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Abstract

In addition to requirements of a purely technical nature, the
evolution of widely adopted programming languages is often
governed by preferences of individual members—either per-
sons or organizations—of the language maintenance team,
who may associate issues with particular design aspects. For
example, when adding a new primitive data type to a lan-
guage, language designers may suggest alternative semantics
for equality to existing data types, as well as explicitly spec-
ify issues they wish to avoid (such as inconsistent behavior
among number-like types). The decision-making process can
span over multiple years and can be highly unstructured,
and in a dynamic and distributed language design team, the
cumulated understanding of previously discussed design al-
ternatives can thus be lost over time.

In this paper, we present a domain-specific language to
specify a certain kind of language evolution proposals—
where the design space can be presented as a collection of
interconnected individual design points. With each design
point, one can associate a set of issues it could raise that
should be avoided. From a DSL specification, an interactive
web-based tool is generated that allows exploring the design
space of a proposal.

Further assigning weights to issues, we formulate an op-
timization problem where the goal is to select alternatives
for individual design points to minimize the total weight
of occurring issues. We prove that this optimization prob-
lem is NP-hard. We reduce this problem to an integer linear
programming problem and incorporate a solver into our
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interactive tool. We demonstrate the feasibility of our ap-
proach by using our DSL to specify the ECMAScript proposal
Records & Tuples, and demonstrate that any design choice—as
described in the proposal—will necessarily raise issues.
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1 Introduction

It is a common consensus that the engineering of software
languages—either domain-specific or general-purpose—with
a smaller user community differs significantly from the en-
gineering of widely adopted software languages. This espe-
cially manifests when considering evolution and maintenance,
where the widely adopted language is used by potentially
millions of developers and every change to the language
specification is bound to have a significant impact.

While some widely adopted languages are designed by
small teams within a business entity, the evolution of other
languages is an effort led by several players [1]. For instance,
the evolution of Swift!, Go?, and Kotlin® is mainly driven

Uhttps://github.com/swiftlang/swift-evolution/blob/main/process.md
Zhttps://github.com/golang/proposal
Shttps://kotlinfoundation.org/language-committee-guidelines/
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by groups of employees within their respective companies,
while the evolution processes of ECMAScript, C++, Python,
or HTML are highly formalized and follow an openly de-
scribed process [2-5].

Large language design teams attempt to overcome the
“design by committee” [6] approach, and tend to form ad hoc
working groups (sometimes called “champion groups”) that
work on the design of a particular language feature. The rest
of the language design team can then focus on reviewing and
approving the design—rather than on actively participating
in the design process itself. A thorough language design
assumes a multi-faceted exploration of a feature’s properties,
and in many cases, the design space of a proposal becomes
fine-grained, and an input from multiple stakeholders needs
to be gathered. Thus the design may become contentious.
This oftentimes comes from requirements whose nature is
not purely technical (such as a lack of resources to implement
a particular subfeature, lack of community support, or the
presence of a competitive design of the feature).

When exploring a design space of a feature, members of
the language design team can identify various issues with
particular aspects of the design (for instance, memory-safety
concerns, non-orthogonality, and so on). Each member of
the language design team thus cumulates their own under-
standing of the design space. These members’ perceptions
then form the backbone of the discussions at the dedicated
working group’s meetings during which decisions on the
feature design are made.

For languages whose standardization efforts are guided
by a formally established standardization body, the timespan
during which a feature is being designed is usually measured
in years. This can be particularly challenging for dynamic
teams, where members of the design team leave and join on
a frequent basis. Recently joined language designers tend to
commonly offer seemingly “straightforward” solutions that
have already been discussed and rejected by the working
group. Similarly, in geographically distributed language de-
sign teams—where some members are only able to attend
a portion of the meetings—the working group may find a
solution that satisfies the participants of a particular meet-
ing, only to then have that solution raise another issue in
a subsequent meeting where the participants would be dif-
ferent. The motivation of our work is to provide language
designers with a way to explore their draft solution “offline”
(i.e., outside of a formal meeting), as well as explore issues
raised by others.

In this paper, we consider one of the proposals currently*
designed by the Ecma International Technical Committee 39
(TC39), the group responsible for the design of the program-

ming language ECMAScript (informally known as JavaScript).

The proposal Records & Tuples [7] introduces two new primi-
tive value types into the language: record (deeply immutable

4At the time of writing (March 2025).
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object-like structure, with the syntax #{x:0,y:0}) and tu-
ple (deeply immutable array-like structure, with the syntax
#[1,2,3]). Incorporating these two new primitive datatypes
into the language requires establishing several properties re-
lating these datatypes to already existing ones. For example,
it is necessary to define the semantics of equality, especially
in the corner cases®, or whether objects—which are inher-
ently mutable in ECMAScript—can be members of records
and tuples, and so on. The design space of this proposal
is non-trivial; this claim is supported by the fact that the
GitHub repository that specifies the proposal has over 190
issues over the period of five years, of which 15 are labelled
as “undecided point”® as of March 2025. To assist themselves
in the decision-making around the design of this proposal,
members of the TC39 committee developed an interactive
tool [8] that allows exploring various design aspects of the
proposal. In this tool, the design space is presented as a
collection of individual design points, and a member of the
proposal design team can make a separate decision about
each of them. With each design point, (other) members of the
proposal design team may associate a set of issues. These is-
sues become “raised” (i.e., reported to the language designer)
when a particular decision has been made about a particular
design point. Thus, a member of the design team has a de-
tailed overview of others’ concerns about a particular design
choice, and discussions on the proposal tend to proceed in a
more structured manner.

The interactive tool [8] was implemented in an ad hoc
manner specifically for the Records & Tuples proposal. One
can observe that similar tools can be beneficial for exploring
design spaces for other proposals. In this paper, we define a
domain-specific language to specify individual design points of
a design space, as well as issues that are associated with the de-
sign points. Based on a specification in the DSL, a web-based
interactive tool is generated. This tool allows a language
designer to explore the design space by making various deci-
sions regarding the individual design points, and analyzing
the issues raised by the design choices. The functionality
of interactive tools generated from DSL specifications repli-
cates that of the ad hoc tool for the Records & Tuples proposal
used by TC39.

