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Abstract

Algebraic effect handlers make control flow modular, but
their general implementation pays for a capability that most
programs rarely use: a handled operation may search an
unknown handler stack and resume its continuation an un-
known number of times. Existing compilers either preserve
this generality or specialize only when the entire handler
stack is statically visible. We present AEGis, a guarded com-
piler transformation that specializes across separately com-
piled and dynamically selected handlers. A compact handler
shape records exactly the assumptions needed by a direct-
style fast path: handler identity, operation clause, and con-
tinuation multiplicity. When a shape test fails, execution
reconstructs the source-level continuation and transfers to
a generic path. We formalize the transformation for a call-
by-value calculus with deep, multi-shot handlers and prove
a forward simulation that covers both the specialized and
deoptimized executions. Our prototype integrates the pass
into an LLVM-based compiler. Across 18 effect-heavy pro-
grams, the prototype removes 74-96% of dynamic handler
searches and improves steady-state execution time by 1.08-
2.41X (geometric mean 1.46X), while adding 3.7% to code
size. Shape failures cost 31 ns and disappear after at most
two recompilations for stable workloads. These results show
that effect handlers can retain their open-world semantics
without forcing every operation through an open-world im-
plementation.
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1 Introduction

Algebraic effects separate the request for an operation from
its interpretation. A parser can perform choose() without
knowing whether choice will backtrack, sample, log, or abort;

a surrounding handler supplies that policy. This separation
has become a practical basis for exceptions, asynchronous
I/0, probabilistic programming, and lightweight concurrency.
It also frustrates conventional optimization. At each opera-
tion, the implementation may need to search the dynamic
handler stack, capture an unknown portion of the continua-
tion, and preserve that continuation for multi-shot use. Even
when the common handler simply increments a counter and
resumes once, generic machinery remains on the hot path.

Whole-program inlining can expose a handler and recover
direct control flow, but only if the optimizer can see through
module boundaries and dynamic selection. Real systems rou-
tinely fail both conditions: libraries abstract over handlers,
applications load handlers as plug-ins, and incremental com-
pilation prevents a global fixed point. The key observation
behind this paper is that specialization does not require the
handler to be immutable. It requires only a cheap way to vali-
date the assumptions under which a fast path was generated,
plus a correct route back to the general semantics.

AEGIS realizes that observation using handler shapes. A
shape is a versioned descriptor of the clauses relevant to one
operation site. The compiler profiles shapes, emits direct-
style code for the dominant shape, and guards entry to that
code. Specialized continuations are ordinary functions; the
compiler retains a reconstruction map from their live values
to a generic continuation frame. On guard failure, the run-
time materializes those frames and continues at the original
operation. This is deoptimization [4, 6] applied at an effect
boundary rather than at a function or loop boundary.

The design has three less-obvious requirements. First, a
guard must cover the clause and its resumption contract, not
merely a handler object’s address. Second, deoptimization
must be valid after partial evaluation has changed the rep-
resentation of the continuation. Third, a multi-shot clause
must never enter a single-shot fast path, even transiently.
Our shape protocol and proof make each requirement ex-
plicit.

This paper makes the following contributions:

e We identify a minimal, constant-time shape test that
enables specialization across separately compiled ef-
fect handlers (Section 3).

e We give a source-to-source transformation for deep,
multi-shot handlers and a reconstruction relation for
deoptimization (Section 4).

e We prove semantic preservation by forward simula-
tion, including shape changes at operation boundaries
(Section 5).
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Listing 1. A separately compiled handler on a hot path.

1 fun checksum(n) =

2 let acc = 0 in

3 for i =0 .. n-1 do

4 acc = mix(acc, perform Read(i))
5 return acc

7 handle checksum(length(buf)) with io {
8 Read(i, k) -> resume k buf[i]
9 return x -> X

e We implement the design in an LLVM-based compiler
and evaluate its speed, code-size cost, and behavior
under changing workloads (Section 7).

