogram-
ming approaches into a coherent framework for organizing
the metaobject protocol of a programming language along
software-architectural lines, and combines them to form a
programming language that is both highly extensible and
capable of expressing software architecture directly in code.

Accomplishing this effect requires some additional novel
elements, most notably the polymorphic connection designa-
tor “→”. Most of the heavy lifting required for polymorphic
connection to work is done by the metaobject protocol, defin-
ing a few protocols that are both very composable and highly
applicable.
Complex object literals help avoid “accidentally algorith-

mic” code for creating and configuring objects and together
with the connection designator help the architecture stand
out.
A number of examples are also novel, for example the

use of a language-provided dataflow primitive dataflow to
connect UI, events and observers.

The polymorphic constraints created from storage combi-
nators and streams presented here were seen as a possibility
in Constraints as Polymorphic Connectors [28] and declared
as “future work”. At the time, the possibility seemed rather
remote, but it worked out very naturally.

8.2 Architecture Description Languages
The Architecture Description Languages (ADLs) ACME [7],
Rapide [17], and UniCon [20] were some of the first attempts
to formalize software architecture. They allowed software
architecture models to be written down and checked. Some
like UniCon allowed code to be generated. Others had tools
for conformance checking of implementations against the
architecture.

All of them were separate from the implementation, thus
not solving the architecture-implementation gap. They also
tended towards verbosity, listing 50 is the ACME equivalent
of the Unix shell pipe ls | wc.

System ls-wc {
Component ls = {

Port stdin,stdout;
};
Component wc = {

Port stdin,stdout;
}
Connector pipe = {

Role source,sink;
}
Attachments = {
ls.stdout to pipe.source;
wc.stdin to pipe.sink;

}
}

Listing 50. ls | wc in ACME ADL

While ADLs clearly were on to something, making the
architecture of software systems explicit, the way they did
this is not useful, and they are simply not used in industry.

Instead of being more expressive due to supposed higher
level of abstraction of the software-architectural view, they
are actually less expressive and far more verbose. They pro-
vide no direct help implementing systems, but rather rep-
resent an additional documentation burden. Last not least,
the fact that they are separate documentation that doesn’t
automatically reflect the implementation, but rather has to
be somehow kept in sync is antithetical to agile methods.

Objective-S makes architectural description useful. First,
by taking advantage of concise syntax for connectors and
reusing the same syntax with whole classes of connectors
through the metaobject protocol and connector polymor-
phism. Second, by making the architecture be the implemen-
tation. Third, by using the architectural focus to make a wide
range of architectural styles directly expressible in the code.

8.3 Smalltalk and CLOS
Objective-S is very much inspired by The Art of Metaob-
ject Protocol [12], the book describing the CLOS metaobject
protocol. Whereas Smalltalk’s metaobject protocol defines
a point in the language design space, CLOS’s metaobject
protocol describes a region, encompassing variations in vari-
ous design decisions for an object-oriented language, such
as how precisely method lookup works or how instance
variables (slots) are stored.

By supporting multiple architectural style beyond object-
orientation, theObjective-Smetaobject protocol significantly
enlarges the region of the total language design space cov-
ered, while at the same time still providing a well-defined
conceptual model (software architecture) for navigating that
space.

Other metaprogramming systems such as LISP macros or
the original Smalltalk-72 provide even greater flexibility, but
at the cost of not being able to provide a clear conceptual
model of how to navigate the design space.

8.4 ArchJava
ArchJava [1] is a an architecture-oriented extension to the
Java language. It is the most direct conceptual or at least
intentional predecessor to Objective-S, with the express pur-
pose of “connecting software architecture to implementa-
tion”.
ArchJava provides linguistic support for defining, using

and type-checking custom connector abstractions as an ex-
tension to the Java programming language. However, these
are pure extensions and not syntactically integrated with
the base language. As such, using connectors instead of the
built-in mechanisms is not less but more cumbersome, and
alternative architectural styles remain difficult to express
directly.
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Objective-S’s approach of using polymorphic connectors
that are integrated via the metaobject protocol and there-
fore generalize rather than extend the base object-oriented
language was a direct reaction to these problems of ArchJava.

8.5 CLIC
CLIC [3] is billed as a component language that is symbiotic
with Smalltalk. It is the successor of several other languages
that add a component languages to Smalltalk. Each succes-
sive language came closer to the concept of Objective-S, that
the languages are not separate.
However, the component language always remained at

least somewhat separate from the underlying Smalltalk lan-
guage, being at most symbiotic. There was no integration of
the component language with Smalltalk’s metaobject proto-
col and no support for non-call-return architectural styles.

8.6 Domain Specific Languages
Domain specific languages have been touted by many as
the solution to the lack of expressiveness of general purpose
languages [32].
However, DSLs and their associated tooling are costly to

construct and maintain. Furthermore, they tend to have large
areas of overlap with existing languages.
The Nile language referenced in section 6.3 for example

duplicates variables, arithmetic operators and data structure
definitions available in other languages, innovating slightly
on filter methods and pipe composition.
In addition, in part because of the effort involved those

facilities tend to be fairly rudimentary.
Objective-S is based on the idea that the problem with

general purpose languages is not that they are too general,
but actually that they are not general enough.
So instead of creating a new language that is even less

expressive, the solution is to avoid all that overlap and added
effort and just add the facilities required within the frame-
work of the connectors.

For the dataflow language Nile, all the facilities required
were already present and only had to be adapted to the spe-
cific filter model used in Nile/Gezira.

8.7 Plan 9
The Bell Labs Plan 9 system [16] also provides a mecha-
nism for abstracting over and unifying storage. In contrast
to Objective-S, this is abstraction is mediate by the operating
system, not the language. It thus requires serialized repre-
sentations, which have to be parsed, generated and accessed
via the POSIX APIs. This represents significant overhead, a
form of packaging mismatch.

Objective-S combines direct object interoperability with
hierarchical namespaces, all without having to involve the
operating system. However, Objective-S can, if a file interface
is desired, export any scheme handler as a filesystem, either
via the FUSE extension or a bridged Python WebDav Server.

Figure 9 shows the environment variable scheme mounted
as a filesystem in the macOS Finder.

Figure 9. Unix environment scheme mounted as file system

Polymorphic Write Streams provide the in-process equiva-
lent of the pipe facility, and are also bridged to the operating-
system equivalent.

9 Summary and Outlook
In this paper we introduced Objective-S, a programming
language designed to overcome architectural-linguistic mis-
match and make software architecture expressible in code
by means of polymorphic connectors.

The language itself provides necessary syntactic support
for classes of connectors beyond procedure call, as well as the
a metaobject protocol based on the notion of architectural
connectors. Concrete connectors and component types plug
into this framework and can then be used to natively support
a variety of architectural styles.

Architectural styles supported in this way are call/return
and object-orientation for procedural abstraction, in-process
REST for abstraction over storage, implicit invocation, pipes
and filters and last not least dataflow constraints.
Being able to both express these architectural styles di-

rectly as well as mix-and-match them as needed led to simple,
straightforward and fast code in a range of problem domains
that usually suffer from significant complexity and architec-
tural mismatch.
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