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Rank-2 polymorphism, when combined with type-class-constrained arguments, enables powerful abstractions

and code reuse by allowing functions to accept arguments that are themselves ad-hoc polymorphic. Optimizing

compilers like the Glasgow Haskell Compiler (GHC) use techniques like class-dictionary specialization and

inlining for optimization. However, these techniques can falter when the rank-2 polymorphic functions are

recursive. Specializing the polymorphic arguments of recursive rank-2 polymorphic function applications

requires inlining the applied function to expose type and dictionary applications to the arguments, but the

compiler’s heuristic-driven inliner is reluctant to inline recursive functions, risking non-termination during

compilation. This stalemate causes recursive rank-2 polymorphic functions to remain un-optimized and be

left with a runtime penalty. Within the Haskell ecosystem, we identify this stalemate within three widely used

libraries: the Scrap Your Boilerplate (SYB) and SYB With Class (SYB3) generic-programming libraries, and a

fragment of the lens optics library. In these libraries, the combination of rank-2 polymorphism, type-class

constraints and recursion is central to their implementation.

In this paper, we present a new optimization technique that breaks this stalemate and enables class-dictionary

specialization with recursive rank-2 polymorphic functions. We introduce a partial evaluator that strategically

applies the standard transformations of inlining, 𝛽-reduction and memoization to applications of rank-2

polymorphic functions that are partially static, i.e., whose arguments have some information known statically.

This process exposes applications of its polymorphic arguments onto concrete types and dictionaries, which

can be specialized by the standard compiler optimization pipeline. Additionally, we introduce type-constant

folding to evaluate run-time type-equality tests statically, further leveraging static type information gained

from partial evaluation. We implement our technique as a GHC plugin and demonstrate its effectiveness by

resolving the performance bottlenecks in the aforementioned Haskell libraries. On SYB and SYB3 traversals,

our technique achieves speedups of 43× on average (up to 155×) and 6.1× on average (up to 9.5×), respectively,
matching the performance of their hand-written counterparts. On the fragment of the lens library containing

the identified slowdowns, our technique achieves speedups of 1.6× on average (up to 2.1×).
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1 Introduction
The tension between abstraction and performance is a perennial challenge in language and compiler

design. High-level abstractions promote code reuse, modularity and concision, but can introduce
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run-time overhead that is difficult for compilers to eliminate. Rank-2 polymorphism [36] is a

prime example of such an abstraction. (Rank-2 polymorphic functions are functions that receive

polymorphic arguments.) Coupled with type classes, rank-2 polymorphism enables expressive

designs such as the Scrap Your Boilerplate (SYB) library [33, 34], the primary motivation behind our

work. SYB is one of Haskell’s most widely used and enduring generic-programming systems. SYB

defines rank-2 polymorphic combinators for writing generic traversals concisely, freeing developers

from the drudgery of writing repetitive “boilerplate” code. Its conceptual simplicity, ease of use and

strong support from the Glasgow Haskell Compiler (GHC) [17] led to its widespread adoption, with

over 97% (over 16,000) of all packages on the Hackage archive [24] directly or indirectly depending

on it (October 2025). A particular appeal of SYB is its improvements in ergonomics for writing

traversals. One of our benchmarks (§5) uses 118 Source Lines of Code (SLoC) to implement by hand,

whereas SYB allows us to implement it with just 4 SLoC.

Despite their conceptual elegance, recursive rank-2 polymorphic functions can be slow because

standard optimization techniques can be ineffective in their presence. The root of the problem is an

optimization “roadblock” inherent to the compilation of recursive rank-2 polymorphic functions.

Compilers like GHC specialize (ad-hoc) polymorphic functions by creating type- and dictionary-

specific instances, eliminating overhead caused by class-dictionary passing [26] and enabling further

downstream optimizations. However, suppose the compiler is trying to optimize the expression f x
where x is (ad-hoc) polymorphic and f is rank-2 polymorphic and recursive. (1) To specialize x , the
compiler must expose type and dictionary arguments to x , such as by inlining [28] f . However,
(2) inlining f is precisely what the compiler refuses to do because f is recursive, and unrestricted

inlining of recursive functions risks infinite loops during compilation and code bloat [28].

The result is a stalemate: specialization demands inlining, but inlining is avoided in (loop-

breaking) recursive functions. This stalemate leaves the expensive abstractions, like class-dictionary

passing, higher-order function calls and polymorphic dispatch, intact in the compiled code. For these

reasons, SYB is one of the slowest generic-programming libraries with documented slowdowns

of one to two orders of magnitude [1–3, 6, 7, 39, 53, 58, 60, 61], and attempts to coerce GHC

to aggressively perform general-purpose optimizations on SYB traversals have proven largely

ineffective [39]. Beyond SYB, we have also identified this optimization “roadblock” in the Scrap

Your Boilerplate With Class (SYB3) generic-programming library, the main variant of SYB, and

a fragment of the popular lens optics library [32]. (On the Hackage archive, lens is one of the

most-downloaded packages with over 420,000 downloads in total. For comparison, SYB has been

downloaded approximately 340,000 times (October 2025).)

Previous attempts to optimize rank-2 polymorphic libraries like SYB have treated it as a domain-

specific problem, targeting library-specific patterns instead of rank-2 polymorphism generally.

Adams et al. [2, 3] developed a technique that applies transformations to SYB traversals to eliminate

what the authors call “undesirable types” that are used by SYB combinators. While effective, this

approach is brittle and coupled to the specifics of the SYB library. As examples, merely changing

the names of the type classes used by SYB causes this technique to fail, and this technique does

not work with SYB variants like SYB3. Its reliance on HERMIT [13, 52] means it no longer runs on

programs built using modern versions of GHC. (As of October 2025, the latest version of GHC is

9.12.2, while HERMIT is supported by GHC versions only up to 7.10.3.) Private communication

with Adams et al. also reveals that the optimization itself is slow, increasing compilation times

drastically (compiling a relatively small sized module with the optimization takes multiple seconds),
leaving it impractical for use on larger programs and integration into GHC.

In this paper, we resolve the optimization “roadblock” for rank-2 polymorphic functions. We

present a novel partial evaluator that strategically applies standard program transformations: inlin-

ing, 𝛽-reduction and memoization, targeting partially static applications of rank-2 polymorphic
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functions, which are applications of rank-2 polymorphic functions to arguments with some infor-

mation known statically. The resulting code instantiates applications of the (ad-hoc) polymorphic

arguments of rank-2 polymorphic functions with concrete type and dictionary arguments, revealing

opportunities for class-dictionary specialization. However, run-time type-equality tests are not opti-

mized by the compiler, despite the partial evaluator instantiating type-equality tests with statically

known types. Thus, we also introduce a new type-specialization pass that performs type-constant
folding to statically evaluate type-equality tests. Together with downstream optimization passes,

these can eliminate most, if not all, of the overhead that typically plagues such abstractions. Since

our optimization techniques perform only standard program transformations, they are simple to

implement and integrate into a compiler.

We demonstrate the efficacy and generality of this technique by applying it to all three aforemen-

tioned libraries impacted by this slowdown. Benchmarks show that on SYB and SYB3 traversals, our

technique completely eliminates their performance overhead, and transforms them into code that is

equivalent to their hand-written, non-generic counterparts. (In fact, GHC’s Common Subexpression

Elimination (CSE) pass sometimes merges them.) This results in speedups of 43× and 6.1× on

average (up to 155× and 9.5×) for SYB and SYB3 traversals, respectively, making their performance

indistinguishable from their hand-written equivalents. On the fragment of lens displaying the

optimization-resistant pattern, benchmarks show speedups of 1.63× on average (up to 2.14×) for
one of its modules. Our benchmarks also show that our naïvely implemented optimization plugin

incurs a 2–4× compilation time overhead (though each benchmark can still be compiled within

milliseconds). Better implementation and tighter integration of our optimizations into the GHC

compiler pipeline can likely reduce this overhead further.

The rest of this paper is organized as follows. §2 provides background on the optimization

stalemate inherent to recursive rank-2 polymorphic functions, using SYB as a concrete example.

§3 describes our partial evaluator that targets partially static applications of rank-2 polymorphic

functions. §4 describes our type-constant folding pass to evaluate run-time type-equality tests

statically. §5 shows benchmarks on SYB, SYB3 and lens, measuring the optimizations’ effects on

running time and compilation time. This paper ends with a discussion of our contributions (§6),

related work (§7) and conclusions (§8). All code in this paper is written in Haskell, and GHC Core,

one of GHC’s intermediate representations of Haskell. An artifact for this paper is available, and is

described in the Data-Availability Statement.

2 Scrap Your Boilerplate
SYB is a prime example of the optimization-resistant pattern which we optimize, and is the primary

motivation behind our work. In this section, we give an overview of SYB to identify causes of

slowdowns exhibited by this pattern, and reasons why GHC does not optimize them.

SYB is a generic-programming library for concisely expressing traversals to transform, query or

monadically transform deep data structures. These traversals are generic in that they work over

any data type. For instance, the function everywhere (mkT (+ (1 :: Int)) increments every integer

occurring in any data structure. The same definition can be reused unchanged to increment every

integer in a list of integers, a tree of integers or even a deep data structure representing companies

with employees having integer-valued salaries.

SYB traversals are supported by three key ingredients: (1) an alias which lifts the “interesting”

part of the traversal (which we call the traversal’s intent) into a function that can be applied to any

data type (§2.1), (2) a type class whose instances define how to “pass along” the traversal down to

subterms of the type (§2.2) and (3) a traversal scheme that defines how to recursively traverse data

structures (§2.3). Using these combinators, SYB traversals can be expressed concisely, dispensing

with the “boilerplate” characteristic of hand-written traversals. For example, the add function in
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import Data.Generics
add Int :: Int→ Int→ Int
add Int = (+)
add :: Int→ [Int] → [Int]
add k = everywhere (mkT (add Int k))

Fig. 1. An SYB traversal that performs
addition on every integer in a list of
integers.

ghci> mkT (add Int 1) 2
3
ghci> mkT (add Int 1) [2]
[2]

Fig. 2. Example use of mkT .

mkT :: ∀𝛼. ∀𝛽.
(Typeable 𝛼, Typeable 𝛽)
⇒ (𝛽 → 𝛽) → 𝛼 → 𝛼

mkT f = case cast f of
Nothing→ id
Just g → g

Fig. 3. Definition of mkT .

Fig. 1 is an SYB traversal which adds some integer k to every Int in a list. No part of add ’s definition
contains the typical “boilerplate” of traversing through the list, as list traversal is handled by the

SYB combinators everywhere and mkT . The intent of the traversal is add Int, which specifies the

essence of add : integer addition.

2.1 Type-Safe Casts, Typeable and Aliases
SYB exports combinators called aliases which lifts traversal intents into polymorphic functions.

When applied to an “interesting” data structure, the lifted function behaves as the original intent,

but when applied to a term of some other type, the lifted function defaults to some uninteresting

behavior. As an example, the alias mkT (short for make transformation) lifts a transformation on a

specific type into one that can be applied to any type. Given a transformation f :: 𝜏 → 𝜏 on a term

of some type 𝜏 , mkT f :: ∀𝛼. Typeable 𝛼 ⇒ 𝛼 → 𝛼 is a lifted function such that when applied to

an argument of type 𝜏 , mkT f behaves as f , and when applied to an argument of any other type,

mkT f behaves as the identity function id . In essence, mkT allows the intent of a transformation to

be applied to every subterm of a data structure, performing the actual transformation only when

applied to terms of the target type.

