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1 Introduction

Formal software verification has traditionally relied on two main approaches—refinement and
separation logic—each with distinct advantages. CCR (Conditional Contextual Refinement) [29]
recently unified these approaches by combining their strengths. In this paper, we present CRIS
(Contextual Refinement with Imaginary Specifications), which advances beyond CCR by creating a
deeper synergy: we fuse the different notions of specification from both approaches into the novel
concept of imaginary specification and demonstrate its power.

1.1 Refinement, Separation Logic and CCR

Before presenting the main contributions, this section reviews the three foundational approaches
underlying our work: refinement, separation logic, and CCR. We particularly emphasize the expres-
siveness and usability of their specifications.

Refinement. Refinement-based approaches [13, 34, 35] specify concrete programs using abstract
programs, which we simply call abstractions. We verify an implementation I against its abstraction
A by constructing a simulation relation between I and A, which establishes that the observable
behaviors of I refine (i.e., are included in) those of A (denoted I Cpep A).

Refinement offers several key advantages. First, it supports transitive proofs: refinement can be
incrementally established through intermediate abstractions (I Cpen Ao Eheh A1 Sheh - Eben A),
enabling incremental verification. Second, it enables open-setting verification through contextual
refinement (denoted I C.¢x A). Contextual refinement establishes that for any context C, the
refinement C[I] Cpepn C[A] holds, allowing programs containing unverified components C to
have formal correctness statements. Furthermore, since specifications are themselves executable
programs, verification of C[A] (including unverified parts) can leverage alternative verification
techniques such as static analysis, testing, or model checking.

However, traditional refinement approaches are limited in their reasoning principles. They rely
on simple simulation-based reasoning between programs, lacking powerful principles like the
ownership-based reasoning found in separation logic.

Separation Logic. Separation logic-based approaches [1, 18, 26] specify concrete programs using
pre- and postconditions (P, Q) that can express exclusive or shared ownership of various abilities
such as memory access, network communication, and function calls. We verify an implementation
I against its pre- and postconditions (P, Q) by constructing proofs in separation logic (denoted
{P}I{Q}), which establishes that if we run I under any state satisfying P with the ownership
specified by P, then I safely executes without violating ownership rules, and if it terminates, the
resulting state satisfies Q, thereby providing the ownership specified by Q.

A key advantage of separation logic is its support for powerful ownership-based verification
through the frame rule, which enables modular reasoning. It represents various abilities as resources
and tracks ownership of these resources, ensuring that each part of a program performs only the
abilities it owns. The separating conjunction * then enables independent reasoning about disjoint
resources, yielding the frame rule that preserves unowned resources.

However, unlike refinement-based approaches, separation logic does not support incremental and
open-setting verification. Specifications are not executable programs, limiting the ability to verify
systems with unverified components or to leverage alternative verification techniques like testing.

Conditional Contextual Refinement (CCR). Among those works that combine both refinement
and separation logic [3, 6, 7, 9-12, 28-30, 32], only CCR [29] and CCR 2.0 [28] enable incremental,
open-setting, and ownership-based verification simultaneously; CCR 2.0 further improves incre-
mental reasoning over CCR (see §8). A CCR specification consists of a pair A : (P, Q), where A
is an abstract program and (P, Q) are separation logic pre- and postconditions. Verification of an
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(* Iee11 *) (* Ace11 *)

Module Cell. vz, {cell(x?)} Module Cell.

private cv = 0; set(cb) def set(ch) = def get() =

def set(ch) = {3y, cell(y)} 1 x = take(Z); 1 x = take(Z);
cv := cb(); Vx, {cell(x)} 2 Assume(cell(x)); 2 Assume(cell(x));

def get() = r=get() 31 =ch(Q); 3 Guarantee(cell(x));
ret cv; {(r =x) % cell(x)} | 4 Guarantee(cell(i)); 4 ret x;

End Cell. End Cell.

Fig. 1. Implementation, separation logic spec, and imaginary spec of Cell module.

(* [Mdin *) (* ICtx *) (* TMam *) (* AMam *)

Module Main. ... Module Main. Module Main.

def cb() = ... def foo() = def cb() = ... def cb() = ...
def main() = - def main() = def main() =

1 Cell.set(Main.cb); // does not 1 Assume(cell(@));
2 foo(); // use Cell i = Main.ch(); 2 1 = Main.cb();
31 =Cell.get(); . foo(); 3 foo();

4 print(i); print(i); 4 print(i);

End Main. End Main. End Main.

Fig. 2. Implementation, top-level abstraction, and imaginary spec of Main module.

implementation [; against a specification Ay : (P, Q1), denoted I} Tcex Ag : (P1, Q1), establishes
that for any context C, the behavior of C[I;] refines that of C['W(A; : (P1, Q1))]. Here the wrapper
‘W encodes the CCR specification into an executable program by operationally decorating an
executable program A with separation-logic conditions (P, Q) using dual nondeterminism [4].

CCR’s encoding of correctness as standard contextual refinement provides two immediate benefits.
First, it naturally supports incremental verification via the transitivity of contextual refinement.
Second, it enables open-setting verification by establishing refinement under arbitrary contexts C.

Beyond these benefits, CCR enables ownership-based verification (as found in separation logic)
through conditional specifications, still expressed in the form of contextual refinement. To see
how this works, suppose that the implementation I; is the body of a function f, and we have
another implementation I, that invokes f. In CCR, one can verify I, against its specification
Ay : (P, Q) while relying on the separation-logic condition (P;, Q;) of the function f, thereby
enabling ownership-based verification. CCR encodes this conditional verification as contextual
refinement, denoted I Ceey W (F : (P1,01) F Az = (P2, Q2)), by generalizing the wrapper ‘W to
also operationally encode the separation logic condition f : (P, Q1).

1.2 Limitations of Pre/Postcondition Specifications in Hybrid Verification

While CCR successfully combines the advantages of both refinement and separation logic, it still
relies on separation logic-style pre- and postconditions as the specification provided to clients of
a function. As discussed earlier, when a function f has a CCR specification A : (P, Q), clients of
f can only see the pre- and postcondition part (P, Q) as its specification, not the abstraction part
A. In other words, the abstraction part A is only used to describe the observable behavior of the
function f, not as a specification for clients.

However, this pre- and postcondition-style specification has limitations when it comes to hybrid
verification, where a mixture of different verification techniques is applied. When verifying a large
system, one often wants to formally verify only a critical part while applying other methodologies—
such as testing or model checking—to the rest. In such cases, pre- and postconditions are insufficient:
for instance, when formally verifying a library that takes a callback, we cannot assume any pre- and
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239:4 Yonghee Kim et al.

postconditions about the callback if the actual function given as a callback will never be formally
verified but instead remains as concrete code to be tested or model-checked.

To illustrate, consider the Cell module in Fig. 1 and its client in Fig. 2. The Cell module (Fig. 1,
first column) maintains a private variable cv, accessible only through set and get. The function
set updates cv with the return value from the callback function cb given as an argument, while get
returns cv’s current value. Importantly, Cell makes no assumptions about the callback function
cb—it may be arbitrary code that performs I/O, accesses databases, recursively calls back into
Cell, or even crashes. The Main module (Fig. 2, first column) uses Cell as follows: it first calls
Cell.set with Main.cb as the callback, which stores the return value of Main.cb into the cell;
then calls an external function foo; then retrieves the stored value via Cell.get; and finally prints
it. The context (Fig. 2, second column) defines foo, which performs some computation involving
I/0 without using Cell.

In hybrid verification, our goal is to formally verify the Cell module and abstract it away,
yielding a simpler top-level program that can then be tested. Concretely, we want to prove that
Ivain © Ice11 © Ictx behaviorally refines Tyain © Ictx (Fig. 2, third column), where the Cell module
has been abstracted away and Main reduces to directly calling Main.cb, then foo, and printing the
return value of Main.cb. One can then test Ty,in © Ictx to check whether Main. cb and foo work
as expected—since the top-level code is simpler, testing at this level is more efficient than testing
against the original implementation.