One can assume that when working with the interactive
tool, a language designer will naturally try to make design
decisions in a way that will minimize the amount of issues
which are raised by the design. In the paper, we formalize
this intuition as a mathematical optimization problem. The
goal is to make decisions regarding individual design points
in a way that would mimimize the amount of the raised is-
sues. In a more general formulation, issues can be assigned
weights; then the goal is to minimize the total weight of

Shttps://github.com/tc39/proposal-record-tuple/issues/65
®https://github.com/tc39/proposal-record-tuple/issues?q=label %3A%
22undecided%20point%22
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all issues raised by a design choice. We prove that this op-
timization problem in NP-hard, meaning that there are no
known algorithms to solve the problem in polynomial time.
We reduce our problem to the well-known Binary Linear
Programming [9] problem, for which practical solutions ex-
ist [10]. These solutions are supported by standard solvers,
and we use the SCIP toolset [11, 12]. Thus, from a specifica-
tion in our DSL, we generate an interactive tool that supports
finding the optimal design of a feature, with respect to the
design points specified by the language design team.

We demonstrate the feasibility of our approach by speci-
fying the design space of the ECMAScript Records & Tuples
proposal in our DSL, and establish that any optimal design
of this proposal will have at least three issues raised.

2 SpecAlt: a DSL for Specifying Design
Alternatives

We introduce a domain-specific language (DSL) for specify-
ing design spaces, give examples of how fragments of the
ECMAScript Records & Tuples proposal can be expressed in
the DSL, and formalize the notion of a “design template”.

2.1 Domain-Specific Language for Design
Alternatives

The two central concepts in the language are tweakables and
issues. Each tweakable represents an individual design point
within a design space. This design point has a label (defined,
for example, as an expression in the language being designed,
or as a description in prose), and a set of values, which rep-
resent the possible choices for this design point. With each
value—that is, with each choice for a tweakable—one can
associate a set of issues that will be raised in case that par-
ticular choice becomes preferred (“selected”) by a language
designer during the interactive design process. Syntactically,
a tweakable is specified as follows:

tweakable <identifier> {
expression
default value value_1
value value_2 {
raise <issue-identifier> [when
<condition-identifier>]
// more

"<string-literal>"

“raise” statements

}
// more
value value_N {
raise <issue-identifier> [when
<condition-identifier>]

“value™ blocks

// more “raise” statements
)
[disabled {
message "<string-literal>" when

<condition-identifier>

15
16
17
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// more statements

1]

“message”

Values can be represented either by string literals or identi-
fiers. One can specify several values for a tweakable, and one
of those values can be prepended by the modifier default,
representing the fact that that particular value will be pre-
selected for the tweakable during the interactive design pro-
cess.

Within a value-block, multiple raise-statements can be
specified. Each such statement specifies the name of the is-
sue that will be raised in case the value mentioned in the
enclosing value-block gets selected for the tweakable by a
language designer. Additionally, a raise-statement can spec-
ify a Boolean expression—a condition—which has to evaluate
to true for the issue to be actually raised.

A condition specification is a Boolean expression along-
side with a name for it”:

condition <ident> holds when <bool-expr>

Boolean expressions are defined inductively on their struc-
ture in a standard manner:

e if t is a tweakable and v is a valid value for ¢, then t is
vandt is not v are Boolean expressions;

e if e is a Boolean expression, then ( e ) and not e are
Boolean expressions;

e if e; and e; are Boolean expressions, then e; and e; and
e; or ey are Boolean expressions.

An issue specification mentions its name, a short summary,
and a complete description.

issue <identifier> {
summary
description

"<string-literal>"
"<string-literal>"

Finally, one can specify when a tweakable should become
disabled, i.e., when it should not be possible to assign a value
to it. The conditions for disabling a tweakable are specified
within an optional disabled-block; each condition has a
corresponding explanatory message which will appear in
the interactive tool. If several conditions are specified, then
the tweakable becomes disabled if at least one of those con-
ditions evaluates to true. For an issue to be enabled, all of
the conditions must evaluate to false.

"To improve the ergonomics of using the DSL, the conditions in the when-
clauses of the raise-statements can be inlined, without the need to define
a separate condition declaration.
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2.2 Example: Designing the Semantics of Equality
Testing for a New Primitive Datatype in
ECMAScript

We showcase now a specification of the two tweakables in
the ECMAScript Records & Tuples proposal using our DSLS.

Example 2.1. Consider how the semantics of equality can
be defined for tuples with a single element whose value is
NaN’. In JavaScript, equality testing can be done, for example,
using the strict equality operator (“==="1°). The outcome of
the strict equality test can either be “true” or “false”—and
it is a task of a language designer to determine what the
outcome should be for the case of tuples with a single NaN
element. This task establishes an individual design point in
the overall design space for the tuples primitive data type.

If a language designer determines the outcome of this
equality testing to be “false”, this may lead to an inconsis-
tency of how the equality is defined. One of the champions
of the Records & Tuples proposal has summarized this con-
sistency change as follows [8]: “Currently the only value not
equal to itself is NaN, and this can be used as a reliable check
for NaN. If any record or tuple containing a NaN within its
tree is also not equal to itself, then there would be an infinite
number of values not equal to themselves.” Thus, based on
this observation, it is reasonable to associate an issue which
should be raised in case a language designer selects value
“false” as an outcome for strict equality testing for tuples
with a single NaN value.

In our DSL, this design point can be represented as a
tweakable as follows:

tweakable tupleNaNAreTripleEqual {
expression "#[NaN] #[NaN]"
default value true {3}
value false {
raise unequalTupleNaN

}
}
The label of the tweakable is represented by a pseudo-
quoted JavaScript expression ("#[NaN] === #[NaN]"), and

the tweakable has two possible values—true and false!l.
When an interactive design tool will be generated from the
DSL code, this tweakable will be pre-assigned the default
value true. The user of the tool (i.e., another language de-
signer) will be able to select between the values true and
false for this tweakable. If value false is selected, the issue
unequalTupleNaN will be raised. This issue can be defined
in our DSL as follows:

8A complete specification of the Records & Tuples proposal in our DSL is
discussed in Section 5.
%https://github.com/tc39/proposal-record-tuple/issues/65
Ohttps://262.ecma-international.org/#sec-isstrictlyequal

HNote that in our DSL, these values are identifiers and cannot be evaluated
per se.