2 Motivating Example

Listing 1 sketches a stream pipeline that reads bytes through
an abstract effect. The library owns checksum but not the
client handler. In the common client, Read copies a byte from
a buffer and resumes exactly once. A generic implementation
nevertheless walks to io, packages the suffix beginning at
line 3 as a heap continuation, and invokes it indirectly for
every byte.

After profiling, AEGIs observes a stable descriptor s =
(io, Read, 1,v): handler identity, clause identity, single re-
sumption, and version v. It clones the loop, replaces the
operation with a direct load, and guards the clone with one
descriptor comparison. The generic loop remains available. If
a debugger installs a logging clause, or the handler changes
to a two-shot exploration policy, its descriptor or version
differs and the guard transfers to the generic loop.

This approach differs from an inline cache on the oper-
ation call. An inline cache avoids method lookup but still
captures a generic continuation. AEGIS specializes the re-
gion between operation and resumption, which makes the
continuation a direct control-flow edge. That transformation
accounts for 63% of the measured speedup (Section 7.3).

3 Design
3.1 Handler Shapes

Every runtime handler carries an immutable pointer to a
shape descriptor. A descriptor contains a layout identifier
and, for each handled operation, a clause entry point and
a resumption summary. Updating a handler creates a new
descriptor; descriptors are never mutated in place. Conse-
quently, one pointer comparison validates all assumptions
in a compiled fast path.

Definition 1 (Handler shape). A handler shape for an op-
eration o is a tuple s, = (f,c,m,v), where { identifies the
handler layout, c identifies the operation clause, m € {0,1, w}

Anon.

bounds how often the clause resumes, and v is a monotonically
increasing implementation version.

The multiplicity m is conservative. Untrusted single-shot
clauses receive a dynamic check; the runtime assigns m =
when it cannot certify their behavior. The optimizer uses
a single-shot representation only for m < 1. Layout and
version make closure offsets and inlined clause code safe.
Clause identity alone is insufficient because a hot reload may
preserve an entry address while changing captured state.

3.2 Selecting Regions

Profiles attach a small heavy-hitter table to each operation
site. A site is eligible when one shape covers at least 70%
of executions and the estimated benefit exceeds the guard,
cloning, and reconstruction cost. The selected region begins
at the nearest dominator that makes the guard loop-invariant
and ends after every resumption rejoins ordinary control
flow. This usually moves a single guard outside a loop, as in
listing 1.

Specialization performs familiar scalar replacement, inlin-
ing, and dead-code elimination after rewriting the operation
clause as a direct call. The pass is otherwise representation-
agnostic: it consumes and produces typed SSA. A region may
contain nested handlers; the compiler adds their shapes to
the same descriptor vector and compares a 64-bit interned
vector key.

3.3 Reconstruction Maps

Every guard point p has a reconstruction map R,. The map
describes each frame of the generic continuation using con-
stants or live SSA values. For example, after scalar-replacing
the checksum accumulator, R, records the current loop in-
dex, accumulator, buffer, and generic return address. Values
that are dead in the source continuation are omitted.

On failure, a short out-of-line stub allocates the frames,
fills their slots, and jumps to the generic operation. This
resembles on-stack replacement [2], with two important
restrictions: deoptimization occurs only at operation bound-
aries, and the target is always a point in the same source
function. These restrictions keep maps small and avoid re-
constructing partially executed clauses.

3.4 Invalidation and Concurrency

Shape descriptors are immutable and reclaimed with the
handler object. The guard loads the current descriptor with
acquire semantics; publishing a new handler uses a release
store. A matching pointer therefore also validates the cap-
tured environment. No compiled code is patched. Concurrent
threads may observe different shapes, but each enters a path
consistent with the shape it observes. Modules that mutate
captured values retain ordinary synchronization; AEGIS as-
sumes only that the descriptor truthfully describes code and
layout.

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220



221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

Aegis: Guarded Specialization of Algebraic Effect Handlers

generic operation

( profile + clone
search, capture, dispatch ‘

shape = s?