To achieve this, we need to give a specification of the Cell module, which provides reasoning
principles for set and get that clients can rely on without examining the module’s implementation.
With pre- and postconditions, these functions can be specified using an ownership predicate’ cell as
shown in the second column of Fig. 1. This ownership predicate provides two key properties. First,
it ensures exclusive access: only the owner of cell(x) can invoke set and get, since both require
it as a precondition and ownership cannot be duplicated. Second, cell(x) encodes the invariant
that the cv variable of the Cell module contains the value x. This property is witnessed by the
postcondition of get, which guarantees that the return value r equals x when cell(x) is provided
as a precondition. Note that both set and get return ownership of cell in their postconditions to
allow continued access.

However, this pre- and postcondition specification is insufficient for reasoning about callbacks,
and we recall a traditional remedy. The postcondition Jy, cell(y) of set indicates that cv changes
to some new value y, but does not express that this value comes from calling cb. The traditional
approach to address this is to assume that cb satisfies a client-provided pre- and postcondition, and
then use this assumption to give a more precise specification of set.

Unfortunately, this traditional remedy does not apply in this hybrid verification setting. The
assumption that Main. cb satisfies a pre- and postcondition cannot be discharged, since Main.cb is
not formally verified but only tested. This limitation calls for a richer specification mechanism that
can provide precise ownership-based reasoning principles for set without requiring the callback
itself to be formally verified.

1.3 CRIS

The limitations of pre- and postcondition-style reasoning principles motivate our framework,
CRIS. The key innovation of CRIS is a novel notion of specification, called imaginary specifications,
providing greater expressive power and reasoning principles than pre- and postconditions.
CRIS’s imaginary specifications generalize CCR’s specifications in two significant ways. First,
unlike CCR’s specifications A : (P, Q) where the abstraction A and the pre- and postconditions (P, Q)

!In the literature, these are called separation logic assertions or Iris propositions [18].
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are completely separated (i.e., they cannot depend on each other), CRIS’s imaginary specifications
freely mix executable code and ownership assertions, allowing them to depend on each other.
Second, and more importantly, while CCR uses the abstraction A to describe observable behaviors
and the pre- and postcondition (P, Q) to provide reasoning principles to clients, CRIS’s imaginary
specifications serve both roles simultaneously: they both describe observable behaviors and provide
reasoning principles.

To achieve this integration, CRIS uses four special operators that serve as primitive building blocks
for expressing ownership assertions within programs: take, choose, Assume, and Guarantee. The
operators take and choose, inherited from CCR [29], represent dual forms of nondeterminism: take
imaginarily receives an arbitrary value (serving as universal quantification V), while choose makes
a concrete selection (serving as existential quantification 3). The operators Assume and Guarantee
handle ownership transfer: Assume acquires ownership of resources (analogous to requiring a
precondition), while Guarantee releases ownership (analogous to establishing a postcondition).
Note that while CCR 2.0 [28] also employs similar constructs, CRIS interprets Assume and Guarantee
differently in a way that enables the meaningful integration of code and ownership assertions.

Equipped with these operators, we can now express the Cell module’s behavior using imaginary
specifications, as shown in the third column of Fig. 1. The get specification demonstrates how
standard pre- and postconditions translate into this framework. It imaginarily takes an arbitrary
integer x (line 1) and assumes ownership of cell(x) (line 2), then returns the value x (line 4) while
guaranteeing ownership of cell(x) (line 3). More significantly, the set specification demonstrates
the distinctive power of imaginary specifications. While maintaining the pre- and postcondition
structure, it embeds the call to cb between the assertions, explicitly capturing that the updated
value comes from this call. It imaginarily takes a value x (line 1) and assumes ownership of cell(x)
(line 2), then invokes cb() to obtain a return value i (line 3) and guarantees ownership of cell (i)
(line 4). Note that the postcondition cell(i) depends on the program code i = cb(), and this
dependency is precisely what pre- and postconditions alone cannot express.

Since imaginary specifications represent a new form of specification, we also need a new reason-
ing principle for clients. The reasoning principle follows naturally from the nature of imaginary
specifications as abstract programs: specifications are inlined at call sites. For example, when
verifying a client calling set, we replace the call to set with its imaginary specification, treating
the inlined specification as if it were the client’s own code (see §5 for more details).

However, this inlining approach creates a fundamental tension with supporting module-local
reasoning. Both CCR and CRIS support reasoning about a module’s private state via module-local
invariants. Yet, inlining across modules seemingly breaks this modularity because the inlining
principle treats code inlined from a different module as if it were part of the caller’s own module.

We resolve this tension through carefully designed module semantics and simulation relations.
We make the inlining principle sound by allowing Assume and Guarantee in inlined specifications to
access the caller module’s own resources, while simultaneously preserving support for module-local
invariants (see §6 for details).

To demonstrate the power of imaginary specifications, we verify the motivating example given
in Figs. 1 and 2, where we use the imaginary specification for Main given in the fourth column of
Fig. 2 as an intermediate step in the verification (§3). We also provide a hybrid specification of a
memory module that allows clients to freely choose between pre- and postcondition specifications
or operational specifications (§7).

In summary, this paper introduces imaginary specifications, a novel notion of specification
that enables hybrid verification where a mixture of different verification techniques is applied.
Imaginary specifications extend pre- and postcondition-style specifications to express interactions
with arbitrary unverified code involving any side effects such as I/O or nontermination. We present
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the CRIS framework with formal semantics and proof rules, demonstrate its expressive power
through examples involving unverified code, and provide a complete mechanization in Rocq [19].

2 Background

This section introduces the essential background on dual nondeterminism, resource algebras, and
interaction trees that underpin our approach.

2.1 Dual Nondeterminism

Dual nondeterminism introduces two complementary forms of nondeterministic choice: demonic
and angelic [4]. In the following, we explain these two notions by comparing how they affect the
observable behaviors of programs. Before we proceed, we suppose that the semantics of a program
p is given by the set of behaviors Beh(p), consisting of finite or infinite sequences of I/O events
that the program exhibits.

Demonic Nondeterminism. Demonic nondeterminism, triggered by the choose operator, is
the standard form of nondeterminism found in programming languages: when a program reaches a
branching point, it may evolve into any one of several possible next states. Formally, the semantics
of choose is defined as the union of the behaviors arising from each branch:

Beh(x = choose(X); K[x]) = U ex Beh(K|[x])
The following example demonstrates demonic nondeterminism:
Beh(c = choose({1,2}); print(c)) = {print(1),print(2) }
A value ¢ is nondeterministically chosen from a given set and then printed. The overall behavior
set is obtained by taking the union of the behaviors from each possible choice.

Angelic Nondeterminism. Angelic nondeterminism, triggered by the take operator, is the dual
of demonic nondeterminism. Formally, its semantics is defined by taking the intersection of the
behaviors of each branch, retaining only the behaviors common to all possible executions.

Beh(x = take(X); K[x]) = Nyex Beh(K[x])
The following example demonstrates angelic nondeterminism:
= take({true, false}); if (b) { c = choose({1,2}); print(c); }
else {c =choose({2,3}); print(c); }

Here, take constrains the behaviors to those common across both branches, leaving only print(2).

Beh b = { print(2) }

Implementability of Dual Nondeterminism. The two forms of nondeterminism differ
in real-world implementability. Union-based (demonic) nondeterminism is directly imple-
mentable: any single branch yields a semantically valid behavior. Intersection-based (an-
gelic) nondeterminism, while mathematically well-defined, cannot be realized in general: de-
termining which behaviors survive requires comparing all branches simultaneously. Accord-
ingly, CRIS treats choose as implementable, while restricting take to imaginary specifications,
where executability in the mathematical sense suffices.