0 N N s W
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issue unequalTupleNaN {
summary
description

"consistency change"
"a longer description"”

Another approach for equality testing in JavaScript is
using the same-value equality comparison (i.e., Object.is
method!?). As is the case for all equality testing approaches,
the outcome of the same-value equality test can be either
“true” or “false”. As observed by a proposal champion [8],
“if both °Object.is(NaN, NaN)’ and ’#[NaN] === #[NaN]” are
true, there does not appear to be a reason for Object.is(#NaN],
#[NaN]) to not be true.” This observation necessitates raising
an issue if a language designer determines the outcome of
the same-value equality as “false” and—at the same time—the
outcome of the strict equality as “true”. This can be specified
as the following tweakable in our DSL:

tweakable
tupleWithNanObjectIsTupleWithNaN {

expression "Object.is(#[NaN], #[NaN])"
default value true {}
value false {

raise nanNotIsNaN

when tupleNaNAreTripleEqual is true

}

The raise-statement will raise the issue nanNotIsNaN on
the condition that the value of the tweakable tupleNaN-
AreTripleEqual (defined above) is true.

The issue nanNotIsNaN can be specified as follows:

issue naNNotIsNaN {
summary
description

"Object.is NaN semantics”
"a longer description”

]

We have now showcased our DSL by specifying two indi-
vidual—yet inter-dependent—design points of a non-trivial
design space. In the next example, we demonstrate the use
of disabled-statements in tweakable specifications.

Example 2.2. The primitive datatype tuple introduced in
the Records & Tuples proposal is immutable. In particular,
this means that tuples cannot hold JavaScript objects—for
objects are inherently mutable and are stored by reference
rather than copied by value—without breaking the tuple’s
deep immutability guarantee.

As a possible solution to this problem, the Records & Tuple
proposal suggests introducing the concept of boxes, using
which one can encapsulate a mutable object in an immutable
structure: a box should prevent accidental modifications to

2https://262.ecma-international.org/#sec-object.is
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the encapsulated object. The proposal also discusses an al-
ternative approach to store objects in tuples without intro-
ducing the box type (namely, by using Symbols as WeakMap
keys)®3.

Since there are two alternative approaches mentioned in
the proposal, there is a branching point in the design space:
some of the design points will only be relevant if the box type
is actually defined in the language. Thus, when exploring
the design space, a language designer can “switch on and
off” the presence of the box type in the language. In our DSL,
the following tweakable can be defined to specify this:

tweakable typeofBoxConstructor {
expression
default value

"typeof Box"
"undefined" {
{ /x...%/ }

/*...%/ }

value "function"

}

Assuming the Box type is defined, a language designer can
select values of other relevant tweakables. An example of
such a tweakable is testing the type of the tuple with a single
element that is an empty object.

tweakable typeOfTupleWithBox {
expression "typeof #[Box({})]1"

default value "tuple" { /*...x/ }
value "object" { /*...x/ }
disabled {

message "Box is not defined"

when typeofBoxConstructor
is "undefined"

}

The disabled-statement here models the requirement that
the tweakable typeOfTupleWithBox should be disabled when
the Box type is not defined (i.e., in cases when a language de-
signer sets the value of the tweakable typeofBoxConstructor
to "undefined"). O

2.3 Formalizing Design Choices

We are now ready to formally describe tweakables and issues;
this will enable further analyses of design specifications in
our DSL.

Throughout the rest of the paper, we denote by L the
language currently being designed. Let E be a set of expres-
sions (represented as strings), and let V be a set of values
(represented as either strings or identifiers).

Definition 2.3. Let f be a feature being designed for a lan-
guage L. A design template of f is a triple Dy = (C, A, T),
where:

e C is a finite set of symbols representing issues;

Bhttps://tc39.es/proposal-record-tuple/tutorial/#keeping-track-of-
objects-in-record--tuple
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e A is a finite set of issue activations of the form b = c,
where ¢ € C, and b is a Boolean proposition over
termst=0,t # vand T,witht € T,v € V,and T
representing the logical truth;

T is a finite set of tweakables of the form

t u= select e of

case v : Ay

case oy : Ak,

where e € Eisan expression, vy, ...,0, € V are possible
values of tweakable ¢, and sets A; C A, ..., Ar C A
represent issues raised when the expression e has value
v1, ..., Uk, respectively.

Intuitively, the machinery of a design template can be
understood as follows: after a value for each tweakable has
been selected, one identifies which issues associated with this
value for the tweakable get raised (“activated”) by analyzing
Boolean conditions—informally “activation conditions” or
“triggers”—in the issue activations.

Example 2.4. The DSL specification in Example 2.1 can
be formally represented as a design template D = (C, A, T),
where the set of issues is C = {cy, ¢»}, the set of tweakables is
T = {t1, 12}, the set of issue activations is A = {T = ¢y, (t; =
true) = c;}, and tweakables t; and ¢, are defined as follows:

t; == select "#[NaN] === #[NaN]" of
case true: @
case false : {T = ¢}
ty == select "Object.is(#[NaNJ], #[NaN])" of
case true: @
case false : {(#; = true) = c;}

Note that T is used in the issue activation T = c¢; to repre-
sent the unconditional raise of the issue. O

Note that Definition 2.3 does not explicitly formalize dis-
abled tweakables. Indeed, let d, ..., d, be conditions for
disabling a tweakable t. Consider an activation b = c¢ cor-
responding to the tweakable ¢. The conditions d; can now
be incorporated directly into the activation as follows: (b A
—di Ao Ady) = e

Given a design template, a language designer can assign
a value to each tweakable, thus completely—to a known
extent—specifying the design space of a feature. This is for-
malized in the following definition.