Fig. 2 shows an example execution ofmkT , where the add Int function is defined in Fig. 1. Although
add Int can be applied only to Ints, mkT (add Int k) can be applied to any type. As shown in Fig. 2,

applying this lifted function to integers performs addition, while applying it to a term of another

type, like lists, leaves the term unchanged.

The definition of mkT is shown in Fig. 3. The ability for aliases like mkT to lift functions into

polymorphic ones is supported by type-safe casts via the cast function, whose definition is shown

in Fig. 4. Type-safe casts are enabled by the Typeable type class, which defines how types can

have a term-level representation. The eqTypeRep function shown in Fig. 4 uses sameTypeRep to

test the equality of two type representations, generating a coercion witnessing the equality of two

types only when they have the same type representation. The coercion generated by eqTypeRep
is used by cast to cast its argument into the desired type. Although the definition of eqTypeRep
uses unsafeCoerce, its use here is type-safe since the coercion is produced only when the two type

arguments 𝛼 and 𝛽 are actually equal.

Finally, SYB also exports other aliases for generic transformations such as extT (short for extend
transformation), and aliases for generic queries and monadic transformations like mkQ and mkM.

These aliases all operate on the same principle of type-safe casts.

2.2 The Data Type Class
SYB uses Haskell’s Data type class, whose methods define how to “pass along” a traversal to the

immediate subterms of a data type. Fig. 5 shows an excerpt of the Data type class definition. The
gmapT method applies a transformation to the immediate subterms. The full Data definition also
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cast :: ∀𝛼. ∀𝛽. (Typeable 𝛼, Typeable 𝛽) ⇒ 𝛼 → Maybe 𝛽
cast x | Just HRefl← eqTypeRep t𝛼 t𝛽 = Just x

| otherwise = Nothing
where { t𝛼 = typeRep :: TypeRep 𝛼 ; t𝛽 = typeRep :: TypeRep 𝛽 }

eqTypeRep :: ∀𝜅1 . ∀𝜅2 . ∀(𝛼 :: 𝜅1). ∀(𝛽 :: 𝜅2). TypeRep 𝛼 → TypeRep 𝛽 → Maybe (𝛼 :∼∼: 𝛽)
eqTypeRep a b | sameTypeRep a b = Just (unsafeCoerce HRefl)

| otherwise = Nothing

sameTypeRep :: ∀𝜅1 . ∀𝜅2 . ∀(𝛼 :: 𝜅1). ∀(𝛽 :: 𝜅2). TypeRep 𝛼 → TypeRep 𝛽 → Bool
sameTypeRep a b = typeRepFingerprint a == typeRepFingerprint b

Fig. 4. Type-safe casts.

class Typeable 𝛼 ⇒ Data 𝛼 where

gmapT :: (∀𝛽. Data 𝛽 ⇒ 𝛽 → 𝛽) → 𝛼 → 𝛼

gfoldl :: ∀𝜒. (∀𝛿. ∀𝛽. Data 𝛿 ⇒
𝜒 (𝛿 → 𝛽) → 𝛿 → 𝜒 𝛽) →
(∀𝛾 . 𝛾 → 𝜒 𝛾) → 𝛼 → 𝜒 𝛼

Fig. 5. Data type class definition (excerpt).

instance Data Int where
gmapT f x = x

instance Data 𝛼 ⇒ Data [𝛼] where
gmapT f [] = []
gmapT f (x : xs) = f x : f xs

Fig. 6. Example handwritten Data instances.

consists of methods like gmapQ for queries and gmapM for monadic transformations, as well as

other combinators that behave similar to these.

Fig. 6 shows example hand-written instance definitions of Data for lists and Ints, each containing

definitions of gmapT . These combinators are not recursive, only applying the argument f to the

immediate subterms. The recursion seen in typical hand-written traversals are handled by SYB

traversal schemes, which we discuss in §2.3. Crucially, gmapT is rank-2 polymorphic, i.e., it receives

polymorphic functions as arguments. Rank-2 polymorphism is required for gmapT—the function
argument must itself be polymorphic so that it can be applied to the immediate subterms of

potentially different types. For example, in the Data type class instance definition for lists in Fig. 6,

the gmapT method receives f and applies it to both x of type 𝛼 and xs of type [𝛼].
Hand-writing Data instances for large data structures is tedious. Thus, SYB supports deriving

Data instances, which use default definitions (which we omit in Fig. 5 to save space) of gmapT .
These default definitions are expressed in terms of the gfoldl combinator, an abstraction of all of the

other combinators. The optimization techniques we present is agnostic towards a programmer’s

choice of giving explicit definitions of its combinators, or using the default definition of these

combinators expressed via a derived gfoldl.

2.3 Traversal Schemes
Finally, the SYB library exports traversal schemes that specify methods of recursively traversing data

structures. A typical traversal scheme for generic transformations is shown in Fig. 7: everywhere f
applies a transformation f on all subterms in a data structure in top-down fashion. The everywhere
traversal scheme produces generic traversals that can be applied to any data type with a Data
instance. Traversal schemes are also rank-2 polymorphic like gmapT , but in addition, they are

recursive since they traverse entire data structures. SYB also exports other traversal schemes that

expose different ways to recursively traverse data structures and for different purposes.
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everywhere :: (∀𝛽. Data 𝛽 ⇒ 𝛽 → 𝛽) → (∀𝛼. Data 𝛼 ⇒ 𝛼 → 𝛼)
everywhere f = let go = f ◦ gmapT go in go

Fig. 7. Definition of the everywhere traversal scheme.

2.4 Why Is SYB So Slow?
The slow performance of SYB traversals is frequently documented in the literature. Yakushev [58]

benchmarked three SYB functions, and found them to be 36, 52, and 69 times slower than hand-

written code. Chakravarty et al. [7] benchmarked SYB on three functions, finding them to be

45, 73, and 230 times slower than handwritten code. Brown and Sampson [6] developed a new

generic-programming library, Alloy, as SYB was too slow to meet their performance requirements,

and in their benchmarks found SYB to be 4 to 23 times slower than their own approach. Magalhães

et al. [39] report SYB performing between 3 and 20 times slower than handwritten code. Adams

and DuBuisson [1] developed Template Your Boilerplate, an implementation of SYB using Template

Haskell, and report SYB performing between 10 and nearly 100 times slower than handwritten

code. Sculthorpe et al. [53] benchmark SYB on two functions, finding it to be around 5 times slower

than handwritten code. Adams et al. [2, 3] ran SYB on seven benchmarks and found SYB to perform

between 5 and 70 times slower than handwritten code. Yallop [60, 61] developed an optimized

variant of SYB in MetaOCaml [30] that uses multi-stage programming, and found the direct SYB

port to OCaml to be up to 20 times slower than handwritten code. All of these papers conclude

that SYB is one of the slowest generic-programming libraries.

Yallop [60, 61] observes that the causes of slowdowns exhibited by SYB traversals can be largely

traced to (1) SYB testing for type equality at each subterm with aliases like mkT , (2) SYB using

polymorphic overloaded type class methods like gmapT , and (3) SYB making indirect calls through

arguments, not to statically known functions, as with everywhere and gmapT . For instance, the list
[1, 2, 3, 4, 5] contains only five integers to perform addition on, but it actually has a total of ten

subterms. This means that applying add k from Fig. 1 on this list involves ten calls to everywhere
(to be more specific, ten calls to the static-argument-transformed function go in the definition of

everywhere), ten calls to the overloaded gmapT involving dictionary lookup, and ten type-equality

tests invoked by mkT , just to perform addition on five integers.

GHC has thus far been unable to optimize SYB traversals. In our tests, GHC 9.4.8 attempts some

optimizations on SYB traversals but aborts quickly, while GHC 9.8.4 forgoes them entirely. To see

why, consider the add function from Fig. 1. Ideally, the GHC specializer [26] should specialize

add to [Int] to eliminate the overhead caused by class-dictionary passing and enable downstream

optimizations. To do so, everywhere must be inlined to expose the type and dictionary arguments to

mkT (add Int k) and gmapT . However, GHC hesitates to inline recursive functions like everywhere as
it risks non-termination during compilation [28]. The result is a stalemate—specialization demands

inlining, but inlining is avoided.

3 Partially Evaluating Partially Static Applications of Rank-2 Polymorphic Functions
To break the optimization stalemate caused by recursive rank-2 polymorphic functions, we introduce

an optimization technique that exposes applications of polymorphic arguments to concrete types

and dictionaries. This enables class-dictionary specialization and unlocks subsequent compiler

optimizations that would otherwise be blocked. Our optimization targets Haskell programs de-

sugared to GHC Core, equivalently, System 𝐹𝐶 [56]. We use this intermediate representation as the

basis for both our formalization and our implementation. An excerpt of the syntax of System 𝐹𝐶
is shown in Fig. 8. Continuing our running example, GHC de-sugars the add function from Fig. 1
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Binds

𝑏 ::= 𝑥 :: 𝜏 = 𝑒

Expressions

𝑒 ::= 𝑥 ⊲ Variable
| ℓ ⊲ Literal
| 𝐶 ⊲ Constructor
| Λ𝛼 :: 𝜅. 𝑒 ⊲ Type Abstraction
| 𝜆𝑥 :: 𝜏 . 𝑒 ⊲ Term Abstraction
| 𝑒 @𝜏 ⊲ Type Application
| 𝑒1 𝑒2 ⊲ Term Application
| let 𝑏 in 𝑒2 ⊲ Let Binding
| case 𝑒′ of 𝑝 → 𝑒 ⊲ Pattern Match
| 𝑒 ⊲ 𝛾 ⊲ Cast

Patterns

𝑝 ::= 𝐶 𝑥 :: 𝜏

Types

𝜏 ::= 𝛼 ⊲ Type Variables
| 𝑇 ⊲ Type Constant
| ∀𝛼 :: 𝜅. 𝜏 ⊲ Polymorphism
| 𝜏1 𝜏2 ⊲ Type-level Application

Kinds

𝜅 ::= ★ ⊲ Base kind
| 𝜅1 → 𝜅2 ⊲ Kind of Type Constructors
| 𝜏1 ∼𝜌 𝜏2 ⊲ Kind of Coercions

Coercions

𝛾 ::= refl 𝜏 ⊲ Coercion Reflexivity
| sym 𝛾 ⊲ Coercion Symmetry
| nthi 𝛾 ⊲ Coercion Decomposition
| 𝛾1 @ 𝛾2 ⊲ Coercion Instantiation
| 𝛾1 # 𝛾2 ⊲ Coercion Composition

Fig. 8. System 𝐹𝐶 syntax (excerpt). Overbars 𝑥 represent sequences 𝑥1, . . . , 𝑥𝑛 .

add = 𝜆k :: Int. everywhere (Λ𝛼. 𝜆d’ :: Data 𝛼. mkT @𝛼 @Int . . . (add Int k)) @[Int] (...)