2.2 Resources and Ownership Predicates

We briefly review resources and ownership predicates in Iris [18]. Resources form a resource
algebra R equipped with a commutative addition operator - : R X R — R and a validity predicate
V : R — Prop. For the example in Fig. 1, we define valid resources cell(x), cel1A(x), cellF(x)
for all integers x, and an invalid resource L, with addition defined by:

e cell(x) - cellA(x) = cellA(x) - cell(x) = cellF(x) for every x;

Proc. ACM Program. Lang., Vol. 10, No. PLDI, Article 239. Publication date: June 2026.



CRIS: The Power of Imagination in Hybrid Verification 239:7

e 0 - 0y = L for all other cases.

A global validity invariant requires that the addition of all resources owned by all components must
be valid, ensuring that component interactions never violate system correctness. Each component
may only update its own resources in ways that preserve validity, preventing any component from
invalidating others’ assumptions.

In the example, Cell always owns? cel1A(x) when cv contains x, while the client owns cell(x).
Global validity forces both to agree on x, preventing the client from independently changing
cell(x) to cell(x’) since cell(x’) - cellA(x) = L. On a call to set, cell(x) is transferred to
Cell, giving it cel1F(x), which it can update to cellF(y) for any y (choosing y to be the return
value of cb), before splitting back into cell(y) and cellA(y) and returning cell(y) to the client.

A collection of resource algebras is combined into a global resource algebra X. An ownership
predicate P € iProp X is a predicate over X satisfying a monotonicity condition. Pre- and postcon-
ditions are expressed as ownership predicates: a function with precondition P and postcondition Q
receives a resource satisfying P and returns one satisfying Q. We overload cell(x) to also denote
the minimal ownership predicate containing the resource cell(x).

3 Verification of Motivating Example

We now illustrate CRIS’s reasoning principles—particularly the inlining principle for imaginary
specifications—through the motivating example in Figs. 1 and 2.

Overall Proof Structure. Recall that our goal is to prove the following refinement for any Ic¢y:
Beh(lvain © Ice11 © Ictx) € Beh(Tuain © Ictx)

where Ice11, Iwain, Ictx are the implementations of Cell, Main and the context; Ty,in is the top-level
specification of Main; and o is the module linking operator, formally defined in §4.2.

Intuitively, this refinement holds as follows. When the function foo invokes any function of
Cell, the refinement holds vacuously because the absence of Cell from the top-level spec triggers
undefined behavior, which subsumes all possible behaviors. If foo does not use Cell (and in
particular does not invoke Cell.set()), then Cell.set() is invoked only once and therefore
the return value from Cell.get () should be equal to the return value from the first call to cb(),
thereby printing the same value in both the implementation and top-level spec.

In CRIS, we decompose the above end-to-end refinement proof into the following sub-refinements
via the intermediate imaginary specifications Ace1; for Cell (third column of Fig. 1) and Apain for
Main (fourth column of Fig. 2):

Ice11 Cetx  Acenn (RefCell)
Iain © Acell Ectx  AMain © Acell (RefMain)
AMain © Ace11 © Ictx  Sbeh  TMain © Ictx (RefCancel)

Note that Ayain is the same as Tyain except that it starts with imaginarily acquiring cel1(0). The
refinement Refce1; allows us to modularly reason about Cell alone using our simulation relation
(formally defined in §5), which yields contextual refinement. Refy,i, allows us to modularly reason
about Main using the simulation relation, relying on the imaginary specification Ace1; of Cell.
Finally, the global refinement Refcancel eliminates all imaginary operations by eliminating the Cell
module and the Assume command in Ayzin.

This cancellation refinement is fundamentally different from the other two: it is discharged
automatically by the cancellation theorem (§5.3) and applied only as the last step to the whole closed
program without any context (i.e., Cpep instead of Cc¢y). Although the cancellation step holds for
arbitrary Ity in this example, this is not the case in general: the cancellation theorem is applied to

“The notion of a module owning a resource is needed for local reasoning about the module’s private state [29].
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239:8 Yonghee Kim et al.

the whole program without any completely unknown context, and one may need to verify that
context functions do not invoke functions with non-trivial preconditions. We discuss Refcancel in
more detail in §5.3.

Composing these refinements by transitivity (with appropriate contexts at each step) establishes
the end-to-end refinement:

Iain © Ice11 © Ictx Ectx IMain © Acell © Ictx Ectx AMain © Acell © Ictx Ebeh TMain © Ietx
yieldil’lg Beh(Iyain © Ice11 © Ictx) € Beh(Tyain © Ioty).

This refinement proof highlights several key aspects of CRIS reasoning. First, it requires partially
open reasoning. For example, the refinement Refy,i,, relies on a complete specification of the Cell
module but leaves the implementations of the functions Main.cb and foo completely open. Second,
it requires ownership-based reasoning. The simulation proof of refinement Refy,i, logically relies
on the assumption that foo does not invoke Cell.set() because otherwise the top-level spec
and implementation could print different values. As in separation logic, we encode such logical
assumptions via the cell-related resources. Third, it requires inlining reasoning. The simulation
proof of Refyain employs the imaginary specification Ace11 of Cell by inlining the specification.

Proof of Ref.;;- We examine the sub-refinement Ref(e11, which illustrates local reasoning
about a module’s private state via a module-local invariant. CRIS allows each module to define
its own private state—such as cv—that is inaccessible to other modules, and to expose abstract
predicates—such as cell—that give other modules a logical abstraction over that state. Crucially,
such abstraction is possible only when the private state is physically protected from context modules:
in a hybrid setting where context code is unverified, any unprotected state can be arbitrarily modified
by the context, invalidating the abstraction.

The correctness of this abstraction—between the private state cv and the abstract predicate cel1—
is established by the refinement proof Refce11. For this, our simulation relation takes a module-local
invariant I : State — State — iProp X as a parameter, specifying what resources the module must
own given its source and target states. The relation then relates runtime configurations (consisting
of a module-local state and program code) on the source and target sides, enforcing I at each
interaction point (i.e., the entry and return points and each call site).

To prove Refce11, we instantiate I to assert that whenever the target’s cv variable holds x, the
resource cellA(x) must be owned. Using the intuition behind the cell-related resources from
§2.2, one can then establish the simulation between Ice11 and Ace11 via the simulation relation
formalized in §5.1. We refer to CCR [29] for further details on this style of module-local abstraction.

Proof of Refy,;,- We show how to prove the refinement Refy,in in detail since it uses the
inlining principle. For this refinement, we use the trivial module-local invariant A _ _. "True™
since Main has no module-local state. The proof repeatedly uses the take, Assume, and Guarantee

cases of the simulation relation formalized later in §5.1, so we present simplified forms here.
TAKE-SRC CHOOSE-SRC ASSUME-SRC GUARANTEE-SRC
VxeX.tsKx IxeX. tsKx P (t<s) Px (t<s)

t < (x=take(X);K x) t< (x=choose(X);K x) t < (Assume(P);s) t < (Guarantee(P);s)

TAKE-TGT CHOOSE-TGT ASSUME-TGT GUARANTEE-TGT
IxeX.Kx<Ss VxeX. Kx<s Px(tss) P (t<s)

(x=take(X);K x) <s (x=choose(X);K x) <s (Assume(P);t) <s (Guarantee(P);t) <s

The first row applies to source-side steps, and the second row to target-side steps. For take and
choose, a value is selected universally or existentially; the quantifier is swapped between the
source and target sides, and between the two operations. For Assume and Guarantee, ownership

Proc. ACM Program. Lang., Vol. 10, No. PLDI, Article 239. Publication date: June 2026.



CRIS: The Power of Imagination in Hybrid Verification 239:9

Target Resource Source
{emp} Assume (cell(0)); //add cell(0)

Cell.set(Main.cb); //inline Cell.set { cell(0) }
| x = take(Z); select 0 { cell(0) }
| Assume (cell(x)); // remove cel1(0) { cell(0) }
| i = Main.cb(); // callMain.cb & geti { emp } i = Main.cb(Q); // callMain.cb & get i
| Guarantee (cell(i)); // add cell(i) {emp}
foo(); // call foo {cell(i) } fooQ); /call foo
i = Cell.get(); // inline Cell.get { cell(i) }
| x = take(Z); select i { cell(i) }
| Assume (cell(x)); // remove cell(i) { cell(i) }
| Guarantee (cell(x)); // add cell(i) {emp}
| return x; return i {cell(i) }
print(i); // print i { cell(i) } print(i); print i

Fig. 3. Simulation proof outline for Refyain.

predicate P is acquired or consumed using the magic wand — and the separating conjunction *,
respectively; again, the roles are swapped between the two sides and between the two operations.