PLDI, 2027, Anonymous submission

direct clause + direct resume

continuation
of caller

specialized region

T

generic region materializg frames
unchanged semantics from reconstruction map

Rp: live SSA values — source frames

Figure 1. The Akars pipeline. The fast path is valid only while its handler shape matches. A failed guard reconstructs the

generic continuation; it does not restart the computation.

4 Formal Model

We formalize the essential transformation using Ay, a call-
by-value calculus with integers, functions, operations, and
deep handlers. Values and computations are:

vu=n|x|Axe|h
e==v|eelop;(v) | handle e with h | resume k v.

A handler h maps operation labels to clauses A(x, k).e and
has a return clause. A machine configuration has the form

C={e,p, M\,H,K).

Its components are an environment and heap, plus stacks
of handlers and evaluation contexts. The generic transition
—4 searches H for an operation, captures the correspond-
ing suffix of K, and evaluates the clause. Captured contin-
uations are persistent, so the semantics permits multi-shot
resumption.

For a profiled shape s, transformation 7;(e) produces a
guarded term. At operation site p, the interesting rule is:

Ts(op;(v)) = guard (H, i,
direct,; (v, k), deopt(p, Rp)). &
where k; is the residual direct-style continuation. If s.m =
0, the continuation is dead; if s.m = 1, it is a linear function.
No direct rule is generated for s.m = w. Transformed config-

urations additionally contain a map store 7~ and step under
—,.

Definition 2 (Reconstruction consistency). R, is consistent
with source context K and specialized environment p’ (writ-
ten R,, p’ = K) when materializing each frame recipe in R,
yields a context alpha-equivalent to K, and corresponding free
variables contain related values.

The compiler constructs maps backward from the generic
target, then verifies them with an SSA data-flow check. Every
recipe operand must dominate p, every required source slot
must have one recipe, and reference-typed operands remain
GC roots until the deoptimization stub returns.

5 Correctness

We relate a generic configuration C to a transformed configu-
ration C’ by C ~ C’. Ordinary values are structurally related.
A generic continuation relates either to an unspecialized
frame sequence or to a specialized continuation paired with
a consistent reconstruction map. Handler stacks agree on
observable clauses; their physical representations may differ.

Lemma 1 (Successful guard). If C = C’, the next source
operation has shape s, and the transformed guard matches s,
then the direct clause and residual continuation take a finite
number of steps to some D’ such that the corresponding generic
clause takes steps to D and D ~ D’.

Proof. The descriptor equality establishes clause, layout, ver-
sion, and multiplicity. Substitution of the direct clause there-
fore agrees with generic dispatch. For multiplicity zero the
continuations are unobserved. For multiplicity one, linearity
lets us replace capture and resume by beta reduction. The
reconstruction relation supplies the induction hypothesis for
the residual continuation. O

Lemma 2 (Failed guard). If C ~ C’ at guard point p, the
guard fails, and Ry, p’ ~ K, then deoptimization reaches a
generic configuration D such that C —3 D and D ~ D.

Proof. Materialization creates, from oldest to youngest, ex-
actly the frames described by R,,. Consistency gives an alpha-
equivalent K; dominance ensures that every recipe operand
still has its related value. The stub then jumps to the unmod-
ified operation before any clause action has occurred. O

Theorem 1 (Semantic preservation). For every closed well-
typed program e, if Cy and C|) are the initial configurations of
e and 75(e), then:
1. if Cy —} o', there exists v such that C, —>; v and
v~ v;and
2. if C, diverges, then Cy diverges or takes infinitely many
administrative handler steps.
The result holds for arbitrary shape changes between operation
boundaries.
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Proof sketch. By coinduction on C ~ C’. Pure reductions
commute with the transformation. At a guard, apply the
successful- or failed-guard lemma. The multiplicity compo-
nent excludes an unsound linearization of multi-shot contin-
uations. Immutable descriptors ensure a guard’s facts remain
true through clause entry. Shape changes affect only later
guards, where the failed case applies. Stuttering accounts
for descriptor tests and frame materialization. The mech-
anized development proves the corresponding small-step
simulation for all rules of A;,. ]

The theorem is deliberately a partial-correctness state-
ment: AEGIS preserves the source language’s behavior but
cannot repair a data race inside a handler. It also does not
equate resource usage, since the purpose of the transforma-
tion is to change allocation and execution cost.