Fig. 9. The add function from Fig. 1 de-sugared to System 𝐹𝐶 . The kind of type arguments and class-dictionary
terms are omitted for simplicity.

into the System 𝐹𝐶 function shown in Fig. 9 (we omit some parts of the function for simplicity). In

this section, we develop intuition behind our technique using our running example, then dive into

technical details in §3.1 to §3.5.

Rank-2 polymorphic functions can receive polymorphic functions to apply them to different

types. This allows more expressive designs but adds layers of indirection between polymorphic

functions and the types and dictionaries they are eventually applied to. As explained in §2.4, this

hides class-dictionary-specialization opportunities, particularly when the definition of the rank-2

polymorphic function is not unfolded due to recursion. The goal of our optimizer is thus to reveal

class-dictionary-specialization opportunities in the presence of recursion and rank-2 polymorphism.

Our approach to doing so is to, repeatedly, forcefully unfold rank-2 polymorphic functions and

simplify the resulting function application. However, blindly doing so on recursive functions leads to

the same non-terminating behavior that the GHC inliner avoids. To solve this, instead of simplifying

entire function applications, we selectively simplify only the portion of the function application

containing (1) the unfolded function being applied, (2) type and dictionary arguments, and (3)

the polymorphic function argument to specialize. In typical use-cases of rank-2 polymorphism,

the set of these is finite (we discuss situations when this is violated in §6). This allows us to deal

with recursion via memoization, which avoids unfolding and simplifying re-occurring expressions

that have already been optimized in previous iterations of transformations. As we soon show

via our running example, forcing inlining and simplification with memoization in this manner

has the effect of specializing polymorphic functions to finitely many types, generating a series of

type-specific mutually recursive functions. This is so that (1) the optimization pass terminates on

typical use-cases, and (2) all program transformations used by this optimization are standard and

easy to implement. Specifically, we use the inlining and simplification facilities of the GHC inliner

[28], and memoization is done via introducing let-bindings and performing let-floating on the

result, hoisting it to the broadest scope possible.
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The central challenge, therefore, is not how code is transformed, but instead, where the trans-
formations are applied. Clearly, given a rank-2 polymorphic function application, we inline the

function being applied, and simplify the function application up to the type and class-dictionary

arguments and the polymorphic function arguments. Crucially, transforming every such occurrence

may not yield significant results and only cause code bloat. Instead, we target rank-2 polymorphic

function applications that are partially static, i.e., have some information available at compile-time.

This is so that we transform only the occurrences that have tangible specialization opportunities

that downstream optimization passes can leverage.

However, as we soon show with our running example, targeting only rank-2 polymorphic func-

tions is insufficient. Class-dictionary-specialization opportunities are hidden when there are layers

of indirection between polymorphic functions and the dictionary arguments they are eventually

applied to. Rank-2 polymorphic functions can cause this, but so do (rank-1) functions that eventually

invoke rank-2 polymorphic functions. As such, our optimizer performs a transitive analysis to iden-

tify all functions that, when repeatedly optimized, eventually lead to a partially static application

of a rank-2 polymorphic function, our main optimization target. This ensures we uncover all latent

specialization opportunities within a call graph.

In summary, our optimization pass repeatedly performs iterations of the following procedure

until no more optimization targets are found:

(1) Identifying Optimization Targets (§3.2). Determine which expression(s) are optimization

targets. Optimization targets are partially static applications of rank-2 polymorphic functions,

and functions that, when transformed, eventually lead to another optimization target.

(2) Inlining (§3.3). In a target function application, unfold the definition of the function being

applied.

(3) Simplification (§3.4). Simplify the function application after inlining the applied function. For

System 𝐹𝐶 programs, this is just 𝛽-reduction.

(4) Memoization (§3.5). Place the simplified function application in a let-binding and let-float the
binding to the broadest possible scope. This has the same effect of a static-argument transfor-
mationwhich reduces overhead from allocating function closures, and memoizes transformed

expressions. Re-occurring optimization targets are replaced with its memoization.

In essence, our optimization pass is a partial evaluator [16, 27, 41]. We show how our partial

evaluator works by optimizing add in Fig. 9.

Iteration 1 (Demonstration of ProgramTransformations). The first argument to everywhere is
polymorphic, thus, an application of everywhere to a partially static first argument is an optimization

target. In the definition of add in Fig. 9, the first argument of the application of everywhere is a lambda

abstraction, considered partially static. Thus, we partially evaluate the function application by

inlining everywhere, simplifying the function application, and memoizing the simplified expression

by placing it in a let binding. These steps are illustrated in Fig. 10. For presentational reasons, we

perform the memoization first to clearly demarcate the expression we are targeting. In practice,

performing the memoization last has the same effect. To allow the memoized expression to be in

the broadest scope possible, we let-float the generated binding. Note that if we had required the

argument to everywhere to be completely static, we would be unable to identify any optimization

targets since k is a lambda-bound variable of add , thus, dynamic (not static).

Iterations 2–4 (Transitively Identifying Optimization Targets). The type of gmapT is:

∀𝛼. Data 𝛼 → (∀𝛽. Data 𝛽 → 𝛽 → 𝛽) → 𝛼 → 𝛼

The first two arguments are its type and dictionary arguments, respectively, and its third argument

is a polymorphic function. This suggests that an application of gmapT with a partially static third
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add = 𝜆k :: Int. everywhere (Λ𝛼. 𝜆d’ :: Data 𝛼. mkT @𝛼 @Int . . . (add Int k)) @[Int] (...)

Memoization: e let f 1 = e in f 1

add = 𝜆k :: Int. let f 1 = everywhere (Λ𝛼. 𝜆d’ :: Data 𝛼. mkT @𝛼 @Int . . . (add Int k))
in f 1 @[Int] (...)

Inlining: x := e ⊢ x e
everywhere := (𝜆f . Λ𝛽. 𝜆d . let go = Λ𝜙. 𝜆d’ . f @𝜙 d’ ◦ gmapT @𝜙 d’ go in go @𝛽 d)

add = 𝜆k :: Int. let f 1 = (𝜆f . Λ𝛽. 𝜆d . let go = Λ𝜙. 𝜆d’ . f @𝜙 d’ ◦ gmapT @𝜙 d’ go in go @𝛽 d)
(Λ𝛼. 𝜆d’ :: Data 𝛼. mkT @𝛼 @Int . . . (add Int k))

in f 1 @[Int] (...)
Simplification: (𝜆x . e) a e[a/x]
add = 𝜆k :: Int. let f 1 = Λ𝛽. 𝜆d . let go = Λ𝜙. 𝜆d’ . mkT @𝜙 @Int . . . (add Int k) ◦ gmapT @𝜙 d’ go

in go @𝛽 d
in f 1 @[Int] (...)

Fig. 10. One iteration of transformations on the application of everywhere in the definition of add from Fig. 9.

argument should be an optimization target. However, because gmapT is a class method, if the

dictionary argument to gmapT (the second argument) is unknown, inlining gmapT has no benefit.

Instead, we should consider an application of gmapT as an optimization target only if its dictionary

argument is also partially static.

If we had considered only rank-2 polymorphic functions as optimization targets, we would be

stuck. The program resulting from Iteration 1, shown in Fig. 10, has no optimization targets because

the dictionary argument of the application of gmapT is not partially static. However, notice that

based on the definition of go, applying go to a partially static second argument reveals a partially

static application of gmapT . To illustrate this, using a bullet • to stand in as “some partially static

term”, applying go to • as the second argument gives us the rightmost expression of the following

equivalence, which contains a partially static application of gmapT :

go _ • ≡ (Λ𝜙. 𝜆d’ . · · · ◦ gmapT @𝜙 d’ go) _ • ≡ · · · ◦ gmapT _ • go

In fact, f 1 should also be an optimization target when applied to a partially static second argument,

since partially evaluating that reveals a partially static application of go in its second argument:

f 1 _ • ≡ (Λ𝛽. 𝜆d . . . . go @𝛽 d) _ • ≡ . . . go _ •
Since the program resulting from Iteration 1 shown in Fig. 10 contains the function application

f 1 @[Int] (...), which is partially static in its second argument (the expression (...) is the Data
dictionary for [Int]), we perform the same transformations on f 1 @[Int] (...), illustrated as Iteration
2 in Fig. 11. As expected, doing so reveals a partially static application of go, which, again, we
partially evaluate, shown as Iteration 3 in Fig. 11. Note that for concision of our presentation we

inline f 2 and eliminate the dead let bindings of f 1 and f 2 before applying the usual transformations.

In practice, eliminating let bindings prematurely undoes the memoization and static-argument

transformation, and is avoided by our partial evaluator. These simplifications are instead left to the

GHC simplifier [28], which runs only after partial evaluation has completed.

Finally, Iteration 3 reveals a partially static application of gmapT , our main optimization target.

We partially evaluate this, as shown in Iteration 4 of Fig. 11. Notice that these iterations have

successfully revealed applications of mkT , go and gmapT to concrete types such as Int and [Int],
unlocking class-dictionary specialization opportunities.
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add = 𝜆k :: Int. let f 1 = Λ𝛽. 𝜆d . let go = Λ𝜙. 𝜆d’ . mkT @𝜙 @Int . . . (add Int k) ◦ gmapT @𝜙 d’ go
in go @𝛽 d

in f 1 @[Int] (...)
Iteration 2
add = 𝜆k :: Int. let f 1 = Λ𝛽. 𝜆d . let go = Λ𝜙. 𝜆d’ . mkT @𝜙 @Int . . . (add Int k) ◦ gmapT @𝜙 d’ go

in go @𝛽 d
f 2 = let go = Λ𝜙. 𝜆d’ . mkT @𝜙 @Int . . . (add Int k) ◦ gmapT @𝜙 d’ go

in go @[Int] (...)
in f 2

dead-let
elimination

inline

Cleanups (for presentation) + Iteration 3

add = 𝜆k :: Int. let go = Λ𝜙. 𝜆d’ . mkT @𝜙 @Int . . . (add Int k) ◦ gmapT @𝜙 d’ go
f 3 = mkT @[Int] @Int . . . (add Int k) ◦ gmapT @[Int] (...) go

in f 3
memoization for
go @[Int] (...)

Iteration 4

add = 𝜆k :: Int. let go = Λ𝜙. 𝜆d’ . mkT @𝜙 @Int . . . (add Int k) ◦ gmapT @𝜙 d’ go
f 3 = mkT @[Int] @Int . . . (add Int k) ◦ f 4
f 4 = 𝜆x . case x of { [] → []; y : ys→ go @Int (...) y : go @[Int] (...) ys }

in f 3
Iteration 5
add = 𝜆k :: Int. let go = Λ𝜙. 𝜆d’ . mkT @𝜙 @Int . . . (add Int k) ◦ gmapT @𝜙 d’ go

f 3 = mkT @[Int] @Int . . . (add Int k) ◦ f 4
f 4 = 𝜆x . case x of { [] → []; y : ys→ go @Int (...) y : f 3 ys }

in f 3

Fig. 11. Four more iterations of partial evaluation on the program produced in Fig. 10. Thick arrows indicate
transformations performed in each iteration. Some cleanups are performed before running Iteration 3 to
simplify the presentation.