Fig. 3 presents the outline of the simulation proof. The Resource column shows the resource
owned by the simulation relation at each step. The grey vertical bars mark the inlined Cell code
on the target side, and the grey comments describe each step in the simulation proof.

The proof proceeds as follows. We start with both sides at their initial states owning the empty
resource. The source begins with Assume(cell(0)), which adds cel1(0) to the owned resource
by AssuME-srC. The target inlines Cell.set(Main.cb) using the imaginary specification in Ace11,
and executes two steps: it selects x = 0 by TAKE-TGT and removes cell(0) by ASSUME-TGT. Both
sides then take a matching step: calling Main.cb() and receiving the same return value i. The
target gains ownership of cell(i) by GUARANTEE-TGT, completing the execution of the inlined code.
It is this inlining-based reasoning that breaks in CCR [29] and CCR 2.0 [28] (see §6 for details).

Both sides then take another matching step: calling foo(), which returns no value. Since we
maintain cell(i) as our resource throughout, the resource remains unchanged after the call,
meaning that Cell still contains i. It may seem surprising that this is sound, since foo is arbitrary
code that may call Cell. set, thereby changing the state of Cell. The reason for soundness is that
if foo calls Cell.set or Cell.get on the source side, it executes their imaginary specifications
in Ace11, which attempt to acquire cell(_). This conflicts with the existing cell(i), triggering
undefined behavior. Since undefined behavior exhibits all possible behaviors, the simulation holds
vacuously.

The target then inlines Cell.get () using the imaginary specification in Ace11, and executes
four steps: it selects x = i, removes cell(i), re-acquires cell(i), and returns i, completing the
execution of the inlined code. Finally, both sides take a matching step: printing the same value i,
which completes the simulation proof.

The key insight is that imaginary ownership transfer via Assume and Guarantee, combined
with inlining, ensures that the state of Cell is fully tracked by the resource flow throughout the
simulation. From the client’s perspective, the resource cell(i) serves a dual role: it acts as a logical
witness for the value stored in Cell, and as permission to call Cell.set and Cell.get.

4 CRIS Framework
This section establishes the formal foundation of CRIS by defining its modules and semantics, with

particular attention to the operational encodings of Assume and Guarantee.
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Mod > M 2 {(scopes, funs, init) | scopeselist scope A funselist func A initelist state A wellscoped}
func = {(name, scopes, body) | name € string A scopes € list scope A body € Any — itree Epoq Any}
scope = string state = {(key, value) | key € scope X string A value € Any}

M.wellscoped = (Vf € M.funs, f.scopes C M.scopes) A (Vst € M.init, st.key.1 € M.scopes) A
(NoDup(M.scopes) — NoDup([s.key | s € M.init]))

WF(M) £ NoDup(M.scopes) A NoDup([f.name | f € M.funs])

Fig. 4. Definitions of modules.

4.1 Interaction Tree

We begin by reviewing interaction trees (ITrees) [31], which CRIS uses to represent effectful
computations—those involving, e.g., nondeterminism and I/O. An interaction tree is a coinductive
structure that models computation as a potentially infinite tree of interactions with the environment.
Specifically, the set of ITrees itree E R is parameterized by an event type E : Type — Type and a
return type R. Each node represents one of three kinds of computation: (i) an internal, unobservable
deterministic step 7; (ii) termination with a return value of type R; or (iii) an interaction with the
environment via an external event e : E X for some response type X, together with a continuation
for each possible response x € X (i.e., a map from X to itree E R). With this structure, interaction
trees form a monad, supporting standard monadic operations such as ret o to return a value and
i >>= k (or x = i; k x) to sequence computations via bind. Moreover, ITrees can be extracted to
executable code (e.g., OCaml), making them amenable to testing.

4.2 Module Definition
Modules. Fig. 4 shows the definition of a CRIS module M, which consists of three components
scopes, funs, and init satisfying well-scopedness:

e scopes: the list of scopes that are permitted to be accessed in this module.

e funs: a list of triples (name, scopes, body) consisting of a function name, the list of scopes the
function is permitted to access, and its body of type Any — itree E;oq Any, where Any is the
set of all mathematical values (i.e., X1etype T) and Enoq is the event type defined in §4.3.

e init: the module’s initial state, given as a (partially defined) key-value map whose keys are
pairs (scope, variable name) and whose values have type Any.

The predicate wellscoped(M) requires: (i) the scopes of all functions in M must be included
in M.scopes; (ii) the scope of each key in M.init must occur in M.scopes; and (iii) if M.scopes is
duplication-free, then the keys of M.init must also be duplication-free, permitting identical variable
names in distinct scopes.

The core idea of our module system is to allow multiple modules to be treated as a single
unified module without sacrificing isolation. Module composition—well-formed only when the
modules’ scopes and function names are disjoint—performs element-wise concatenation of all
module components. This composition is purely structural: once two modules are linked, the
resulting module no longer records which component originated from which submodule.

Isolation is instead preserved through a scope-based state model. Each module-local state cell is
stored under a scoped key, and every function declares the scopes it is allowed to access. A function
may only read or update state associated with scopes appearing in its annotation; any out-of-scope
access is blocked by the sandboxing mechanism described in §4.3. Thus, even after composition,
modules remain logically separated: no function can interfere with another module’s state.

Note that CRIS does not fix any specific programming language; instead, since interaction trees
provide a general model of computation, different languages can be encoded at the user level.
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Ecore (X) = {Choose X} W {Take X} W{IOO I fnarg| O,] € Type A fne stringAarge OANX =1}

Estate (X) = {Put k v | k € scopexstring Av € Any AX =unit} W {Get k | k € scopexstring A X = Any}
Ecr(X) = {Call fnarg| fn € string, arg € Any A X = Any}

Elogic(X) = {Assume P | P € iPropX A X = unit} ¥ {Guarantee P | P € iPropX A X = unit}

Emod (X) = Ecore (X) W Estate (X) W Ectr1 (X) W Ejogic (X)

Fig. 5. Event types in CRIS.

As a concrete example, we provide a simple imperative language, IMP, inherited from CCR [29],
which includes a notion of values with function pointers and a memory module storing IMP values.
Higher-order functions can also be handled (see Landin’s knot example in the Rocq artifact [19]).

Well-formedness and Linking. A module is well-formed when (i) scopes contains no duplicates
and (ii) all function names are pairwise distinct. Linking of modules, denoted o, is defined as list
concatenation applied to each component (scopes, funs, and init) and therefore always succeeds,
even when the modules share scopes or function names. Well-formedness is not enforced at linking
time; rather, CRIS’s key theorems require all modules involved to be well-formed. It is therefore
the user’s responsibility to verify that linked modules satisfy well-formedness in order to apply
these theorems.

4.3 Semantics and Contextual Refinement

We model the semantics of CRIS using interaction trees parameterized by the event types defined
in Fig. 5. At a high level, the semantics of a linked CRIS module is defined in two steps:

(1) The linked module is translated into a single global interaction tree containing only I/O,
Choose, and Take events. During this translation, all auxiliary events—including Assume,
Guarantee, and Call events—are interpreted and eliminated. Sandboxing is also realized at
this stage (see Sandboxing below).

(2) The resulting global interaction tree is interpreted as a set of observable I/O traces using a
coinductive relation Beh. At this stage, Choose and Take are interpreted as the union and
intersection of their continuation branches, respectively.

The following paragraphs define the semantic ingredients of each step.