Definition 2.5. Let Dy = (C, A, T) be a design template of
a feature f in a language L. A design choice S : T — V is an
assignment of values vy, ..., vy, to tweakables t, ..., t,, where
each value v; € V is one of the possible values for tweakable
t; € T. Thus, design choice S induces an interpretation Is


https://tc39.es/proposal-record-tuple/tutorial/#keeping-track-of-objects-in-record--tuple
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over the Boolean propositions present in the issue activations
A, such that:
S(ti)zl)j (=1 Is(ti:Uj) =1

s Is(y -'ﬁl)j) =0.

The set of all raised issues for a given design choice can
be defined as follows.

Definition 2.6. Let S be a design choice for a design tem-
plate D = (C, A, T). For each tweakable ¢t € T, let S(t) = v
for some valid value v. Let A, be the set of issue activations
corresponding to v in the specification of t:

t := select e of

case v: A,

Consider issue activations of the form (b = ¢) € A,, for
which the interpretation of the Boolean proposition b is
Is(b) = 1. Denote by ¥s the set of all issues raised by S,
comprised of issues ¢ € C in such activations.

We can demonstrate these definitions on an example.

Example 2.7. For the design template in Example 2.4, a
possible design choice is S(¢;) = true, S(t;) = false. For the
value false of tweakable t,, the set of issue activations only
has one element (#; = true) = c;, and the interpretation of
the Boolean propositionis I(#; = true) = 1since S(#;) = true.
Thus, the set of all raised issues for the design choice S is
s = {c2}- a

3 Finding Design Choices with Least Issues

Consider the set of all raised issues for a given design choice.
One can argue that a reasonable expectation from a language
designer is that they will strive to select the values of tweak-
ables in a way that would lead to the least possible amount
of issues. This intuition can be formalized as an optimization
problem.

3.1 Spec-DEc-Opt: Optimization Problem

As a straightforward quantitative measure—a “score”—of a
design choice S, one could use the amount of raised issues in
the set ¥s. In realistic settings, however, some of the issues
will naturally be perceived as more severe than others. This
is accounted for in the following definition.

Definition 3.1. Let S be a design choice of a design tem-
plate D = (C, A, T). Denote by w : C — R an ascription of
severities to issues. Define preferability o,,(S) of the design
choice S as sum of individual issues’ severities, preceded by
a negative factor:

ow(S) = — Z w(cr).
cie¥s

In case when the severities of all issues are set to +1,
the preferability o,,(S) of a design choice S represents the
amount of the raised issues. Negative severities can be used
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to indicate a positive effect on a design choice; this cov-
ers situations where designers want to encourage—but not
require—certain design attributes.

Based on the severities of the issues in a design choice, we
can classify issues as follows.

Definition 3.2. Let D = (C, A, T) be a design template and
w be a severity ascription. An issue ¢ € C is called:

e blocking, if w(c) = +oo (this issue alone invalidates
the design choice in its entirety and the design choice
preferability is thus —oo);

o negligible, if w(c) = 0;

o enabling, if w(c) = —oo (this issue alone validates the
design choice in its entirety and the design choice
preferability is considered to be +00).

We are now ready to formulate a mathematical optimiza-
tion problem of maximizing the preferability of a design
choice.

SpeEc-DEC-OPT: Given a design template D and
severity ascription w, find a design choice S that
maximizes preferability o,,(S).

We state below the complexity of this problem.
Theorem 3.3. SpEc-DEC-OpT is NP-hard.

Proof. A polynomial reduction of the satisfiability problem
SAT to SpeEc-DEC-OPT (see Appendix A). O

3.2 Practical Solution for SpEc-Dec-OpT

Theorem 3.3 establishes that there are no known algorithms
to solve our problem SpEc-DEC-OPT in polynomial time. Be-
low we present a practical approach to solve SpEc-DEc-OpT
by reducing it to a linear programming problem with well-
known solutions.

BiNARY LINEAR PROGRAMMING (BLP) [9]: Given
a constraint matrix M € R™*", a right-hand side
vector d € R™, and a coefficient vector p € R”, find
a decision vector x € {0, 1}"” which minimizes the
linear objective function p’x subject to the set of
linear constraints Mx < d.

Reducing the Spec-DEc-OpT problem to BLP means that
we can transform an instance of SpPEc-DEC-OPT into an in-
stance of BLP in a such a way that the process of choosing a
fitting design choice (in terms of SpEc-DEc-OPT) is equiva-
lent to the process of finding a decision vector x (in terms
of BLP)!*. We explain below how such a reduction can be
defined.

M Note that SPEC-DEC-OPT is a maximization problem, and BLP is a mini-
mization problem.
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The construction will move along the structure of the out-
put, which represents the matrix M and the vectors x and
d, and is shown in Figure 1(left) schematically and in Fig-
ure 1(right) in detail. The values in matrix M can be grouped
into four blocks: T2L, N1, N2, C2L, vector d can be grouped
into two blocks T2R and C2R, and the components of the
unknown decision vector x can be grouped into three blocks
T1, C1, and Z. We shall explain how each of these blocks is
constructed; since some of the blocks are dependent on each
other, the order of their construction is significant—and this
is the order which the presentation follows.

In the construction below, consider a design template D =
(C,A, T) and a severity ascription w : C — R.

T1: “base” variables. The components of the block T1 of
vector x encode the information about the selected values
of the tweakables. Denote by Sy the design choice that x
represents. For every ¢t € T with cases vy : Ay,..., 0 : Ag,
we introduce Boolean variables x;,,,...,x:,, € {0, 1}, for
which selecting value v; for tweakable t implies that the
value of the variable Xt 18 1, and vice versa:

Sx(t) =0;

T2L,N1,N2, T2R: assignment validity. For a design choice
to be valid, one must ensure that only one value is selected
for every tweakable, that is, only one of the variables x; ,,
has value 1, and the rest have value 0:

Z Xtp; =1

1<j<k

(=4 xt’vj =1

Since the formulation of the BLP problem only allows for
inequalities, we rewrite the equality above as follows:

Z Xtoy < 1 1)
1<j<k
—Xtp; < 1 (2)
1<j<k

The left-hand sides of these inequalities make up the block
T2L in the matrix M, and the right-hand sides form the block
T2R of vector d.