In these iterations we have shown the conditions for when a function application should be

considered an optimization target. Essentially, if a function 𝑓 is polymorphic in its 𝑖th argument,

then an application of 𝑓 to a partially static 𝑖th argument (and dictionary argument, if any) is an

optimization target. Moreover, if applying a function 𝑓 to some specific partially static arguments

reveals a partially static application of another optimization target, then an application of 𝑓 to

those partially static arguments is also an optimization target.

Iteration 5 (Memoization). As shown in Fig. 11, Iteration 4 reveals two more partially static

applications of go. Since go is recursive and [Int] is a recursive data structure, as expected, f 4
also contains the expression go @[Int] (...) which we previously partially evaluated in Iteration 3.
Had we continued to transform this function application like we have done previously, we would

run into an infinite loop. Instead, since we have memoized the result of partially evaluating this

function application as f 3 which is in scope, we replace go @[Int] (...) with f 3, shown as Iteration 5
in Fig. 11. In essence, memoization allows us to optimize recursive functions without (necessarily)

running into non-termination.

Iterations 6–7. Partially evaluating the remaining partially static application of go from Fig. 11

and running one more iteration of partial evaluation yields the program shown in Fig. 12 (simplified

for presentation) where there are no more optimization targets. This is the final result of partial

evaluation, which is beginning to take on the structure of a hand-written, non-generic traversal!

Proc. ACM Program. Lang., Vol. 10, No. OOPSLA1, Article 119. Publication date: April 2026.



Class-Dictionary Specialization with Rank-2 Polymorphic Functions 119:11

add = 𝜆k :: Int. let f 3 = mkT @[Int] @Int . . . (add Int k) ◦ f 4
f 4 = 𝜆x . case x of { [] → []; (y : ys) → f 5 y : f 3 ys }
f 5 = mkT @Int @Int . . . (add Int k)

in f 3

Fig. 12. The (simplified) result of partially evaluating add from Fig. 9 to completion.

Definition/Binding Contexts: Σ ::= · ⊲ Empty context
| Σ, 𝑥 := 𝑒 ⊲ 𝑥 is defined as 𝑒
| Σ, bound(𝑥) ⊲ 𝑥 is bound to a 𝜆/Λ

Fig. 13. Definition/Binding contexts for keeping track of in-scope definitions and bound variables.

Rules 3.1: Partially Static Terms Γ; Σ ⊢ 𝑒 p.s.

(PS:Bullet)

Γ; Σ ⊢ • p.s.

(PS:Const)
𝑐 is a constant symbol

Γ; Σ ⊢ 𝑐 p.s.

(PS:App)
Γ; Σ ⊢ 𝑒1 p.s.

Γ; Σ ⊢ 𝑒1 𝑒2 p.s.

(PS:Lam)

Γ; Σ ⊢ 𝜆𝑥.𝑒 p.s.

(PS:Var)
Γ; Σ ⊢ 𝑥 := 𝑒 Γ; Σ ⊢ 𝑒 p.s.

Γ; Σ ⊢ 𝑥 p.s.

(PS:Let)
Γ, 𝑥 : 𝜏 ; Σ, 𝑥 := 𝑒 ⊢ 𝑒′ p.s.
Γ; Σ ⊢ let 𝑥 = 𝑒 in 𝑒′ p.s.

(PS:Cast)
Γ; Σ ⊢ 𝑒 p.s.

Γ; Σ ⊢ 𝑒 ⊲ 𝛾 p.s.

The rest of this section formally specifies each component of our partial evaluator.

3.1 Definition/Binding Contexts
Throughout the rest of this section, we use judgments of the form Γ; Σ ⊢ J . Γ represents typing

contexts and Σ represents definition/binding contexts of the form shown in Fig. 13. This is to

maintain access to the definitions of variables, useful for identifying optimization targets and

inlining.

3.2 Identifying Optimization Targets
3.2.1 Partially Static Terms. Rules 3.1 determine if a term is partially static. The judgment form

Γ; Σ ⊢ 𝑒 p.s. states that 𝑒 is partially static. The rules PS:Const and PS:Lam state that constant

symbols and lambda abstractions are always partially static, and the remaining rules describe how

terms can be partially static based on their subterms. For presentational reasons later, we define a

new constant symbol • to stand for “some partially static term”, which by the rule PS:Bullet states
that it is partially static. • is not a valid System 𝐹𝐶 term and will not appear in the transformed

programs, and is used only to decide whether a function is a target of optimization. Note that the

judgment Γ; Σ ⊢ 𝑥 := 𝑒 (e.g., in PS:Var) states that 𝑥 is defined as 𝑒 .

3.2.2 Cast-Insensitive Function-Application Decomposition. Casts (𝑒 ⊲ 𝛾 ) can obscure function appli-

cations. These occur primarily when types are declared with newtype. Since casts are “no-ops” and
do not affect runtime semantics, we introduce cast-insensitive function-application decomposition

operators to identify components of a function application. These operators are defined in Rules 3.2:

∥𝑒 ∥ obtains the number of arguments of 𝑒 (rules App-Size:Var and App-Size:App), fn(𝑒) obtains
the function being applied in 𝑒 (rules App-Fn:Var and App-Fn:App), and arg𝑖 (𝑒) obtains the 𝑖th
argument in 𝑒 (rules App-Arg:Left and App-Arg:This).
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Rules 3.2: Cast-Insensitive Function-Application Decomposition

(App-Size:Var)
𝑥 is a variable

∥𝑥 ∥ = 0

(App-Size:App)
∥𝑒 ∥ = 𝑛

∥ (𝑒 ⊲ 𝛾 ) 𝑒′ ∥ = 𝑛 + 1

(App-Fn:Var)
𝑥 is a variable

fn(𝑥 ) = 𝑥

(App-Fn:App)
fn(𝑒 ) = 𝑥

fn( (𝑒 ⊲ 𝛾 ) 𝑒′ ) = 𝑥

(App-Arg:Left)
∥𝑒 ∥ ≥ 𝑛 arg𝑛 (𝑒 ) = 𝑒′′

arg𝑛 ( (𝑒 ⊲ 𝛾 ) 𝑒′ ) = 𝑒′′

(App-Arg:This)
∥𝑒 ∥ = 𝑛 − 1

arg𝑛 ( (𝑒 ⊲ 𝛾 ) 𝑒′ ) = 𝑒′

Rules 3.3: Partially Static Function Applications Γ; Σ ⊢ 𝑒 ‡ 𝑓 ◁ 𝑆

(PSA)
fn(𝑒 ) = 𝑓 ∥𝑒 ∥ = 𝑛 ∅ ⊂ 𝑆 ⊆ [1, 𝑛] ∀𝑖 ∈ 𝑆. Γ; Σ ⊢ arg𝑖 (𝑒 ) p.s.

Γ; Σ ⊢ 𝑒 ‡ 𝑓 ◁ 𝑆

Rules 3.4: Partial-Evaluation Targets Γ; Σ ⊢ 𝑥 ↫ 𝐴

(Target:Rank-2-Fn)
Γ ⊢ 𝑥 : ∀𝛼.𝑖≥0 𝜏𝑖+1 → · · · → 𝜏 𝑗 → · · · → 𝜏𝑛 𝜏 𝑗 = ∀𝛼.𝜏 𝑗 < 𝑛 Σ ⊢ 𝑥 := 𝑒

Γ; Σ ⊢ 𝑥 ↫ { 𝑗 }

(Target:Rank-2-Class-Op)
Γ ⊢ 𝑥 : ∀𝛼.𝑖≥0 𝜏𝑖+1 → · · · → 𝜏 𝑗 → · · · → 𝜏𝑛 𝜏 𝑗 = ∀𝛼.𝜏 Σ ⊢ ClassOp(𝑥 ) 𝑖 + 1 < 𝑗 < 𝑛

Γ; Σ ⊢ 𝑥 ↫ {𝑖 + 1, 𝑗 }

(Target:Indirect)
Γ; Σ ⊢ 𝑥 := Λ𝛼. 𝜆𝑏𝑖 .

>0
𝑒 𝑒′ ⊴ 𝑒 Γ; Σ ⊢ 𝑓 ↫ 𝑆 Γ; Σ ⊬ 𝑒′ ‡ 𝑓 ◁ 𝑆 Γ; Σ ⊢ 𝑒′ [•/𝑏𝑖 | 𝑖 ∈ 𝐾 ] ‡ 𝑓 ◁ 𝑆

Γ; Σ ⊢ 𝑥 ↫ 𝐾

3.2.3 Partially Static Function Applications. We use the judgment form Γ; Σ ⊢ 𝑒 ‡ 𝑓 ◁ 𝑆 to state

that the expression 𝑒 is an application of the function symbol 𝑓 , such that for all 𝑖 in 𝑆 where 𝑆 is a

nonempty set of indices, the 𝑖th argument is partially static. These judgments are derived using the

PSA rule in Rules 3.3.

3.2.4 Partial-Evaluation Targets. Rules 3.4 shows rules for finding optimization targets, deriving

judgments of the form Γ; Σ ⊢ 𝑥 ↫ 𝐴 which states that an application of 𝑥 is an optimization target

when for all 𝑖 in 𝐴, the 𝑖th argument is partially static. The Target:Rank-2-Fn rule requires the 𝑖th

argument of a function application to be partially static if it is polymorphic. The Target:Rank-2-
Class-Op rule is similar, but additionally requires the dictionary argument to be partially static then

the function being applied is a class method (given by the judgment Σ ⊢ ClassOp(𝑓 )). Lastly, the
Target:Indirect rule makes a function 𝑓 an optimization target when applying it to some partially

static arguments reveals a partially static application of another optimization target (note that

𝑒′ ⊴ 𝑒 states that 𝑒′ occurs in/is a subexpression of 𝑒). Crucially, Target:Indirect requires that the
subexpression 𝑒′ is not already a partially static application of the target. If it is already, it can be

partially evaluated directly without invoking 𝑥 .

3.3 Inlining
Partial evaluation performs inlining, which replaces a variable with its definition, and is a standard

transformation that is also performed by the GHC simplifier [28]. We inline symbols in two ways,

hence two inlining judgments of the form Γ; Σ ⊢ 𝑒 ⇝𝜄 𝑒
′
and Γ; Σ ⊢ 𝑒 ⇝𝛿 𝑒

′
. The former is the

main inlining judgment which inlines the function symbol of a function application. The latter

Proc. ACM Program. Lang., Vol. 10, No. OOPSLA1, Article 119. Publication date: April 2026.