Events. Ey,oq is the event type that expresses the full range of operational and logical events
relevant to CRIS, including state manipulation, control flow, and logical assertions. It serves as the
basis for defining the operational semantics of modules in CRIS. Four broad categories of events
are shown in Fig. 5:

(i) Ecore: Choose and Take represent dual forms of nondeterministic choice, allowing the program
to either select or be provided with a value from an arbitrary set X. I0 represents observable
I/0O operations.
(ii) Egtate: Put and Get update and retrieve values from a module’s local state, respectively.
(iii) Ecnl: Call represents function invocation.
(iv) Elogic: Assume and Guarantee embed separation logic assertions® into programs.

We also define shorthand notations for triggering these events in interaction trees:
choose(X) = trigger(Choose X) take(X) = trigger(Take X) f(v) £ trigger(Call f v)

3Following Iris for separation logic, we use iProp but employ a non-step-indexed [12, 29] resource algebra [17] with the
strong update modality—a restricted form of the standard update modality proposed by CCR 2.0 [28]. This restriction
is essentially necessary for supporting transitive composition of conditional refinements. Although the standard update
modality’s additional flexibility is exploited in a few resources—such as those used for ghost name allocation in Iris—simple
workarounds for all such cases have been found.
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io(O, 1, fn,arg) = trigger(I00O I fnarg) k:=v = trigger(Putkov) k= trigger(Get k)
Assume(P) = trigger(Assume P) Guarantee(P) = trigger(Guarantee P)

Translation. The translation carries a global state consisting of two components. The first
component is a key-value map indexed by pairs of (scope, variable name), used to model module-
local state and initialized with the linked module’s init component. The second component is
a global resource repository that stores a logical resource of type =. The repository is accessed
exclusively via two internal events, putres and getres, which are emitted only by Assume and
Guarantee during translation (see §4.4); consequently, only Assume and Guarantee can access the
repository. The initial content of the repository is given as a parameter to the translation and is
later quantified over in the definition of contextual refinement.

Once all modules are linked together into a module M and an initial resource ¢ for the global
resource repository is given, the translation, denoted trans(M, o), starts from the distinguished
entry function and turns the interaction trees of type itree Epnoq Any in M into a single global
interaction tree of type itree E o Any. This translation corecursively eliminates auxiliary events
at each step as follows:

(i) Elogic events are compiled away using the operational encoding shown in Fig. 7.
(ii) Ect events are removed by inlining function bodies at each call site.
(iii) Egtate €vents are elaborated using the monadic computation power of ITrees in the style of a
state monad.

Note that the iter combinator of interaction trees [31] plays a crucial role in representing
nonterminating computation. Given a function f : A — itree E (A+ B) and a : A, iter
repeatedly applies f starting from a until it returns a value of type B, or diverges otherwise,
yielding an interaction tree of type itree E B. trans(M, o) is defined using iter since the resulting
interaction tree may be nonterminating—due to, e.g., step (ii) above for mutually recursive calls.
Users can also use iter inside function bodies to express (possibly nonterminating) loops.

Sandboxing. Sandboxing is also realized during the translation. At every Put k v or Get k
event in a function f, the translation inserts scope-checking code, assume(k.scope € S), where
S is the scope annotation of f—inherited from the module to which f belongs—ensuring that
the scope of the accessed variable k—inherited from the module to which k belongs—is included
in S. This prevents a function of one module from reading or modifying variables belonging to
another module. Crucially, since the sandboxing code is hard-coded into each function body during
translation, inlining a function into another module’s context does not change its sandboxing
behavior: the function retains its original scope annotation regardless of where it is inlined.

Traces and Behavior. We formally define traces as finite or infinite sequences of I/O events as
shown in Fig. 6. Infinite traces correspond to executions that produce I/O events indefinitely. Finite
traces conclude in one of four ways: (i) normal termination with an Any value; (ii) divergence, where
the program performs an infinite internal computation without producing further observable I/O;
(iii) an I/O hang, where the program blocks indefinitely waiting for a response that never arrives;
or (iv) abort due to an external signal (e.g., a user interrupt). Note that finite 7 steps are invisible
in the observable I/O sequence, which is why divergence appears as an explicit concluding event
rather than being represented by an infinite sequence of 7 steps. Also, I/O hang (case (iii)) captures
divergence on the environment side, distinguishing it from program-side divergence (case (ii)).

We write Beh(—) for the behavior of a program, defined as the set of traces obtained from an
interaction tree over Ecore, as shown in Fig. 6. It is defined via a mixed induction-coinduction
(following [14]), where inductive cases are marked with [J and coinductive cases with []. Abort
can occur at any point during execution, modeling a user interrupt. The set of interaction trees
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ObsIO = {(Interact O I fn arg ret) | O,I € Type, fn € string,arg € O, ret € I}
ObsHang = {Hang O fn arg | O € Type, fn € string, arg € O}

Tracecog]d{e tr|e € ObslO, tr € } W {Term v |v € Any} W {Diverge} & {o | 0 € ObsHang} & {Abort}

ind-coind

Beh(itr € itree Ece Any) € P(Trace) = {Abort} U {Diverge | itr € div}U
match itrwith ——— o .
| ret v = {Term o} | tau >=K = 1 Beh(K())
777777 L*****Jffffff
| choose(X) = K = U,cx ' Beh(K(x))1 | take(X) =K = (),cx' Beh(K(x))
Lo — - = - Lo - - - - -
| i0(O, 1, fn, arg) =K => {Hang O fn arg} U U,uc;(Interact O I fn arg ret) :: | Beh(K(ret))

end
div € P(itree Ecoe Any) “24 { tau =K | K () € Ju
{ choose(X) =K | 3x € X.K(x) € } U { take(X) =K | Vx € X.K(x) € }
(M, P) Cpen (M',P') = (WF(M) — WF(M')) A
(Vo’.(Own ¢’ + P’) — Jo. (Own o + P) A Beh(trans(M, o)) € Beh(trans(M’, ¢”)))
(M,P) Cetx (M',P") 2V M, € Mod, P, € iPropX, (Mo M.,P *P.) Cpep (M’ 0 M, P’ * P;)

Fig. 6. Definitions of trace, behavior, and contextual refinement.

exhibiting silent divergence, denoted div, is separately defined coinductively. We interpret choose
and take as the union and intersection of the behaviors of their continuation branches, respectively.
In particular, executing choose(0) yields the empty set of traces, which we call No Behavior (NB),
whereas executing take(0) yields the set of all traces, which we call Undefined Behavior (UB).

Contextual Refinement. CRIS defines behavioral and contextual refinement as shown in Fig. 6.
Since a module’s behaviors (defined via trans) depend on an initial resource for the global repository,
we define a pair (M, P) consisting of a module M and an initial condition P : iProp ¥ as the unit
of refinement. Intuitively, the initial condition P specifies the set of initial resources for which
the execution of M is intended. Behavioral refinement (M, P) Cpe, (M’, P’) states that (i) if M
is well-formed then so is M’, and (ii) if P’ is consistent (i.e., satisfied by some ¢”), then P is also
consistent (i.e., satisfied by some o), and the behaviors of trans(M, o) are included in those of
trans(M’, o’). Contextual refinement (M, P) Ty (M’, P’) holds when, for all context modules M,
and context initial conditions P, we have (M o M., P * P.) Cpep, (M’ o M., P’ « P,).

4.4 Assume and Guarantee

We now give details on the translation of Assume and Guarantee, which enable imaginary own-
ership transfer within the semantics. The key idea, inspired by CCR’s wrapper encoding, is to
virtualize ownership transfer via dual nondeterminism, adapted here for the setting of imaginary
specifications.

In a nutshell, for an ownership predicate P : iProp X, the operation Assume(P) imaginarily
receives a resource satisfying P from the context, and Guarantee(P) imaginarily sends a resource
satisfying P to the context. To support this, an imaginary specification maintains a single global
resource repository together with two internal operations: getres, which retrieves the current
resource from the repository, and putres, which updates it with a new resource.