The block T2L is a matrix with rectangular sub-blocks
across its diagonal, as can be seen in detail in Figure 1(right).
Each such sub-block corresponds to a tweakable; the height
of each sub-block is always 2 (to represent the values 1 and
—1 in the right-hand side parts of the inequalities (1)—(2)),
and the width of a sub-block matches the number of possible
values for the corresponding tweakable.

Again, to represent the values 1 and —1 occurring in the
inequalities (1)—(2), the block T2R of vector d consists of
alternating values 1 and —1.

The remaining variables in x do not appear in the inequal-
ities (1)—(2); this is represented by the blocks N1 and N2, both
of which are matrices with only zero values.
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C1: “raise” variables. The process of minimizing the ob-
jective function p”x in the BLP setting must be equivalent
to the process of maximizing the preferability of the design
choice in the SPEc-DEC-OPT setting. The optimal value is de-
pendent on the exact set of issues raised by the design choice;
this fact is encoded in the block C1 of vector x. This block
is comprised of Boolean “raise” variables ry,...r|c| € {0,1},
such that the value of a “raise” variable r; is 1 if and only if

the issue ¢; is raised by the design choice Sy:
=

®)

This encodes the design choice and the information neces-
sary to determine its preferability.

ci € ¥s, ri=1

Example 3.4. The specification from Example 2.4 can be
represented as follows in the BLP setting:

Xt1,0true
1 1 0 0 00 Xt 0ptee 1
-1 -1 0 0 0 0 Xty 000 -1
0 0 1 1 0 0 Xtpore | < | 1
0 0 -1 -1 0 0 rno | -1
r2

Note that blocks N2, C2L, Z, and C2R have been so far omitted,
and will be given later in Example 3.5. O

C2L, Z, C2R: raising of issues. These blocks specify the
machinery of equation (3).

In the simplest case, issue c; is raised unconditionally'
when some tweakable ¢ has value v. In terms of (3), this
means that r; = 1 = x;,, where x;, is a “base” variable
introduced in the block T1. This equality can be represented
by two linear inequalities:

Xt t+1i <0
Xeo—Ti <0

The corresponding entries in the block C2R will be thus
0, and the corresponding vectors in the block C2L will be
(=154~ Tand (-, 1,0 5 -7 re-
spectively.

Similarly, when issue ¢; is raised unconditionally when
t # v, we can constrain variables r; and x; , to be unequal:

—Xpp— 1 < -1
Xeptri <1

The non-trivial case is when an issue is raised conditionally.
A given issue may be raised in various tweakables under
various conditions and their machinery needs to expressed
as a compound Boolean expression, which will in its turn be
encoded as linear constraints in the blocks C2L, Z, and C2R.

5In the Records & Tuples proposal, it is common for an issue to be only
mentioned in a single raise-statement corresponding to a single value of a
single tweakable, without any additional conditions for its activation.
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)
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Figure 1. (left) Blocks in the matrix M and vectors x and d in the instance of the BLP problem, constructed from an instance
of the SpEc-DEc-OpPT problem. (right) Elements of the constructed blocks. Square placeholders represent integer values from
the set {—1,0, 1}, and circle placeholders represent the decision vector’s elements from the set {0, 1}.

For each tweakable t € T with cases vy : Ay, ..., 0x : Ag,
and issue ¢ € C, we define a set
(t,c) ={(vi,b;) | (bi > ¢c) € A;, 1<i<k}

that reflects the correspondence of a tweakable’s value and
the Boolean proposition in the respective issue activation.
For an issue ¢ € C, we can now define a Boolean proposition
Y. that will be true if and only if the issue c is raised for some
value v of some tweakable t € T:

ge=\/ ((t=0)Ab).
teT
(o,b) €ll(t,c)

Note that this equation is defined in terms of tweakables
and their values and issue activations. To incorporate such
propositions into the matrix M and vectors x and d, each .
must be expressed in terms of “base” variables x; ,. We denote
this by . (x), and—reformulating equation (3)—require that

Yo, (x) = 1

We explain now how a Boolean expression of the form
Y. can be represented using linear constraints. In addition
to “base” variables x;, and “raise” variables r;, it becomes
necessary to introduce additional variables in the decision
vector x; this will be done in the block Z.

=4 ri=1

]tlzo" ’t3=0"

Figure 2. Example of the structure of the formula ¢ = (¢; =
o' A=ty =0")V (t; =0"" V ty =0""") represented as a tree.
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The construction proceeds inductively on the structure
of a Boolean expression. Consider its tree representation
(an example is shown in Figure 2): the root represents the
entire expression, the leaves represent clauses of the form
t = v (note that “base” variables x;, correspond to these
clauses), and each internal node represents a disjunction, a
conjunction, or a negation. To model these operations, we
introduce new variables in the block Z and constrain them to
match the Boolean value of the subexpression they represent.
Constraining given Boolean variables with inequalities to
ensure that they behave like Boolean operators can be done
in a well-known manner [13].

For a disjunction of the form ¥, ve, = V¢, V Ye,, and “raise”
variables ry, r; € {0, 1}, such that

Ve, (x) =1
Ve, (x) =11

we introduce a new variable z € {0, 1} and constrain it as
follows:

S =1

S rp=1,

ri -z<0
rz—ZSO

—-r-r;+z<0

This ensures that ¢, v, (x) = 1if and only if z = 1.

The encoding of conjunction and negation can be done in
similar manner [13]. Performing the described construction
for every issue and raise condition allows us to fully incor-
porate the connections between the design choice and all
raised issues.

Objective function. We can now define the coefficient
vector p € R" used in the objective function p”x. We set
the j-th element of p to the weight w(c;) of the issue ¢; if
the value of the j-th element of x is r; (that is, if the issue
c; is eventually raised). In all other cases, we set the j-th
element of p to 0. This gives us the following definition of
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the objective function:

(=3

=]l
—

plx=(0 w(c) w(ciep)

el

(=]

The resulting sum exactly matches the additive inverse of
the preferability of the design choice:

IC]

pTx = Z w(c;)ri = =0 (Sx),
i=1

and, since the BLP problem is a minimization problem, an
optimal solution for a BLP instance results in a design choice
Sy of maximal preferability, as desired.