Class-Dictionary Specialization with Rank-2 Polymorphic Functions 119:13

Rules 3.5: Inlining Γ; Σ ⊢ 𝑒 ⇝𝜄 𝑒
′

(Inline:Fn)
Γ; Σ ⊢ 𝑓 := 𝑒

Γ; Σ ⊢ 𝑓 ⇝𝜄 𝑒

(Inline:App)
Γ; Σ ⊢ 𝑒 ⇝𝜄 𝑒

′

Γ; Σ ⊢ (𝑒 ⊲ 𝛾 ) 𝑒′′⇝𝜄 (𝑒′ ⊲ 𝛾 ) 𝑒′′

(Inline:Class-Op-App)
fn(𝑒 ) = 𝑓

Γ; Σ ⊢ ClassOp(𝑓 ) Γ; Σ ⊢ 𝑒′′ is the dictionary argument to 𝑓 Γ; Σ ⊢ 𝑒 ⇝𝜄 𝑒
′ Γ; Σ ⊢ 𝑒′′⇝𝛿 𝑒

′′′

Γ; Σ ⊢ (𝑒 ⊲ 𝛾 ) 𝑒′′⇝𝜄 (𝑒′ ⊲ 𝛾 ) 𝑒′′′

Rules 3.6: Inlining Dictionaries Γ; Σ ⊢ 𝑒 ⇝𝛿 𝑒
′

(Inline-Dict)
Γ; Σ ⊢ 𝑓 := 𝑒 Γ; Σ ⊢ DFun(𝑒 )

Γ; Σ ⊢ 𝑓 ⇝𝛿 𝑒

(Inline-Dict:Defn)
Γ; Σ ⊢ 𝑓 := 𝑒 Γ; Σ ⊢ 𝑒 ⇝𝛿 𝑒

′

Γ; Σ ⊢ 𝑓 ⇝𝛿 𝑒
′

(Inline-Dict:Abs)
Γ, 𝑥 : 𝜏 ; Σ, bound(𝑥 ) ⊢ 𝑒 ⇝𝛿 𝑒

′

Γ; Σ ⊢ 𝜆𝑥. 𝑒 ⇝𝛿 𝜆𝑥. 𝑒
′

(Inline-Dict:App-Fn)
Γ; Σ ⊢ 𝑒 ⇝𝛿 𝑒

′

Γ; Σ ⊢ 𝑒 𝑒′′⇝𝛿 𝑒
′ 𝑒′′

(Inline-Dict:Cast)
Γ; Σ ⊢ 𝑒 ⇝𝛿 𝑒

′

Γ; Σ ⊢ 𝑒 ⊲ 𝛾 ⇝𝛿 𝑒
′ ⊲ 𝛾

describes dictionary-argument inlining to reveal instance method definitions for partial evaluation

to continue. The effect of inlining and simplifying class methods and their dictionary arguments is

class-dictionary specialization [26].

The two sets of rules for inlining is shown in Rules 3.5 and Rules 3.6. Rules 3.5 state that the

function symbol of a function application, and its dictionary argument (if the function is a class

method) is inlined if its definition is in scope. Rules 3.6 describe the rules of inlining dictionary

arguments where the predicate DFun(𝑒) determines if 𝑒 is a function that constructs a class

dictionary. Dictionary arguments are inlined to the point where the instance method definitions

are exposed. Note that Rules 3.6 do not recursively inline dictionary arguments until the dictionary

is fully elaborated, since this process neither terminates on recursive/undecidable instances nor is

necessary for optimization. All of these rules change variable names to avoid name capture.

3.4 Simplification
Since System 𝐹𝐶 is a typed lambda calculus, terms are simplified via 𝛽-reduction 𝑒 ⇝𝛽 𝑒

′
. The rules

for 𝛽-reduction is given in Rules 3.7 (which define reduction of subterms) and Rules 3.8 (which

define how function applications, casts, case expressions and let bindings are evaluated). These

rules are not new and are taken from the operational semantics of System 𝐹𝐶 as implemented in

GHC [11]. We show these rules here to discuss its key aspects. Though the rules we present are

extensive, implementing simplification in GHC is actually straightforward.

3.4.1 Cast Elimination. Although casts hide optimization targets, the simplification phase can

eliminate as many casts in a type-safe manner as possible via the rules Simp:Trans-Cast, Simp:Let-
Float-Cast and Simp:Case-Float-Cast, which groups casts together into a single coercion so that

Simp:Rfl-Cast can drop reflexive casts.

3.4.2 A Note on Substitutions. Our version of 𝛽-reduction differs slightly from the form of 𝛽-

reduction used by the GHC simplifier [28], where evaluating a function application produces

a let binding that binds the parameter to the argument. The GHC simplifier does this to avoid

duplicating expensive work, inlining the introduced definition of the variable only when there is

no work duplication and/or the argument is inexpensive to evaluate. On the other hand, our partial

evaluator performs substitution regardless of the number of occurrences of the bound variable in
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Rules 3.7: Simplification (I) 𝑒 ⇝𝛽 𝑒
′

(Simp:Abs-Body)
𝑒 ⇝𝛽 𝑒

′

𝜆𝑥 :: 𝜏 .𝑒 ⇝𝛽 𝜆𝑥 :: 𝜏 .𝑒′

(Simp:Ty-Abs-Body)
𝑒 ⇝𝛽 𝑒

′

Λ𝛼 :: 𝜅.𝑒 ⇝𝛽 Λ𝛼 :: 𝜅.𝑒′

(Simp:App-Fn)
𝑒 ⇝𝛽 𝑒

′

𝑒 𝑒′′⇝𝛽 𝑒
′ 𝑒′′

(Simp:App-Arg)
𝑒 ⇝𝛽 𝑒

′

𝑒′′ 𝑒 ⇝𝛽 𝑒
′′ 𝑒′

(Simp:App-Ty-Arg)
𝑒 ⇝𝛽 𝑒

′

𝑒 𝜏 ⇝𝛽 𝑒
′ 𝜏

(Simp:Cast)
𝑒 ⇝𝛽 𝑒

′

𝑒 ⊲ 𝛾 ⇝𝛽 𝑒
′ ⊲ 𝛾

(Simp:Let-Expr)
𝑒 ⇝𝛽 𝑒

′

let 𝑏 in 𝑒 ⇝𝛽 let 𝑏 in 𝑒′

(Simp:Let-Bind)
𝑒𝑖 ⇝𝛽 𝑒

′
𝑖

let 𝑥𝑖 :: 𝜏𝑖 = 𝑒𝑖 in 𝑒 ⇝𝛽 let 𝑥𝑖 :: 𝜏𝑖 = 𝑒′𝑖 in 𝑒

(Simp:Case-Scr)
𝑒 ⇝𝛽 𝑒

′

case 𝑒 of 𝑝𝑖 → 𝑒𝑖 ⇝𝛽 case 𝑒′ of 𝑝𝑖 → 𝑒𝑖

(Simp:Case-Alt)
𝑒𝑖 ⇝𝛽 𝑒

′
𝑖

case 𝑒 of 𝑝𝑖 → 𝑒𝑖 ⇝𝛽 case 𝑒 of 𝑝𝑖 → 𝑒′
𝑖

Rules 3.8: Simplification (II) 𝑒 ⇝𝛽 𝑒
′

(Simp:Abs)

(𝜆𝑥 :: 𝜏 . 𝑒1 ) 𝑒2 ⇝𝛽 𝑒1 [𝑒2/𝑥 ]

(Simp:Ty-Abs)

(Λ𝛼 :: 𝜅. 𝑒 ) 𝜏 ⇝𝛽 𝑒 [𝜏/𝛼 ]

(Simp:Rfl-Cast)
𝛾 :: 𝜏 ∼𝜌 𝜏

𝑒 ⊲ 𝛾 ⇝𝛽 𝑒

(Simp:Trans-Cast)

(𝑒 ⊲ 𝛾1 ) ⊲ 𝛾2 ⇝𝛽 𝑒 ⊲ (𝛾1 # 𝛾2 )

(Simp:App-Cast)
𝛾 :: 𝜏1 → 𝜏2 ∼𝜌 𝜏

′
1
→ 𝜏 ′

2

(𝑒1 ⊲ 𝛾 ) 𝑒2 ⇝𝛽 (𝑒1 (𝑒2 ⊲ sym (nth0 𝛾 ) ) ) ⊲ (nth1 𝛾 )

(Simp:App-Ty-Cast)

(𝑒 ⊲ 𝛾 ) 𝜏 ⇝𝛽 (𝑒 𝜏 ) ⊲ (𝛾 @ refl 𝜏 )

(Simp:Case-Known-Con)

case𝐶 𝑒𝑖 of . . .𝐶 𝑥𝑖 : 𝜏𝑖 → 𝑒 . . . ⇝𝛽 𝑒 [𝑒𝑖/𝑥𝑖 ]

(Simp:Let-Float-App)

(let 𝑏 in 𝑒1 ) 𝑒2 ⇝𝛽 let 𝑏 in 𝑒1 𝑒2

(Simp:Let-Float-Cast)

(let 𝑏 in 𝑒 ) ⊲ 𝛾 ⇝𝛽 let 𝑏 in 𝑒 ⊲ 𝛾

(Simp:Let-Float-Case)

case (let 𝑏 in 𝑒 ) of 𝑝𝑖 → 𝑒𝑖 ⇝𝛽 let 𝑏 in (case 𝑒 of 𝑝𝑖 → 𝑒𝑖 )

(Simp:Case-Float-Cast)

(case 𝑒 of 𝑝𝑖 → 𝑒𝑖 ) ⊲ 𝛾 ⇝𝛽 case 𝑒 of 𝑝𝑖 → 𝑒𝑖 ⊲ 𝛾

the body of the function at risk of duplicating work (Simp:Abs and Simp:Ty-Abs), so as to instantiate
applications of polymorphic functions to concrete type and dictionary arguments, revealing more

opportunities for further simplification and specialization. Note also that our substitutions rename

variables to avoid name capture.

3.5 Partial Evaluation and Memoization
Finally, Rules 3.9 shows the rules for partially evaluating terms with memoization. The judgment

form Γ; Σ ⊢ 𝑒 ↩→ 𝑒′ states that 𝑒 partially evaluates to 𝑒′, and the judgment form Γ; Σ ⊢Memo(𝑒, 𝑥)
states that the memoization of 𝑒 is the variable 𝑥 . The Partial-Eval:Opt-No-Memo rule states that if
we find a partially static application of an optimization target that has not been partially evaluated

before, we inline and simplify the application, then place it in a let-binding with a fresh identifier

serving as a static-argument transformation and memoization. The Partial-Eval:Opt-Memo rule
states that if we encounter an expression that has been memoized, and its memoization is in scope,
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Rules 3.9: Partial Evaluation Γ; Σ ⊢ 𝑒 ↩→ 𝑒′ Γ; Σ ⊢Memo(𝑒, 𝑒′)
(Partial-Eval:Opt-No-Memo)
Γ; Σ ⊢ 𝑓 ↫ 𝑆 Γ; Σ ⊢ 𝑒 ‡ 𝑓 ◁ 𝑆 ¬∃x’ . Γ; Σ ⊢Memo(𝑒, x’ ) Γ; Σ ⊢ 𝑒 ⇝𝜄 𝑒

′ 𝑒′⇝𝛽 𝑒
′′

Γ; Σ ⊢ 𝑒 ↩→ let x = 𝑒′′ in x Γ; Σ ⊢Memo(𝑒, x )

(Partial-Eval:Opt-Memo)
Γ; Σ ⊢ 𝑓 ↫ 𝑆 Γ; Σ ⊢ 𝑒 ‡ 𝑓 ◁ 𝑆 Γ; Σ ⊢Memo(𝑒, x )

Γ; Σ ⊢ 𝑒 ↩→ x

then we rewrite it to its memoization. Note that the memoization is also floated out to the broadest

scope possible.