6 Implementation

Our prototype adds 6.8 K lines of C++ and 1.1 K lines of
runtime code to an LLVM-based strict functional-language
compiler [8]. The front end lowers operations to three intrin-
sics: effect.perform, effect.resume, and effect. shape.
Generic lowering uses segmented stacks; captured segments
become copy-on-write only when a clause resumes more
than once.

Profiling uses four 16-bit saturating counters per site and
an overflow bucket. Compilation begins after 2,048 samples.
Descriptor-vector keys are interned, so nested guards remain
a single load and compare. Recompilation is capped at two
versions per site; a persistently unstable site stays generic.
Generated code shares cold deoptimization stubs between
sites with identical maps.

The reconstruction verifier runs after register allocation,
where locations are final. A map may reference registers,
stack slots, constants, and two derived forms (tagging and
fixed-offset address). The garbage collector reads the same
maps at safepoints. In our benchmarks, maps contain a me-
dian of six values and occupy 34 bytes per specialized site.

7 Evaluation
We ask four questions:

RQ1: Does guarded specialization improve steady-state
performance?

RQ2: Which part of the design produces the improve-
ment?

RQ3: What are its code-size and compilation costs?

RQ4: How does it behave when handler shapes change?

7.1 Methodology

The benchmark suite contains 18 programs in five groups:
parsers, asynchronous services, probabilistic models, search
workloads, and effect microbenchmarks. Programs range
from 0.8 to 41 K source lines and execute between 1.7 X
10° and 2.1 x 10° operations. We compare Generic, which

Anon.

Table 1. Performance and specialization coverage. Time is
normalized to Generic; lower is better. Parentheses show 95%
confidence intervals.

Group n Cache AEkGis Searchesremoved
Parsing 4 091  0.63 89%
Async 4 094  0.72 81%
Probabilistic 3 0.88  0.58 96%
Search 3 0.96  0.79 74%
Micro 4 0.73 0.41 95%
Geo.mean 18 0.88  0.68 87%

normalized
time

hl Akccrs
Loo b _________W Cachl Ascrs

0.75

0.50
0.25
program
P1 Al B1 S1 M1

Figure 2. Representative normalized execution times. P, A,
B, S, and M denote parser, async, probabilistic, search, and
microbenchmark programs. Generic is the dashed line at 1.0.

uses segmented-stack handlers, with Cache, which adds a
polymorphic inline cache but retains generic continuation
capture, and AEGIs.

Measurements use a 16-core 3.4 GHz x86-64 machine with
64 GiB of memory, frequency scaling disabled. Each con-
figuration receives 10 warm-up executions followed by 30
measured executions in a fresh process. We report geometric
means and 95% bootstrap confidence intervals, following
established guidance for managed-language experiments [5].
Builds and inputs are pinned by a declarative environment

[3].

7.2 Steady-State Performance

Table 1 answers RQ1. AEais is faster than Generic on all
18 programs, with speedups from 1.08X to 2.41X and a geo-
metric mean of 1.46X. It outperforms Cache on 16 programs.
The two ties are async servers whose time is dominated by
kernel I/O; specialization still reduces CPU time by 9% and
11%. Benefits track eliminated handler searches only loosely
(r = 0.61), because avoiding continuation allocation is more
valuable than avoiding a short search.

7.3 Ablation Study

We disable one optimization at a time. Specializing dispatch
while leaving capture generic retains only 37% of AEGIS’s

386
387
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benefit. Moving guards inside loops loses 19%; disabling
scalar replacement loses 12%. Descriptor-vector interning
changes execution time by less than 1% on shallow programs
but saves 7% on probabilistic models with three nested han-
dlers. Thus the main result does not come from a richer inline
cache: direct-style continuations are essential.