The precise definitions of Assume and Guarantee are given in Fig. 7. First, assume(P) for a normal
proposition P : Prop does nothing if P holds; otherwise it exhibits undefined behavior (UB). Dually,
guarantee(P) does nothing if P holds; otherwise it exhibits no behavior (NB). For an ownership
predicate P € iProp X, the operation Assume(P) enlarges the resource in the global repository
by imaginarily receiving an additional resource satisfying P, while Guarantee(P) shrinks it by
imaginarily sending some resource satisfying P.
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assume(P: Prop) = if not P then take(0) guarantee(P: Prop) = if not P then choose(0)
Assume(P: iProp X) = Guarantee(P: iProp X) =

ocur = getres(); ocur = getres();

Onew = take(X); onew = choose(2);

assume(V (onew)); guarantee(V (onew));

assume(Own(cnew) F B> (P * Own(oeur))); guarantee(Own(ocyr) F B (P * 0wn(ohew))) ;
putres(onen) putres(cnew)

Fig. 7. Encoding of Assume and Guarantee.

More specifically, Assume (P) proceeds as follows:

1. Get current resource: It retrieves the current resource o, from the global repository.

2. Take a new resource: It imaginarily takes a new resource oy, via take(X).

3. Assume validity: It assumes that ey is valid. If not, this branch can be ignored in the
intersection because it exhibits all possible behaviors by triggering take(0).

4. Assume ownership transfer constraint: It assumes OwWn(opey) + E(P*+0wn (o)), meaning
Onew can be updated to the composition of a resource satisfying P and the original resource
Ocur- This formalizes the idea that we have received a resource satisfying P from the context.

5. Update repository: It updates the global repository with ey

The operation Guarantee(P) works dually:

1. Get current resource: It retrieves the current resource oy, from the global repository.

2. Choose a new resource: It chooses a resource opeyw to retain via choose(>).

3. Guarantee validity: It guarantees that oy, is valid. If not, this branch can be ignored in the
union because it exhibits no behaviors by triggering choose(0).

4. Guarantee ownership transfer constraint: It guarantees Own(ocy;) + B (P * 0wn(opew)),
meaning o, can be split into a part satisfying P and the remaining part oy . This formalizes
the idea that we have sent a resource satisfying P to the context.

5. Update repository: It updates the global repository with ey

The key insight is that Guarantee(P) and Assume(P) are logically paired operations.
Guarantee(P) removes a part satisfying P from the global repository, making room for the context
to safely add it back via Assume(P). This process of shrinking and enlarging the global resource con-
stitutes imaginary ownership transfer without any physical communication: components exchange
resources logically, through Guarantee and Assume, rather than through any direct interaction.

Remark. The update modality in Assume is not essential: including or omitting it yields an
equivalent definition. More specifically, the encoding of Assume(P) intersects each branch with a
resource satisfying (P * Own(o¢y)) in the repository, and this is equivalent to intersecting with a
resource satisfying P * Own(ocy,). This holds because repository resources can only be consumed
by Guarantee assertions, which always contain the update modality.

The key observation is that holding a resource o that is updatable to ¢’ is more powerful than
holding ¢’ itself: whenever the repository resource is used by a Guarantee(Q) assertion, if ¢’
satisfies B (Q#0wn(0pew)), then so does o, since o can first be updated to ¢’. Hence o admits at least
as many behaviors as ¢’, because ¢’ is more likely to violate Guarantee(Q) and exhibit no behavior.
From this, it follows that the two intersections coincide: every ¢ satisfying (P * Own (o)) can
be updated to some ¢’ satisfying P % Own(ocyur), and since o admits no fewer behaviors than o’,
including o in the intersection does not further restrict it beyond what ¢’ already imposes.

The update modality in Guarantee, on the other hand, is important: it enables a convenient lemma
that allows the update modality to be freely eliminated from any hypothesis during simulation
proofs (see §5 for details).
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TAU-SRC PUT-SRC GET-SRC INLINE-SRC
tgt < (st,s) tgt < (st[k —0),s) tgt < (st, K st[k]) (f > F) € Asre gt S (st,F(v) >=K)
tgt < (st, tau;s) tgt < (st,k :=v;s) tgt < (st,k >=K) tgt < (st, f(v) >=K)
TAU-TGT PUT-TGT GET-TGT INLINE-TGT
(st,t) S sre (st[k —u0],t) < src (st, K st[k]) < src (f = F) € Agge  (st,F(v) »>=K) < src
(st, tau;t) < src (st,k :=v;t) < sre (st,k >=K) < src (st, f(v) »=K) < src
TAKE-SRC CHOOSE-SRC ASSUME-SRC GUARANTEE-SRC
Vx € X. tgt < (st,K x) dx € X. tgt < (st,K x) P — (tgt < (st,5)) P s« (tgt < (st,s))
tgt < (st, take(X) >=K) tgt < (st,choose(X) »>=K) tgt < (st,Assume(P);s) tgt < (st,Guarantee(P);s)
TAKE-TGT CHOOSE-TGT ASSUME-TGT GUARANTEE-TGT
dx € X. (st,K x) < src Vx € X. (st,K x) < src P« ((st,t) < src) P — ((st, t) S src)

(st, take(X) >=K) < src (st,choose(X)>=K) < src (st,Assume(P);t) < src (st,Guarantee(P);t) < src

10 CALL RET

Vrel, (ste, Ke 1) S (sts, Ks ) Lsty sts = (Vr,sty, stl. Lsty sth = (sti, Ke r) S (stl,Ks r)) @ (sty, re) (sts,rs)

(st,i0 O I f arg>=Ky) < (stt, f(v) >=Ky) < (sty,retry)
(sts, 10 O I f arg>=Ky) (sts, f(v) >=Ks) (sts,ret rs)

Fig. 8. Inference rules of the isimrelation. Omitted parameters: function environments Agrc and A¢g¢, module-
local invariant I, return type R, return relation @, progress flags pt and ps, and coinductive hypothesis r.

5 Reasoning Principles of CRIS

This section presents the reasoning principles of CRIS via the simulation relation isim over iProp 3
and related theorems, enabling users to verify programs directly inside the Iris Proof Mode [22, 23].

5.1 Simulation Relation

The simulation relation isimis defined by a mixed induction-coinduction using Paco (parameterized
coinduction) [14, 33], in the style of FreeSim by Cho et al. [5], with the rules given in Fig. 8. We
write tgt < src for isim, omitting the following parameters for brevity: function environments Agrc
and Ayt mapping function names to their bodies; module-local invariant I : state — state —
iProp ¥; return type R : Type and return relation ® : state X R — state X R — iProp Z; boolean
progress flags pt and ps; and coinductive hypothesis r : (R : Type) — (state xR — state xR —
iProp ) — bool — bool — iProp X. These parameters are explained when needed below.

The module-local invariant I is set by the user to express a module-local state invariant for a par-
ticular module. The return relation & is used when decomposing an isim proof via the bind lemma
introduced below, and is set to the default return condition A (sty, rt) (sts, rs). [ sty sts = "ry =rg"
when relating the whole body of each function.

Intuitively, isim is coinductive in structure, but uses induction to rule out unsound cases (accord-
ing to the adequacy theorem given below), such as taking silent steps indefinitely on the source side
while stuttering on the target side, and vice versa. For this, we use three parameters: r from Paco
for accumulating coinductive hypotheses, and p; and ps from FreeSim for recording progress on
the source and target sides, respectively. Specifically, r is used to express the coinduction principle
for isim introduced below. The flags p: and ps are set to true when any *-srRc or *-TGT rule is
applied (setting pt and ps, respectively), or both are simultaneously set to true when 10 or caLL
is applied; once both are true, isim may take a coinductive step, at which point the coinductive
hypotheses in r become available, after which p: and ps are reset to false.