3.6 Correctness
Our partial evaluator performs only standard transformations–inlining, 𝛽-reduction, and mem-

oization via let introduction and let-floating–which GHC also performs. These transformations

are unconditionally type- and meaning-preserving in pure, lazy Haskell [28, 56]. In particular, (1)

𝛽-reduction is confluent and preserves types/semantics, (2) inlining preserves types/semantics

and (3) let introduction/floating preserves types/semantics. Individually, these transformations

preserves types/semantics, thus, Γ; Σ ⊢ 𝑒 ↩→ 𝑒′ also preserves types and semantics by induction

on its derivation. Semantics preservation of our partial evaluator is violated when side-effects

are permitted, for example, with functions like unsafePerformIO, or when the code has strictness

annotations which can change termination behavior of the partially evaluated program.

The program transformations performed in each iteration of partial evaluation terminates.

(Recursive) functions and class dictionary arguments are inlined only once, and 𝛽-reduction in GHC

Core always terminates [28]. Thus, each iteration of the partial evaluator terminates. However, like

many partial evaluators, unrestricted repeated application of our partial evaluator until no more

optimization targets are found is not guaranteed to terminate. We discuss non-termination in §6.

4 Type-Constant Folding
The partial evaluator presented in §3 breaks the optimization deadlock in recursive rank-2 polymor-

phic functions. This can be sufficient for the GHC optimization pipeline to specialize the residual

program and perform further optimizations. For example, SYB3 [35], the main variant of SYB, uses

Haskell type classes for type-specific function dispatch, superseding type-safe casts used by SYB.

GHC can further optimize SYB3 traversals by performing class-dictionary specialization on the

partially evaluated residual. However, we identify one optimization opportunity enabled by the

partial evaluator that is not exploited by GHC: run-time type-equality tests on statically known

types. In this section, we describe a new, simple optimization pass that reduces the overhead caused

by type-equality tests. We build intuition by continuing our running example, using Fig. 12 as a

starting point.

After our partial evaluator transforms SYB traversals to completion, GHC inlines and simplifies

aliases like mkT to some extent, stopping short at sameTypeRep. For example, GHC simplifies

mkT @Int @Int . . . from Fig. 12 into the expression shown in Fig. 14. This expression contains an

application of sameTypeRep, used to compare type representations at run-time.

GHC avoids inlining sameTypeRep because it frequently causes code bloat without performance

improvements. The sameTypeRep function compares type-representation fingerprints, generated via

IO actions and foreign function calls, thus fully simplifying sameTypeRep at the GHC Core/System
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mkT @Int @Int . . . (add Int k)

case sameTypeRep @★ @★ @Int @Int . . . of
True→ case unsafeEqualityProof ... of

UnsafeRefl 𝛾 → (add Int k) ⊲ (. . . 𝛾 . . . )
False→ id @Int

GHC optimizations

Fig. 14. Example of simplifications by the GHC simplifier on mkT .

𝐹𝐶 level is infeasible. To overcome this hurdle, we make two observations. Firstly, GHC guar-

antees that type representations uniquely define types by prohibiting users from writing bogus

Typeable instances [48]. This guarantees that an application of sameTypeRep evaluates to True
if and only if applied to two equal type arguments. Secondly, our partial evaluator expands the

rank-2 polymorphic SYB combinators, instantiating SYB aliases with statically known types. Thus,

the aliases simplify to sameTypeRep applied to statically known types too, giving us enough static

information to evaluate type-equality tests at compile-time. For instance, without knowing how the

type-representation fingerprints of Ints are computed, the application of sameTypeRep in Fig. 14

should obviously evaluate to True, since its two type arguments are equal.

Similar to how constant folding can evaluate 1 == 1 to True and 1 == 2 to False statically, we
treat sameTypeRep as a primitive and perform a type-constant fold to evaluate type-equality tests

at compile-time when static information is sufficient to give a result. For instance, in Fig. 14,

sameTypeRep @★ @★ @Int @Int . . . is replaced with True, while type-equality tests on disequal types

like sameTypeRep @★ @★ @[Int] @Int . . . is replaced with False. For SYB, this simple rewrite allows

GHC to further simplify the residual into a form that closely resembles the intent of the traversal.

For instance, as shown in Fig. 15, after re-writing the application of sameTypeRep, GHC can simplify

the expression in Fig. 14 into just add Int k, i.e., applying add Int k only on integers, as intended!

case True of
True→ case unsafeEqualityProof ... of

UnsafeRefl 𝛾 → (add Int k) ⊲ (. . . 𝛾 . . . )
False→ id @Int

add Int k
GHC optimizations

case of known constructor

reflexive cast
unused

Fig. 15. Example of simplifications by the GHC simplifier on the residual of mkT after type-constant folding.

Rules 4.2 shows the rules for type-constant folding. The TCF:Eq rule states that when we find

an application of sameTypeRep onto two equal types, we can immediately rewrite the application

to True. On the other hand, the inverse is not true. When sameTypeRep is applied to different

types, for example, Int and 𝛼 , it is possible that type variables occurring in the type arguments

are instantiated with types that make them equal. Thus, we perform the rewrites to False only
when the type arguments are always disequal. This is given by Rules 4.1, which give criteria for

when this is the case, i.e., when there are differing type-constant symbols. This is condition is quite

weak and may not apply to all pairs of types that are always disequal. For our purposes, we do

not require a more sophisticated analysis on types. Further note that these rules are justified as (1)

sameTypeRep is never called on polymorphic or kind-polymorphic types (e.g., ∀𝛼.𝜏) [48] and (2)

type synonyms are fully elaborated.

To complete our running example, type-constant folding and downstream GHC optimizations

re-writes add from Fig. 12 to become equivalent to hand-written, non-generic code. This is shown

in Fig. 16, the result of optimizing add to completion.
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Rules 4.1: Type Diseqality 𝜏 . 𝜏 ′

(TyDeq:Cons)
𝐶 ≠ 𝐷

𝐶 𝜏 . 𝐷 𝜏

(TyDeq:Arg)
𝜏1𝑖 . 𝜏2𝑖

𝐶 𝜏11 . . . 𝜏1𝑖 . . . 𝜏1𝑛 . 𝐶 𝜏21 . . . 𝜏2𝑖 . . . 𝜏2𝑛

Rules 4.2: Type-Constant Folding 𝑒 ↣ 𝑒′

(TCF:Eq)
𝜏1 = 𝜏2

sameTypeRep 𝜅1 𝜅2 𝜏1 𝜏2 𝑒 𝑒′↣ True

(TCF:Deq)
𝜏1 . 𝜏2

sameTypeRep 𝜅1 𝜅2 𝜏1 𝜏2 𝑒 𝑒′↣ False

add = 𝜆k :: Int
let f 3 = mkT @[Int] @Int . . . ◦ f 4

f 4 = 𝜆x . case x of
[] → []
(y : ys) → f 5 y : f 3 ys

f 5 = mkT @Int @Int . . . add Int k
in f 3

simplify
merge

optimizes to id @[Int]

optimizes to add Int k

inline

dead let
same as add k

add = 𝜆k :: Int. 𝜆x :: [Int] .
case x of
[] → []
(y : ys) → add Int k y : add k ys

Fig. 16. The result of optimizing add from Fig. 9 to completion via type-constant folding and other GHC
optimization passes.

Correctness. Type preservation of type-constant folding follows immediately since sameTypeRep
always returnsBool. Semantic preservation follows immediately from the semantics of sameTypeRep
and (dis)equality of types. Repeatedly applying type-constant folding to the program until no more

eliminable type-equality tests occur is guaranteed to terminate due to the finiteness of programs,

and that each rewrite does not introduce any more occurrences of eliminable expressions.

5 Benchmarks
We implemented our optimization techniques as a GHC plugin which transforms GHC Core (i.e.,

System 𝐹𝐶 ) programs. The plugin runs an initial GHC simplification pass first, followed by our

partial evaluator (§3), then runs two iterations of our type-constant folding pass (§4) interleaved

with other GHC optimization passes (we explain why we run this twice in §5.3). In this section,

we describe our benchmarks for evaluating the effectiveness of our techniques by measuring our

plugin’s effects on running time and compilation times. Our benchmarks were developed using

the Criterion benchmarking library [55],
1
were compiled with GHC version 9.8.4 using the -O2

optimization level, and were run on a 3.4GHz, 64-bit Intel i7 processor with 32GB of RAM.

We benchmarked our plugin on the three libraries we found to be impacted by the optimization

“roadblock”: (1) SYB, (2) SYB3 and (3) lens. SYB3, like SYB, uses rank-2 polymorphism to “pass along”

traversal functions to sub-terms. SYB3 is similar in purpose to SYB, but instead uses a constraint-

polymorphic variant of Data that allows type-specific behavior of traversals to be written with

type-class instances, superseding type-safe casts. SYB3 has no dependence on SYB, Typeable or
Data. The lens library [32] is an optics library for defining lenses, prisms and traversals [15]

(note that lens traversals are different to SYB/SYB3 traversals). The lens library consists of many

modules; we benchmarked our plugin on lens using the library’s own benchmark suites and found

1
As of October 2025, Criterion has documented issues affecting measurement consistency (cf. GitHub

(https://github.com/haskell/criterion) issues #60 and #166). This can shift both absolute timings and relative speedup

magnitudes. For reference, for the fully optimized benchmarks, artifact reviewers reported deviations of ±15% on average,

with the largest discrepancies being –30% to +40%.
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addHand :: Int→ [Int] → [Int]
addHand k [] = []
addHand k (x : xs) = k + x : addHand k xs

Fig. 17. Hand-written equivalent of add
from Fig. 1.

Table 1. Benchmarked traversals.

Data Structure

Traversal Type WTree Company Expr

Transformation RmWeights IncSalary IncInt

Query SelectInt SelectFloat NumTypes

Monadic

RenumInt AnonNames DropCasts

Transformation

that our plugin does not affect most of them, either because they do not use rank-2 polymorphic

functions, or because GHC already successfully optimizes them without our plugin. However,

running our optimization on the benchmarks for one of its modules, Control.Lens.Plated, showed
an observable performance improvement. This module is a drop-in replacement of the Uniplate

[44] library for simple traversals. The lens library also has no dependence on SYB.

Note that we have also benchmarked our plugin on other libraries that use rank-2 polymorphism,

but found that our plugin has no effect. This is because the polymorphic argument to the rank-2

polymorphic function is not class-constrained. An example of this is hoist from recursion-schemes:

hoist :: (Recursive 𝜎,Corecursive 𝜏) ⇒ (∀𝛼.Base 𝜎 𝛼 → Base 𝜏 𝛼) → 𝜎 → 𝜏

The hoist function is indeed rank-2 polymorphic and recursive. Our partial evaluator does transform

this function, though in doing so, yields no performance improvement since no class-dictionary-

specialization opportunities are exposed.

5.1 Benchmark Suites: SYB/SYB3
Some of the benchmarks we use are from the Haskell generic-programming literature. We use a

generic-programming benchmark suite, GPBench [51], which also contains examples from the

original SYB paper [33]. We also use benchmarks from the Template Your Boilerplate (TYB) [1]

paper to benchmark generic monadic transformations. Some of the traversals in these suites are

omitted since they test the same kind of traversal over the same data structures, or traverse over

data structures that are of a similar size to the other data structures used.