Polynomial reduction. We have thus presented the re-
duction of SpEc-DEc-OPT to BLP. It remains to establish that
this reduction can be done in polynomial time.

Indeed, for any given design template, the number of “base”
(block T1) and “raise” (block C1) variables is bounded by
|T| - |[V| +|C|. Constructing the blocks T2L and T2R requires
adding two constraints per tweakable, and the constraints
only employ “base” variables. Thus, the construction of the
blocks T2L,N1,N2, T1, C1, and T2R can be done in polynomial
time. The construction of the blocks C2L, Z, and C2R is highly
dependent on the structure of raise conditions and individual
issue activations. More precisely, the number of raised con-
ditions and their complexity are bounded by the number of
issues and complexity of issue activations, respectively. The
number of logical operators per raise condition is bounded
by the length of the condition expression itself, and stepping
through them can be done with a depth-first approach. The
amount of variables and constraints that need to be added
per logical operator is constant. Constructing the coefficient
vector p is bounded by the number of variables. This means
that the entire process is a polynomial reduction.

We now showcase the described construction.

Example 3.5 (cf. Ex. 3.4 and Ex. 2.4). For the two issues ¢;
and ¢y, we define:

17001 = (tl = Z)fa]se)
7#02 = (ty = Vfalse A t1 = Vtrue)

Here we need to constrain the “base” variables to ensure that
the “raise” variable r; matches x;, fa1se and the “raise” variable
r, matches the conjunction of xy, faise and x;, trye. This gives
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us the following instance of the BLP problem:
1 1 0 0 0 0 1

1 -1 0 0 0 0 1
0 0 1 1 o0 off mane 1
0 0 -1 -1 0 ol o] [_q
0 1 0 0 -1 o<l o
0 -1 0 0 1 o] e 0
1t o o 1 o -1ff ™ 1
o 0 o0 -1 o 1|\ ™ 0

1 0 0 0 0 1 0

with the vector p defined as p’ = (0,0,0,0, w(cy), w(cz)).
O

3.3 Dealing with Uncertainty

In the SPEC-DEC-OPT problem, one reasonable assumption is
that a language designer cannot precisely specify the value
of an issue severity, but is still able to specify a range for
that value. One can then employ robust optimization tech-
niques [14] that consider the most extreme parameter de-
viations, ensuring that the solution remains optimal (feasi-
ble) under all potential outcomes. One of such techniques is
the interval form of uncertainty [15], where the worst-case
scenario involves considering extreme values (i.e., the small-
est lower bound value or the largest upper bound value)
to test the robustness of the solution. Under yet another
assumption—that a language designer is only able to spec-
ify a set of values for severity of an issue (rather than an
exact value)—we can use scenario-based optimization tech-
niques [14]. In such a setting, one considers multiple poten-
tial scenarios of uncertain parameters (in our case: severity
values), optimizing the solution across these scenarios to
minimize risk and ensure good performance on average or
in the worst case.

4 Implementation

The DSL has been implemented using language workbench
Langium [16]. In addition to the out-of-the-box functional-
ity, the VSCode extension performs validation of DSL code,
and reports corresponding errors and warnings (e.g., every
tweakable must specify its default value, a condition must
not reference itself, issues and conditions should not be un-
used, and so on).

Based on a DSL specification, the extension generates
an interactive webpage that allows a language designer to
experiment with the design space and observe the issues
raised based on their design decisions. The user can ascribe
weights to issues and automatically formulate an instance
of BLP, which is solved by the SCIP solver [11] using the
PySCIPOpt framework [12]. The solver uses a combination
of different techniques, such as branch-and-cut, heuristics,
Benders’ decomposition [10, 11], to find optimal solutions
to the BLP instance. These are then translated back to the
design space and shown to the user.
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The implementation is available at https://github.com/
bldl/jspl.

5 Case Study

The design space of the ECMAScript Records & Tuples pro-
posal [7] focuses on several aspects: zero values and their
representations, equality testing (discussed in Section 2.2),
type checking, object and collection behaviour, and wrapper
operations. The individual design points (tweakables) and
issues are summarized'® in Tables 1 and 2.

Consider a visualization of the dependencies between
tweakables in Figure 3. There are two branching points:
tweakables t17 and t; are both high out-degree nodes and
represent critical—and potentially contentious—design points
that significantly affect the overall design. Tweakables t14
and ty4 are isolated from the rest of the design—as they are
the only non-fixed tweakables dealing with NaN values in
tuples.

Figure 3. Dependencies between tweakables in Table 1.

Ascribing weight 1 to every issue, we have formulated an
instance of the SPEc-Dec-OpT problem. The corresponding
BLP instance has 94 variables and 151 constraints, and any
optimal solution has at least 3 issues: {c1, ¢7, ¢11}, {c1, €7, €15},
{c1, e, c16}, {1, ¢, 11}, {c1, ¢, c15}, or {c1,cs,¢16}. It is in-
teresting to observe that issue c; is raised if Box is not
defined (“undefined”)—this is decided in the contentious
tweakable t5;, which affects several tweakables. Those de-
pendent tweakables in their turn raise other issues if Box
is defined (“function”). Moreover, defining Box raises is-
sue ¢;3—which claims that the complexity of the language
becomes increased—and the optimizer essentially “avoids”
adding additional complexity to the language by preferring
to keep Box undefined (and thus raising issue c1).

Running the SCIP solver on this instance takes less than
20 ms on a Dell XPS 15 9570 machine (CPU: i5-8300H, RAM:
16 GB). We have experimentally formulated an instance of
Spec-DEc-OpT with 1000 tweakables; the corresponding BLP
instance was solved within 2.18 s by the SCIP solver.