7.4 Cost and Dynamic Behavior

Specialization increases text size by 3.7% geometrically (range
0.8-8.9%) and compilation time by 6.2% (RQ3). Reconstruc-
tion metadata adds 0.4% to binary size. Peak compiler mem-
ory rises by 4.5%. The region benefit model rejects 38% of
candidate sites, mostly cold sites and regions with large
control-flow duplication.

For RQ4, we switch each benchmark among one, two, or
four handler shapes every 10% to 10° operations. A failed
guard costs 31 ns (median) including reconstruction. With
phases of at least 10* operations, AEGIs adapts after one
recompilation and retains 91% of its stable-workload speedup.
At the most adversarial 10? interval, the recompilation cap
activates and performance is within 2.6% of Generic. No
workload creates more than two specialized versions per
site.

7.5 Threats to Validity

The prototype targets one strict language and x86-64; differ-
ent continuation representations or weaker memory models
may change costs. Our suite emphasizes effect-heavy code
and should not predict whole-application speedups when
effects are cold. Profile-directed choices can depend on in-
puts, which we mitigate with held-out evaluation inputs
and the dynamic fallback. Finally, the semantic proof covers
the core transformation, not LLVM or the garbage collector.
We reduce this gap with map verification and differential
tests that force every guard to fail, but end-to-end compiler
verification remains future work.

8 Related Work

Effect-handler implementation. Plotkin and Pretnar in-
troduced the semantic account of algebraic effect handlers
[10]; later work established their practical expressiveness
[7]. Type-directed compilation can select efficient represen-
tations when row types expose enough structure [9]. Ab-
stracting effects clarifies how handlers relate to other control
operators [1]. AEGIS is complementary: it applies when static
types deliberately leave the handler open, using a checked
runtime shape to recover a direct representation.

Speculation and deoptimization. Dynamic deoptimiza-
tion was developed to retain source-level observability in
optimized systems [6]; subsequent formal work made the cor-
rectness obligations of assume instructions precise [4]. On-
stack replacement generalizes transfer between versions of

PLDI, 2027, Anonymous submission

active functions [2]. AEGIs narrows transfer to effect bound-
aries and adds multiplicity to the guarded facts. This restric-
tion is what makes persistent, possibly multi-shot continua-
tions compatible with speculative direct style.

Inline caching. Polymorphic inline caches specialize dy-
namic dispatch by observed receiver identity. A handler-
shape cache is similar at the lookup level, but lookup is only
one cost of an effect operation. Aecrs additionally changes
the representation of the captured continuation and therefore
needs explicit reconstruction maps and a semantic relation
between representations.

9 Discussion and Future Work

Handler shapes expose a useful boundary between language
semantics and implementation policy. The semantics remains
open-world: any clause can appear and multi-shot continua-
tions remain valid. The compiler optimizes a closed observa-
tion, then checks that observation at the exact point where
it matters.

Three extensions appear promising. First, a richer multi-
plicity lattice could specialize bounded multi-shot handlers
by unrolling a small number of resumes. Second, descrip-
tor vectors could include effect-state invariants, allowing
specialization of stateful clauses while preserving modular
compilation. Third, hardware return-address protection and
precise GC impose constraints on frame materialization that
deserve evaluation beyond x86-64. Each extension fits the
same proof pattern if its new assumptions are represented
in the shape and re-established by the guard.

10 Conclusion

General effect handlers need not imply a permanently gen-
eral hot path. AEarts specializes handler dispatch and contin-
uation representation under one constant-time shape guard,
then reconstructs the original continuation if the assump-
tion stops holding. A forward-simulation proof accounts
for successful specialization, deoptimization, and multi-shot
behavior. The prototype’s 1.46X geometric-mean speedup,
modest 3.7% code-size cost, and bounded response to chang-
ing shapes suggest that guarded specialization is a practical
way to combine open-world effect abstractions with direct-
style performance.
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