One might wonder why sandboxing does not appear in Fig. 8. The reason is that the trans-
lation function in §4 first applies a sandboxing pass that transforms interaction trees of type
itree Emod R into sandboxed interaction trees of the same type, inserting scope-checking code
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ISIM-UPD ISIM-BIND
B gt < sre (ste,t) Sy (sts,s) * (Vsty, sts, re,rs. ¥ (ste, 1) (sts, 7s) =+ (ste, K 1) Sg (sts, Ks 7))
tgt < src (ste, t »=Ky) g (sts, s >=Ko)
ISIM-COIND

vr'. (Vigt, src. r tgt src+ 1’ tgt src) > (VYa. Patv r’ (sty at a) (sts a,s a)) —
Va.Pat (sty ata) <" (sts a,s a)

VYa.Pat (sty at a) <" (sts a,s a)
Fig. 9. Additional inference rules for isim.

(i.e, assume(k.scope € S)) explicitly into each function body. The simulation relation isim is
then defined over these sandboxed trees, so sandboxing is already baked into the trees being
related. Contextual refinement, on the other hand, quantifies over arbitrary context code before the
sandboxing pass, ensuring that sandboxing is enforced on all context code as well.

Inference Rules. The rules in Fig. 8 define isim and simultaneously serve as reasoning principles
for constructing simulation proofs.

® TAU-SRC/TAU-TGT takes a silent step on the source or target side.

® PUT-SRC/PUT-TGT and GET-SRC/GET-TGT update or read a state cell on the source or target side.

e INLINE-SRC/INLINE-TGT looks up the called function in the function environment Agrc/Acgt
and inlines its body.

® TAKE-SRC/TAKE-TGT and CHOOSE-SRC/CHOOSE-TGT select a value universally or existentially;
the quantifier is swapped between the source and target sides, and between take and choose.

® ASSUME-SRC/ASSUME-TGT and GUARANTEE-SRC/GUARANTEE-TGT acquire or consume owner-
ship; again, the roles are swapped between the two sides, and between the two operations.

e 10 requires identical I/O operations on both sides and continues with their continuations.

e CcALL requires identical function calls on both sides, but additionally requires the module-local
invariant I to hold before the call and guarantees it for the updated states after the call.

® RET requires the return condition @ to hold and completes the simulation.

Inlining-based Reasoning. The core reasoning principle of CRIS is the inlining of imaginary
specifications, carried out by the rules INLINE-SRC and INLINE-TGT. This mechanism allows arbitrary
function bodies to be inlined as if they were part of the local continuation, without imposing any
restrictions on their access to logical resources; physical state, meanwhile, remains isolated by
the sandboxing mechanism (§4.3). As a result, once a function is inlined, it can be reasoned about
exactly as the surrounding continuation.

Additional Inference Rules. Fig. 9 presents additional rules for isim, proved as lemmas. 1S1M-
UPD states that the update modality can be freely added to the simulation relation. Consequently,
given an ownership hypothesis £ H in the context, one can drop the update modality by first
applying 1SIM-UPD to relax the goal to B tgt < src, and then reducing B H to H and the goal
back to tgt < src via the standard IPM update tactics. 1SIM-BIND allows users to split a simulation
proof at a sequential composition point, with a chosen intermediate return relation V. 1SIM-COIND
allows users to apply coinductive reasoning by accumulating the current goal into the coinductive
hypothesis r; the accumulated hypothesis becomes available once progress has been made on both
the source and target sides.

CRIS Proof Tactics. CRIS provides Rocq notations to pretty-print proof goals by hiding less
important information, and Rocq tactics to minimize boilerplate and automate simulation reasoning—
using these tactics, users rarely need to apply the inference rules directly. The key tactics are:

e cStepsS/cStepsT automatically takes all consecutive steps on the source/target side that
require no user input.
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CONSEQUENCE FRAME-COND FRAME-MOD
PrP (M, P) Ceex (M, P') (M,P) Ceex (M, P')
(M, P") Ceey (M, P) (M,P % Q) Cety (M, P % Q) (M o M, P) Ceex (M" o M, P')
COMPOSE-VERTICAL COMPOSE-HORIZONTAL
(MasPa) Ect>< (bepb) (Mb> Pb) Ectx (MCsPc) (Ma;Pa) ECt>< (M;,P;) (Mbypb) E(:‘cx (Mi, P;/,)
(Ma, Pg) Ectx (M, Pe) (Mg 0 My, Py * Pp) Cetx (M}, 0 Mj, P, = P})

COMPOSE-MIX
(Mg © Mc,Pg) Ecex (M, 0 ME,PQ) (My © Mc, Py) Cetx (Mll, o M, PZ,)

(Ma oMy o M, Py * Pb) Eetx (M"; OMZ’, OMC;P; * Pl/,)
Fig. 10. Useful properties and composition lemmas for contextual refinement.

cForceS x/cForceT x takes a single step on the source/target side by using x as user input.
cStep applies either 10 or RET.

cCall Hs applies cALL, generating a subgoal to prove I using the hypotheses Hs.
cInlineS/cInlineT inlines a function body at a call site on the source/target side.

cCoind accumulates the current goal into the coinductive hypothesis via 1s1M-coInND, and
cByCoind closes the goal by applying the coinductive hypothesis.

Adequacy of Simulation. Contextual refinement follows from a simulation proof as follows.

THEOREM 5.1 (ADEQUACY). Let M and M; be two well-formed modules, and let I be a module-local
invariant. Suppose that for every function fs in M, there exists a function f; of the same name in M; such
that Vst sts, 0.1 st¢ st v (ste, fi 0) <* (sts, fs 0). Then (Mg, emp) Cerx (Ms, I My.init Ms.init).

Compositions of Contextual Refinement. Proof manipulation and composition are performed
at the level of contextual refinement using the lemmas in Fig. 10. The CONSEQUENCE rule strengthens
the initial condition. The FRAME-COND and FRAME-MOD rules support framing over initial conditions
and modules, respectively. The cOMPOSE-VERTICAL rule gives transitivity: two refinements for
the same module can be chained together. The COMPOSE-HORIZONTAL rule composes refinements
for different modules in parallel. The comPosg-mIx rule enables mixed composition, allowing
refinements that share a common context module M, to be composed without duplicating M,—
supporting the reuse of shared library modules across different verification proofs.

5.2 Pre/Postcondition Wrappers and Derived Reasoning

As a user-level addition to CRIS, we adopt the function wrapper mechanism ‘W from CCR [29]
to support (i) reasoning about external functions using only their pre/postconditions, without
inlining, in the style of CCR (see Pre/Postcondition-Style Reasoning below), and (ii) eliminating
imaginary operations via the cancellation theorem (see §5.3).

Pre/Postcondition Wrappers. For each function f, the user applies the wrapper ‘W4, shown
in Fig. 11 by choosing a pre/postcondition triple s consisting of W € Type, P € W X Any X Any,
and Q € W X Any X Any, and a pre/postcondition map S from function names to pre/postcondition
triples. The wrapper ‘Wey, wraps f by (i) inserting the pre/postcondition from s at the beginning
and end of f, and (ii) decorating every call to a function fn within f with its triple S(fn), via the
interp combinator for interaction trees [31] with the event handler “W,,1; shown in Fig. 11.

This encoding shows how values and ownership can be imaginarily transferred using imaginary
operations. Specifically, at each call site to fn, ‘W,,11 imaginarily sends out metadata w, a virtual
argument xy, and the ownership specified by the precondition P of fn via choose and Guarantee,
while physically passing a physical argument x related to x;, by P. Correspondingly, Wk, causes
the function fn to physically receive x and imaginarily receive w, xy, and the ownership specified
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Weun(S)(s, f € Any — itree Epoq Any) = Wea11(S)(e € Epoq) = match e with Call fnx, =
Ax € Any. let (W,P,Q) = s in let (W,P,Q) = S(fn) in
(w,xy) = take(W X Any); (w,x) = choose(W X Any);
Assume (P(w, xy, X)) ; Guarantee (P(w, xy,x));
ry = interp (Wea11(S)) (f xv); r = trigger(Call fnx);
r = choose(Any); ry = take(Any);
Guarantee(Q(w,1y,7)); Assume (Q(w, 1y, 7)) ;
ret r ret ry | _ = trigger(e) end

Fig. 11. Pre/postcondition wrappers for function definitions and call sites.

by its precondition P via take and Assume. On the return side, fn imaginarily sends out a virtual
return value r, and the ownership specified by its postcondition Q via choose and Guarantee,
while physically returning a value r related to r, by Q. Correspondingly, the caller physically
receives r and imaginarily receives r, and the ownership specified by the postcondition Q of fn.