Our benchmark suite tests our plugin on traversals over three data structures: (1) WTree is a
weighted binary tree, taken from GPBench [51], (2) Company is a data structure of a company with

departments and employees, taken from GPBench and is the main running example of the original

SYB paper [33], and (3) Expr is a large excerpt of the data structure representing expressions in

GHC Core, consisting of 18 (mostly) mutually recursive types and a total of 64 constructors.

We benchmark our optimization on three kinds of traversals: (1) generic transformations, (2)

generic queries and (3) generic monadic transformations on these three data structures. Each

traversal was implemented non-generically (Hand), using SYB (SYB) and using SYB3 (SYB3). The

Hand versions are straightforward implementations with no extra performance tuning of the same

algorithm expressed by the SYB traversals. As an example, a hand-written equivalent of add in

Fig. 1 is addHand in Fig. 17.

The traversals used are summarized in Table 1. These are:

(1) RmWeights is taken from GPBench [51]. It removes weights from aWTree. Due to SYB3’s

design, the SYB3 and hand-written implementations of this traversal are equivalent.

(2) IncSalary is taken from the original SYB paper [33]. It increases salaries of employees in a

Company.
(3) IncInt increments integer literals in an Expr.
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(4) SelectInt is taken from GPBench. It collects all the Ints in aWTree into a single list. Its imple-

mentation in GPBench uses two different algorithms for the Hand and SYB implementations.

The Hand implementation uses a linear-time, accumulator-style traversal, while the SYB

implementation uses a quadratic-time traversal. To ensure a fair comparison, we modified

the Hand implementation to use a quadratic-time traversal as well. Due to SYB3’s design, the

SYB3 and hand-written implementations of this traversal are equivalent.

(5) SelectFloat is analogous to SelectInt, but collects the Floats in a Company instead.

(6) NumTypes queries the number of types that occur in an Expr.
(7) RenumInt is taken from the benchmarking suite of Template Your Boilerplate [1]. It uses a

State monad to generate unique integers and renumbers the integers in a WTree.
(8) AnonNames uses a State monad to map every name in a Company to new unique names.

(9) DropCasts uses aWriter monad to drop casts from Expr while keeping track of how many

casts have been dropped.

Both the SYB and SYB3 implementations were optimized with (1) our plugin without type-constant

folding (SYB/SYB3 (partial evaluation)) and (2) our entire plugin (SYB/SYB3 (fully optimized)). The

data structures are also compiled with all unfoldings exposed, a requirement for inlining. Note that

all three data structures were re-defined with a List’ data type which replaces the native list type [],
since the unfoldings for the Data instance for native lists are not exposed by default. An alternative

is to re-build GHC’s base library with all unfoldings exposed, so that the Data instance definitions
for native lists can be inlined—for the sake of simplifying replication efforts by the community, we

did not use this approach.

5.2 Benchmark Suites: Lens (Plated)
We evaluated our optimizations using the Control.Lens.Platedmodule’s own benchmark suite. The

suite is centered around the plate method. This method, which retrieves the immediate self-similar

descendants of a data structure, can be implemented manually, or via two generic implementations

that use gfoldl from Data and methods from Typeable. The first, tinplate, is a straightforward,

unoptimized implementation. The second, uniplate, is an optimized version that serves as the

default for plate, and is optimized by pruning branches of the data structure that cannot contain

self-similar descendants.

We divide these benchmarks around two categories: Hand, which uses a manual, hand-written

implementation of plate, and Generic, which uses the library’s generic implementations. We

use four primary benchmarks applied to basic arithmetic expressions to measure the impact of

our optimization techniques. The first, Plate, benchmarks the plate method applied to a list

of expressions. (The Generic version uses the uniplate implementation.) The second, Tinplate,

benchmarks tinplate; in the Hand version, this uses the hand-written plate implementation. The

third, Clone, applies a cloned version of plate to a list of expressions, and the fourth, PlateFib,

applies plate to a single, large arithmetic expression. The Generic implementations were also

optimized with (1) our plugin without type-constant folding (Generic (partial evaluation)) and (2)

our entire plugin (Generic (fully optimized)).

5.3 Experimental Results
5.3.1 SYB/SYB3. Fig. 18 shows the experimental results for SYB and SYB3, normalized relative to

the Hand version and are displayed on a logarithmic scale to accommodate the large differences

between execution times. These results confirm previous results about the poor performance of

SYB. The addition of our partial evaluator alone improves the performance of SYB traversals by

up to 33×. When also optimized with type-constant folding, the performance improves up to an
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RmWeights IncSalary IncInt SelectInt SelectFloat NumTypes RenumInt AnonNames DropCasts
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Fig. 18. Benchmarks on SYB and SYB3 traversals. Time axes in log scale. Lower is better.

additional 6×, and the performance of fully optimized SYB traversals is identical to that of their

hand-written counterparts. Moreover, the SYB3 benchmarks show that just adding our partial

evaluator to the GHC optimization pipeline allows the performance of SYB3 traversals to match

that of their hand-written counterparts. (Optimizing SYB3 with the entire plugin achieves the same

outcome.) Manual inspection of the generated GHC Core programs from running our optimizations

shows that optimized traversals are equivalent to their hand-written counterparts. In fact, the GHC

Common Subexpression Elimination pass sometimes merges them.

5.3.2 Lens (Plated). Fig. 19 shows the experimental results for Lens (Plated), normalized relative

to the Hand version. Results show an average of 1.63× speed improvement (up to 2.14×) with
our plugin. Originally, the partial evaluation and fully optimized versions had no performance

differences because one function that invokes sameTypeRep was not inlined; adding an INLINE
pragma to the implementation fixed this issue. Moreover, we initially used only a single type-

constant folding pass, which yielded a smaller 1.3× average performance improvement. A manual

inspection of the generated GHC Core revealed that some occurrences of sameTypeRep with

concrete type arguments remained in the residual program. This is because other downstream

GHC optimizations, when run after our partial evaluator and one type-constant folding pass,

further instantiated sameTypeRep with concrete types. To address this, we ran the type-constant

folding pass interleaved with the full GHC optimization pipeline, twice, achieving the results in

Fig. 19. This means that our plugin actually runs the full GHC optimization pipeline more than

once. To isolate the effect of running the GHC optimization pipeline multiple times, we ran all

benchmarks with two full passes of the GHC optimization pipeline but without our optimizations.

This showed no performance benefit over running the GHC optimization pipeline just once,

confirming that our passes were responsible for the performance improvements. Finally, many

optimization opportunities were missed due to missing unfoldings for the native list type, an issue

we discuss in §6.

Proc. ACM Program. Lang., Vol. 10, No. OOPSLA1, Article 119. Publication date: April 2026.



Class-Dictionary Specialization with Rank-2 Polymorphic Functions 119:21
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Fig. 19. Benchmarks for Lens (Plated). Lower is better.

Table 2. Compilation time benchmarks. Lower is better. Lens (Plated) benchmarks shows total time since it is
defined in only one module.

Benchmark (SYB/SYB3) Average Time (ms)

Hand 24.6

SYB 5.1

SYB3 28.3

SYB (fully optimized) 92.9

SYB3 (fully optimized) 75.8

Benchmark (Lens (Plated)) Total Time (s)

Hand 2.13

Generic 1.86

Generic (fully optimized) 2.67

5.4 Compilation Times
We also measured the effects of our plugin on compilation times, and the results are shown in

Table 2. Note that we show average time to compile each module for SYB/SYB3 benchmarks, while

we show total time for the lens benchmarks since the entire benchmark is defined in one module.

Results show that the plugin incurs a 2–4× compilation time overhead. However, for SYB traversals,

the overhead is significantly larger at approximately 18.2×. This is because GHC does not optimize

SYB at all, whereas our plugin fully optimizes it and generates code whose size is equivalent to the

hand-written counterparts. Comparing the compilation times for SYB with our plugin against that

of the hand-written benchmarks, the difference is less drastic with a 3.8× average slowdown.

In order to isolate the effects of our optimization techniques for benchmarking, the techniques

were implemented as a GHC plugin instead of being integrated directly into GHC. Furthermore,

our partial evaluator was naïvely implemented, and each partial evaluation iteration re-traverses

the entire program to identify optimization targets, even on portions of the program that have

already been analyzed. (The partial evaluator runs up to 151 iterations for these benchmarks.) We

believe that with direct integration of our optimization techniques into GHC, in particular, the

simplifier and specializer, and with a less naïve implementation, the compilation time overhead can

be reduced further.

6 Discussion
6.1 Missing Unfoldings
Our partial evaluator relies heavily on inlining, which requires that unfoldings (e.g., of Data
instances) are exposed in interface files. GHC conservatively avoids exposing unfoldings of recursive

definitions, such as the gmapT method for recursive types like lists (Fig. 6). This is not typically

an issue since GHC’s inliner avoids inlining recursive functions anyway, so its unfoldings are

not needed. However, our partial evaluator also inlines recursive functions, hence, exposing all

unfoldings is crucial. Users can force GHC to expose all unfoldings of a module by compiling it
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inc :: Int→ Int = (+ 1)
data T 𝛼 = E | C (T (𝛼, 𝛼))
incSYB, incHand :: T Int→ T Int

incSYB = everywhere (mkT inc)
incHand = aux inc where
aux :: ∀𝛼.(𝛼 → 𝛼) → T 𝛼 → T 𝛼

aux f E = E
aux f (C a) = C (aux (𝜆(x, y). (f x, f y)) a)

Fig. 20. Example of a program that cannot be opti-
mized by our partial evaluator due to polymorphic
recursion. The incSYB function is an SYB traversal
over a polymorphically recursive data type T, and
incHand is its hand-written moral equivalent.

incProgressiveSYB, incProgressiveHand :: [Int] → [Int]
incProgressiveSYB = aux id where

aux :: (∀𝛼. Data 𝛼 ⇒ 𝛼 → 𝛼) →
(∀𝛼. Data 𝛼 ⇒ 𝛼 → 𝛼)

aux f = f ◦ gmapT (aux (mkT inc ◦ f ))
incProgressiveHand = aux id where

aux :: ∀𝛼. (𝛼 → Int) → [𝛼] → [Int]
aux _ [] = []
aux f (x : xs) = (inc ◦ f ) x : aux (inc ◦ f ) x

Fig. 21. Example of a program that cannot be optimized
by our partial evaluator due to unbounded term growth.
The incProgressiveSYB function is an SYB-style traver-
sal that composes the traversal intent with mkT inc at
every recursive call, and incProgressiveHand is its hand-
written moral equivalent. The inc function is defined
in Fig. 20.

with the -fexpose-all-unfoldings flag. (If the module whose unfoldings are to be exposed are

in GHC’s base library, re-compiling GHC might be required.) Our implementation also detects and

warns when critical unfoldings are missing, alerting users to rectify this.

6.2 Non-termination
Unrestricted repeated inlining of recursive functions risks non-termination during compilation

[28]. Since our partial evaluator relies on iterative inlining to expose optimization opportunities,

we use memoization so that partially evaluating recursive function applications can terminate.