16The complete specification of this proposal in our DSL is available at https:
//github.com/bldl/jspl/blob/main/examples/in/records_and_tuples.jspl.
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6 Related Work

Using of mathematical optimization approaches, such as
linear programming and constraint solving techniques, in
implementation of programming languages and tooling for
them, is far from novel. While it is impossible to give an
exhaustive account for these use cases, we mention a few
examples. Kastner and Langenbach [17] formulate instruc-
tion scheduling and register allocation as an integer linear
program. Lozano et al. [18] discuss a similar setting in the
context of LLVM [19]. Horton [20] considers the applica-
tions of (pseudo-)Boolean optimization for register alloca-
tion. Pandi et al. [21] study a certain kind of type inference as
a joint optimization problem. Schenck et al. [22] use integer
linear programming in the context of array programming
language Futhark to find the minimum number of opera-
tions needed to transform an implicitly lifted expression into
a well-typed program. Siislii and Csallner [23] employ Z3
solvers to perform symbolic execution during partial evalua-
tion of JavaScript programs. Hague et al. [24] use Max-SAT
solvers for minification of CSS stylesheets in a semantic-
preserving way.

One can also speculatively imagine that many of the fea-
tures in Integrated Development Environments (IDE), such
as dependency resolution in plug-ins [25], can be presented
as constraint satisfaction problems, and thus implemented as
such. Dynamic layout adjustment in a projectional editor [26]
(i-e., reflowing elements when new AST nodes are inserted)
can be formulated in terms of a linear programming problem.
Code refactoring can be considered from an optimization
perspective: maximizing the refactoring benefit—be it re-
duced duplication or improved readability—for overlapping
refactorings can be formulated as a Maximum KNAPSACK or
a MAXIMUM INDEPENDENT SET problem.

While it is also possible to imagine the use of linear pro-
gramming in the process of software language design and
engineering (e.g., balancing the trade-off between expres-
siveness and simplificity, optimizing backward compatibility
decisions by modelling the impact of breaking changes), the
body of available literature seems very scarce. Gammaitoni
et al. [27] use SAT solvers for verification of language speci-
fications. We can tangentially mention Zhang et al. [28] who
modeled Rust ownership, lifetimes, and mutability rules as a
constraint-solving problem.

There is an extensive body of literature discussing soft-
ware language design and evolution [29]. Classical works by
Hoare [30], Brooks [31], McKeeman [32], and Wirth [33] set
the foundations of language design as a discipline. Meyer [34]
argues about the importance of aesthethics and elegance
in language design and evolution. Zaytsev [35] proposes
a language design toolkit to help software language de-
signers make more informed and intentional design deci-
sions. Coblenz et al. [36] advocate for an interdisciplinary
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tweakable name \ expression \ possible values
design space invariants (fixed tweakables)
t; | typeofArray typeof [] "object"
t; | typeofNan typeof NaN "number"
t3 | zeroTripleEqualsNegativZero +Q === -0 true
ty | zeroObjectIsNegativeZero Object.is(+0, -0) false
ts | arrayWithNegativeZeroIncludesZero [-0].includes(+0) true
ts | nanTripleEqualsNan NaN === NaN true
t; | nanObjectIsNan Object.is(NaN, NaN) true
ts | arrayWithNanIncludesNan [NaN].includes(NaN) true
ty | arrayWithZeroTripleEqualsArrayWithZero [0] === [0@] false
tio | tupleWithZeroTripleEqualsTupleWithZero #[0] === #[0] true
t11 | objectIsFrozenTupleWithZero Object.isFrozen(#[0]) true
individual design points (tweakables)

t12 | storeNegativeZero Object.is(#[-0].at(@), -0) | true | false
t13 | zerosAreTripleEqual #[+0] === #[-0] true | false
t14 | tupleNaNAreTripleEqual #[NaN] === #[NaN] true | false
t15 | tupleWithZeroObjectIsTupleWithNegativeZero | Object.is(#[+0], #[-0]) true | false
t1s | tupleWithNanObjectIsTupleWithNan Object.is(#[NaN], #[NaN]) true | false
t17 | typeofTuple typeof #[] "tuple" | "object"
t1ig | tupleWrappedInObjectTripleEqualsTuple Object(#[1) === #[] true | false
ti9 | addingTupleToWeakSetThrows new WeakSet().add(#[1) ShouldThrow or ShouldSucceed
ty | tupleAsArgumentOfNewProxyThrows new Proxy(#[1]) ShouldThrow or ShouldSucceed
ty1 | typeofBoxConstructor typeof Box "undefined" | "function"
tyy | typeofBoxInstance typeof Box() "box" | "object"
ty3 | typeOfTupleWithBox typeof #[Box()] "tuple" | "object"
s | boxConstructorWithPrimitives Box(42) ShouldThrow or ShouldSucceed
s | addingTuplesWithBoxesToWeakSets new WeakSet().add(#[Box()1) | ShouldThrow or ShouldSucceed
ty | tupleWithBoxAsArgumentForNewProxy new Proxy(#[Box()1) ShouldThrow or ShouldSucceed

Table 1. Summary of the design space of the ECMAScript Records & Tuples proposal.

approach to programming language design. Curtis [37], Ha-
nenberg [38], and Stefik et al. [39] discuss human factors in
language design. Ousterhout [40] argues that “the decision-
making process must be highly inclusive and it must allow
consesus to emerge”. Meyer [34] touches upon politics [41] of
language evolution. Izquierdo and Cabot [1] give an overview
of decision-making actors in the design and evolution of
C++, Go, Java, Kotlin, PHP, Python, R, and Scala. Keertipati
et al. [4] discuss in detail the decision-making process in
Python and the divergence between the normative and the
actual process. Sharma et al. [42] identify contentious top-
ics in Python evolution. Kaschesky and Riedl [43] discuss
the decision-making processes in Java evolution. Stroustrup
talks about the decision-making process in C++ [44].

7 Conclusion

To the best of our knowledge, our approach is one of the first
applications of linear programming methods to fine-grained
design of individual language features of widely adopted
programming languages.
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We presented a formal definition of a design template and
demonstrated its relevance and applicability by specifying
the design space of a non-trivial feature in a widely adopted
programming language. Again, to the best of our knowledge,
this definition is novel, and the transformation described in
Section 3 has not been previously explored in the literature.

The domain-specific language introduced in Section 2 cap-
tures language designer’s intent when trying to specify deci-
sion points arising in feature design. Our implementation is
an example of how tooling can support language design and
evolution [27, 45], and it enables involving a wide audience
of stakeholders in language evolution (cf. [36]).

One can also imagine that a specification in our DSL can
be used to generate a “sandbox” IDE for the language with
support of the proposal being defined. This tool, even if
limited to that proposal, can be used to preview various
design alternatives on existing codebases.