Specifically, we memoize expressions consisting of the function being inlined, its type arguments,

its dictionary arguments, and its polymorphic function arguments. Consequently, the termination

of our algorithm relies on the set of these expressions being finite.

When the set of memoization entries is infinite, unrestricted repeated partial evaluation will not

terminate. We identify two scenarios where this happens:

(1) Polymorphic Recursion [45]. The incSYB function shown in Fig. 20 is an SYB traversal over

a polymorphically recursive datatype T 𝛼 . Unrestricted and repeated partial evaluation of

incSYB will encounter applications of go (the static-argument transformation of everywhere)
with infinitely many type arguments, i.e., T Int, T (Int, Int), T ((Int, Int), (Int, Int)), and so

on. Since the type argument changes at every recursive step, the memoization table never

encounters a repeat hit.

(2) Divergent Term-Level Specialization. The incProgressiveSYB function shown in Fig. 21 traverses

a standard list but modifies its behavior at every recursive step by composing the traversal’s in-

tent withmkT inc. Here, unrestricted and repeated partial evaluation of incProgressiveSYB will
encounter applications of aux with infinitely many function arguments, i.e., id , mkT inc ◦ id ,
mkT inc ◦ (mkT inc ◦ id), and so on. While the types (and therefore, dictionary arguments)

remain constant, the function term grows structurally indefinitely, and memoization similarly

fails to encounter a hit.

Ideally, incSYB and incProgressiveSYB would be transformed into their “hand-written” moral

equivalents, incHand and incProgressiveHand , shown in Fig. 20 and Fig. 21, respectively. Such trans-

formations require altering the type signature and internal structure of the function. However, this
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is an approach that our partial evaluator is unable to do, since it performs only type-preserving

inlining and simplification. This is a limitation of our work.

To ensure compiler stability in these cases, we adopt a standard safeguard similar to the “tick”

limit in GHC’s simplifier [28]. Our plugin enforces a user-configurable iteration limit on the partial

evaluator. When this limit is reached, the partial evaluator aborts, preventing an infinite compilation

loop. While this ensures termination, it results in suboptimal code for these cases, often manifesting

as code bloat due to the partially unrolled, but ultimately abandoned, specialization attempts. An

avenue for future work is to address these cases via heuristics to detect unproductive optimizations

and rollback transformations, or by performing more aggressive structural transformations.

6.3 Integration and Generalizability
Our optimization passes performs standard transformations that are already done by GHC. Ourwork

demonstrates how a targeted application of these transformations unlocks significant optimizations

for problematic rank-2 polymorphic code. We believe this makes it easy to incorporate into GHC.

In addition, the design patterns we exploit are not unique to SYB, and we have shown in §5 that

they can be applied equally to SYB3 and a portion of lens. Furthermore, the abstractions that

rank-2 polymorphism enables are elegant and widely used by the Haskell community, as seen by

usage numbers for SYB and lens. Run-time type comparisons via Typeable and TypeRep or similar

mechanisms are also used for dynamically typed exceptions [42], Cloud Haskell [12] and meta-

programming [19, 43]. Future work can integrate our optimization passes into GHC and profile

running time and optimization time on other libraries that use rank-2 polymorphism extensively.

We also plan to extend type-constant folding to treat other primitive type operations uniformly to

benefit broader use cases.

6.4 Stability of Optimization
An important consideration for compiler plugins is their sensitivity to the host compiler’s evolution.

Our optimization relies on specific syntactic patterns and internal API names within GHC, creating

a dependency on the behavior of the standard simplification pipeline. For example, our analysis

expects applications of the form f g where f is rank-2 polymorphic and g is its polymorphic

argument. Consider the common idiom f $ g. Currently, GHC’s simplifier inlines the application

operator ($) prior to partial evaluation, exposing the direct function application we expect. However,
if a future GHC version were to delay or alter the inlining of $, our plugin instead only encounters

the expression ($) f g, obscuring the target call site and preventing the optimization from firing.

Similarly, type-constant folding relies on identifying specific GHC internal functions, such as

sameTypeRep. If GHC modifies its Typeable implementation to use different primitives, our plugin

would fail to identify and statically evaluate run-time type-equality tests.

Inspection testing [5] can address this potential fragility and ensure that the optimization fires

reliably. Inspection testing allows library authors to assert properties about the generated Core at

compile-time, causing the build to fail if optimizations do not trigger as expected. In the context

of our plugin, users can define inspection obligations to verify that the final generated code is

free of specific artifacts that signal a missed optimization. Specifically, a successful application

of our partial evaluator should eliminate (1) rank-2 polymorphic functions like gmapT , which
should be fully specialized and inlined, and (2) runtime type representations, i.e., uses of TypeRep
(and associated equality checks), which should be statically resolved and erased. By asserting

the absence of these terms in the final Core, inspection testing serves as a regression detection

mechanism. If GHC evolves in a way that disrupts our plugin, whether through pipeline changes

or API refactoring, the inspection tests will fail, alerting maintainers to the need for updates.
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7 Related Work
7.1 Compiler Optimizations and Partial Evaluation
The GHC inliner [28] and specializer [26] are the foundation of our approach. Inlining unfolds

definitions and simplifies expressions, revealing optimization opportunities. Together with the

specializer, these can also remove the overhead of class-dictionary passing from using Haskell

type classes. Our partial evaluator does not use new transformations, but strategically applies

standard transformations to break the optimization stalemate for a specific, important class of

programs. Constant folding in Haskell can be performed with rewrite rules [47]. However, rewrite

rules cannot express our type-constant folding pass which involves an analysis on types.

Unsurprisingly, our partial evaluator is inspired by a long line of work on partial evaluation

[16, 27, 41]. The binding-time analysis performed by our partial evaluator uses types and variable-

binding information to decide which part of the code should be evaluated at compile time. Similar to

Futamura [16] we use memoization to avoid optimizing expressions more than once; since we focus

solely on enabling class-dictionary specialization, our optimizer targets only argument positions

that involve types, dictionaries and polymorphic arguments, making the memoization simpler. Our

partial evaluator can also be viewed as a limited form of supercompilation [57]. Similar to supercom-

pilers, our partial evaluator can cause some code explosion [29], though, from our experiments, the

code explosion exhibited by our partial evaluator is the effect of expanding/generating optimized,

specialized code, as intended. Finally, to the best of our knowledge, our partial evaluator is the first

that specifically targets rank-2 polymorphism.

7.2 Monomorphization
Several aspects of our work are closely related to monomorphization, a technique for implementing

polymorphism in languages like C++ and Rust. Monomorphization specializes polymorphic func-

tions for each concrete type instantiation, eliminating the overhead of uniform data representations

(e.g., boxing). By eliminating dictionary passing in rank-2 polymorphic code, our partial evalua-

tor achieves a similar effect, for instance, in SYB-style traversals, the partial evaluator generates

specialized versions of the traversal for each encountered sub-term.

This relationship between monomorphization and rank-𝑛 polymorphism has been explored in

recent literature. Griesemer et al. [18] formalizes the translation from Featherweight Generic Go

to Featherweight Go by tracking type instantiations, while Lutze et al. [37] describes a monomor-

phization technique based on a type-flow analysis. Both approaches generalize to rank-𝑛 types and

can detect non-monomorphizability caused by polymorphic recursion.

Our work differs from monomorphization in objectives and techniques. Our primary goal is to

eliminate the overhead of dictionary-based overloading instead of providing a total compilation

scheme for polymorphism. Typical monomorphization algorithms require a global, whole-program

analysis. On the other hand, to minimize the impact on compilation time, our techniques operate

locally and modularly, unfolding and specializing definitions only when demanded. Our residual

programs can also remain polymorphic, allowing for partial specialization even when complete

type information is unavailable.

7.3 Performant Generics
Our work was inspired by an attempt to develop a practical optimization for SYB-style- and generic

programs. Magalhães et al. [39] ran benchmarks showing how the GHC optimizer—where inlining

is done via the GHC Simplifier and does a lot of the heavy lifting—can optimize some generic

programming libraries, although SYB remained around 10× slower than the handwritten version

due to the optimization stalemate induced by the structure of SYB combinators. Magalhães [40]
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showed that inlining via INLINE pragmas and rewrite rules [47] completely eliminates the overhead

incurred by the generic-deriving library [38]. Alimarine and Smetsers [4] proved, by using

typing to predict the structure of the result of a symbolic computation, that symbolic evaluation
is able to eliminate a large amount of overhead in generic programs. Adams et al. [2, 3] then

developed a domain-specific optimization of SYB-style programs by eliminating undesirable types
also via partial evaluation, through a combination of inlining and symbolic evaluation based on

domain-specific knowledge of SYB traversals. Just like our work, this technique can completely

recover the performance of hand-written implementations. However, unlike these works, ours

successfully optimizes SYB3 and generalizes to rank-2 polymorphism.

Other approaches sidestep the optimization problem for generic programs by designing different

generic-programming libraries. Generic programming in Haskell follows two traditions: induction

on the structure types [8–10, 20, 21, 23, 25, 46, 59], and the the generic fold of SYB [33–35]. These

approaches were unified by the spine view [22]. While earlier works on generic programming focus

on expressiveness, concision, ease-of-use, extensibility and modularity of generic-programming

systems, more recent systems like Uniplate [44] and Alloy [6] also take performance into con-

sideration. Metaprogramming has also been used to develop performant generics. Template Your

Boilerplate [1] exposes a similar interface to SYB, except that the combinators generate the intended

traversals at compile time via Template Haskell [54]. Yallop [60, 61] developed a port of SYB to

MetaOCaml [30] that uses multi-stage programming to eliminate most of the overhead of SYB,

and performs fixed-point elimination for selective traversals or branch pruning over mutually

recursive traversals. Pickering et al. [50] also employs multi-stage programming techniques on

generics-sop to develop staged-sop using Typed Template Haskell [49]. The generic-lens
library [31], based on lens, exposes an API that supports SYB-style traversals whose performance

matches hand-written equivalents.

8 Conclusion
We have presented a solution to the problem of enabling class-dictionary specialization in the

presence of rank-2 polymorphism. Our technique breaks the optimization stalemate in which

GHC’s specializer and inliner are thwarted. The core of our approach is a partial evaluator that

strategically forces the unfolding of these functions, using memoization to recover recursion and

successfully optimize typical use cases. This process instantiates polymorphic function applica-

tions with concrete type and dictionary arguments, enabling class-dictionary specialization. We

complement this with a type-constant folding pass that eliminates run-time type-equality tests.

The effectiveness of our method is demonstrated by its application to three widely used libraries

that face this performance bottleneck: SYB, SYB3 and lens. Our optimization completely elimi-

nates SYB and SYB3’s performance overhead, transforming generic traversals into code that is

operationally equivalent to hand-written, non-generic versions, achieving speedups of up to 155×,
and improved generic implementations of certain fragments of the lens library by up to 2.1×.
Our method allows developers to retain the conceptual simplicity and concision of libraries that

use rank-2 polymorphism without sacrificing run-time performance. We believe the integration

of this technique into compilers can help improve the viability of sophisticated abstractions in

production-scale software.
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