We note that a language design team can benefit from a
precise textual specification of the design space by employ-
ing, for example, version control tools such as diff to track
and compare language designs, collaborative editing tools to
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issue name

short description

c1 | withoutBox

¢y | typeofPowerfulObjectIsNotObject
c3 | validWeakValue

cy | weakSetlLeak

cs | slotSensitiveTypeof

c¢ | confusingTypeof

c; | objectWrappers

cs | objectWrapperInconsistency

c9 | noBoxesInWeakSets

shifting object storage complexity to external patterns and APIs
security risk from unexpected typeof behavior

introduce inconsistency to WeakSet storage rules

potential for silent memory leaks

confusing typeof behavior based on contents

inconsistent typeof distinctions in tuples

unexpected behavior when comparing tuples wrapped in objects
tuple object identity and cross-realm prototype linkage
performance limitations due to WeakMap restrictions

checking for a value to not equal itself is used as check for NaN
loss of negative zero preservation

ci10 | unequalTupleNan

ci11 | noNegativeZero

c12 | impossibleEqualityOfZeros

c13 | observableDifferentButIsEqual
c14 | nanNotIsNan

c15 | canNotAlwaysIntern

ci¢ | zerosNotTripleEqual

c17 | storingPrimitiveInBox

c1g | noPrimitivesInBox

ci19 | recordProxies

Coo | proxyThrowTypeofObject

cy1 | differenceBetweenEqualityForTypeofObject
coo | boxType

co3 | objectsDontHaveWrappers

Coq | tuplePrototypeEquality

tuple equality inconsistency for zero values
weakened guarantees of Object.is semantics
inconsistencies in NaN equality semantics
interning limitations for performance optimization
unexpected behavior of ===

complexity shift in Box usage

ergonomic challenges in Box construction
limited utility of record proxies

proxy constructor usability concerns
discrepancy in equality for object-like values
increased language complexity with Box type
redundant ToObject operation for objects
tuple prototype inconsistency across realms

Table 2. Summary of the issues in the design space of the ECMAScript Records & Tuples proposal.

evolve a specification, and various formal analyses to reason
about a given design [27].

Solving the corresponding optimization problem allows
the language design team to identify situations when no
“perfect solution”—one with zero issues—exists. Using our
approach, it is possible to identify the core parts of the design
that have the most influence over the rest of the design—and
this allows a language design team to focus on those. Indeed,
if consensus could be made on one of those parts, it would
help reduce the design space left to keep exploring.

Tweakables with only one possible value (cf. Table 1) can
be considered as language design invariants (cf. [46]); they
should be adhered to when new language features are de-
signed. It is possible to imagine an extension of our DSL
that supports importing specifications, thus reusing already
defined fixed tweakables in multiple proposal specifications.

Impact

At its April 2025 plenary meeting!’, the TC39 committee
decided to withdraw the Records & Tuples proposal. Our
approach demonstrated that no solution could satisfy all
design requirements, and, with no viable path to resolve
these issues, withdrawal became the necessary outcome.

Thttps://github.com/tc39/notes/blob/main/meetings/2025-04/april-14.md
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A Appendix: Proof of Theorem 3.3
The proof is by reduction of SAT to SpEc-DEc-OPT.

BOOLEAN SATISFIABILITY PROBLEM (SAT) [47]:
Does a given Boolean formula ¢ over atomic vari-
ables have a satisfying variable assignment?

We demonstrate how an arbitrary Boolean formula can be
translated to an instance of SPEc-DEc-OpT, and show that
an optimal design choice for this instance can be used to
determine whether or not the original formula is satisfiable.

Consider a Boolean formula ¢ over the variables {x1, . .

For each variable x;, construct a tweakable t; with two
possible values true and false and expression O (which is
irrelevant for the construction):

tj == select O of
case true: @
case false: @
We define an issue ¢ and a tweakable ts47 as follows:
tsar == select O of

case true: {-b, = c}

Here Boolean expression b,, is constructed by replacing each
variable x; in the original formula ¢ with a term (t; = true).
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Now an instance of SPEC-DEC-OPT can be defined by a
tuple (C, A, T), where the set of issues is C = {c}, the set of
issue activationsis A = {=b, = c}, and the set of tweakables
is T = {tsaT, t1, .. ., t;}. We set the weight of the only issue ¢
to be 1, that is, the severity ascription is w(c) = 1.

Assume we have a solution to this instance of SpEc-DEc-
OrT and S is an optimal design choice. We can define an
interpretation Is such that Is(x;) = 1 if and only if S(#;) =
true. We now need to establish that

Is(p) =1 ow(S) =0

Assume ¢ is satisfiable. By construction, there exists a
design choice S’ for which b,, is evaluated to true. For §’, the
issue activation (—b, = c) is not activated and the issue ¢
is not raised. Hence, the optimal preferability is ¢,,(S") = 0.
Since S is also an optimal solution, this means that ,,(S) =
ow(S") = 0. We can also establish that Is(¢) = 1.

If ¢ is unsatisfiable, then Is(¢) = 0 and the value of b,, is
false. Hence, the issue activation (-b, = c) is activated and
the issue ¢ is raised in the design choice S. Thus, 0,,(S) =
-w(c) = -1

Thus, determining whether ¢ is satisfiable can be done by
constructing an interpretation Is and checking whether or
not it satisfies ¢.

It remains now to establish that the reduction takes poly-
nomial time. Indeed, constructing tweakables t1, .. ., t, takes
a constant amount of operations. Constructing the expres-
sion b, is done by stepping through ¢ in polynomial time.

Thus, SAT <, SPEc-DEC-OPT.

Note that SAT is a decision problem, whereas SPEc-DEc-
Orrt is an optimization problem. In the reduction, we demon-
strated that the corresponding decision version of SPEC-DEC-
Opt—namely, finding a design choice that raises no issues—can
solve SAT. Because SAT is NP-hard [47], and since optimiza-
tion problems are always at least as hard as their correspond-
ing decision problems, SPEc-DEc-OPT is NP-hard. O

¢ is satisfiable & =
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