We note a few important points, following CCR [29]. First, dual nondeterminism via choose and
take is the key mechanism that enables logically transferring values and ownership between the
caller and the callee. Second, the physical values x and r are those appearing in an implementation,
while the related virtual values x, and ry are those appearing in a top-level specification. For
example, in a program using linked lists, functions pass 64-bit pointer values in the implementation,
while the top-level specification uses mathematical lists. To establish refinement between them,
we use intermediate imaginary specifications where the concrete 64-bit pointers and abstract
mathematical lists are related via physical values x, r, and virtual values xy, ry, as shown in Fig. 11
(see the Celliostk example in the Rocq artifact [19], which abstracts pointer values into mathematical
lists). Finally, concrete implementations can be represented using the trivial pre/postcondition
triple, which imposes only equality between physical and virtual values with no ownership transfer
(i.e, W =unit, P((),xy,x) ="xy =x7,and Q((), ry,r) ="ry =17).

In the motivating example, all functions use the trivial wrapper except Main.main in Auain, with
precondition "x, = x * Assume(cell(0)) and postcondition "r, = r. Note that Figs. 1 and 2
present equivalent but simplified versions of the wrapped functions. In particular, the first line of
Main.main in Ay,in (Fig. 2) is generated by the wrapper, while the imaginary operations in the Cell
module are not generated by the wrapper but manually written, intended for inlining reasoning.

Pre/Postcondition-Style Reasoning. With the pre/postcondition wrapper, the user can also
reason about external functions using only their pre/postconditions, without inlining. Specifically,
at a call site, for the pre/postcondition triple (W, P, Q) of f (given from S) we have:

(sty,r=f(x); Kr) < (sts, (w,x) = choose(W X Any); Guarantee(P(w,xy,x)); r = f(x);

r, = take(Any); Assume(Q(w,r,7)); K r)
Then we can proceed as follows: (i) prove P(w, xy, x) for chosen w and x; (ii) apply the cALL rule
by proving I st; sts; (iii) assume [ st; st for any updated states st; and st{, and Q(w,ry,r) for
any virtual and physical return values r, and r; and (iv) continue with (st{,K r) < (st;,K r).
Note that since CRIS provides both INLINE-SRC/INLINE-TGT and CALL, users may choose between
inlining-based and pre/postcondition-style reasoning.

5.3 Elimination of Imaginary Operations

A top-level specification is typically a program free of imaginary operations. CRIS provides two
ways to eliminate imaginary operations such as take, Assume, and Guarantee from specifications.

Elimination by Inlining. Imaginary operations may be reduced by simulation reasoning
following inlining, together with elimination of the inlined function or module. As illustrated by the
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proof of Refy,i, in §3, the imaginary operations in Ace1; are eliminated by simulation reasoning after
inlining, leaving only one imaginary operation in Aya,in—the one generated by the pre/postcondition
wrapper (§5.2)—and rendering Ace11 dead code. One can then eliminate Ace11 entirely: removing a
function or module is always sound, since invoking a nonexistent function triggers UB.

Cancellation Theorem. Imaginary operations introduced by the pre/postcondition wrapper
can also be eliminated automatically via the cancellation theorem, where ‘W (S) (M) denotes the
module derived from M by wrapping every function with the pre/postcondition map S.

THEOREM 5.2 (CANCELLATION). Let M be a well-formed module, S a pre/postcondition map, and
(W, P,Q) = S(finit) forthe initial function fini¢. Foranyw € W such thatVr,,r. Q(w,ry,r) + r, =717,
we have (W (S)(M),I) Cpen (M, I * P(w,(),())) foranyI € iPropX.

This theorem is proved by eliminating the precondition of the initial function using the given
initial resource, and then cancelling out all matching choose/Guarantee and take/Assume pairs at
each call and return site. For example, Refcancel is proved by this theorem since Assume(cell(0))
in Amain is generated by the wrapper as the precondition of the initial function.

The cancellation theorem yields behavioral refinement rather than contextual refinement, since
all functions must be wrapped with the same pre/postcondition map S, leaving no room for an
additional context module. Nevertheless, unknown functions may still be accommodated as parts
of the cancellation refinement by assigning them the trivial pre/postcondition triple (§5.2) in S,
provided they invoke no function with a non-trivial pre/postcondition in S. This is illustrated by
Refcancel, which holds for arbitrary Iciy.

Note, however, that the reason why Ictx invokes no function with a non-trivial pre/postcondition
is special. Since Main.main is the only function with a non-trivial pre/postcondition in S, one
would normally need to prove that foo does not invoke Main.main. In CRIS, however, the initial
function is used only to start execution and cannot be called during execution, so this obligation
is discharged automatically. If Main.main were not set as the initial function and a new initial
function were defined to invoke Main.main instead, one would need to prove that foo does not
invoke Main.main. This can be systematically achieved by wrapping foo with a wrapper that
triggers UB on any call to Main.main (see the Cellio example in the Rocq artifact [19]).

6 Inlining vs. Module-Local Invariants

This section examines the tension between support for inlining and support for module-local
invariants (§6.1), and explains how CRIS resolves it (§6.2).

6.1 Tension between Inlining and Module-Local Invariants

Inlining and module-local invariants impose seemingly conflicting requirements. To support inlining
an imaginary specification f from a module M into a module M’, we must allow the imaginary
operations in f to access resources owned by M’ across module boundaries. On the other hand,
module-local invariants I rely on the absence of interference from other modules. In particular,
the caLL rule guarantees I even after a call to an unknown function in a context module, which is
sound only if arbitrary code in the unknown function cannot interfere with the resources owned
by the caller module.

A natural approach to supporting module-local invariants is to maintain a separate resource
repository for each module, rather than a single global repository shared among all modules. Sepa-
rating repositories physically prevents functions of one module from accessing another module’s
resources. This is indeed the approach taken by CCR [29] and CCR 2.0 [28].

However, separating repositories conflicts with the inlining principle, as shown below. This is
precisely why CCR and CCR 2.0 cannot support inlining of imaginary operations.
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Counterexample. The motivating example in Figs. 1 and 2 serves as a counterexample. Recall that
in §3 we established the refinement between Iyain © Ice11 © Ictx (denoted Imp) and Ayain © Ace11 © Iotx
(denoted Abs) using the inlining principle. We now show that this refinement fails under module-
local repositories, demonstrating that inlining is unsound in that setting.

To see this, suppose that foo() simply calls Cell.set() once. In Imp, this call overwrites the
cell value set by the initial Cell.set() in Iyain, SO the overwritten value is eventually printed. In
Abs, by contrast, the printed value is determined by the first Main.cb() call, regardless of what
foo() does. For the refinement to hold, Abs must therefore trigger undefined behavior (UB) before
the mismatch becomes observable.

Under CRIS’s global repository semantics, this is exactly what happens. During the execution
of Abs, the exclusive resource cell(—) is assumed twice: once by the Assume at the beginning of
Awain, and once by Ace1; itself. The second Assume attempts to duplicate the cell(—) resource,
thereby triggering UB, as intended.

Under module-local repositories, however, this argument breaks down. The two assumptions are
checked against separate module-local repositories, so both succeed independently. The duplication
of the exclusive resource goes undetected, and Abs can print a value different from Imp. Hence, the
inlining principle is unsound under module-local repositories.

6.2 Reconciling Inlining and Module-Local Invariants

How does CRIS support module-local invariants with a global repository? Our key observation
is that supporting both requires (1) merging the resource repository across modules, while (2)
maintaining separation of module-local states across modules. We achieve (1) by removing module
boundaries at the semantic level (i.e., there is no semantic difference between two linked modules
and the same functions written in a single module from the start). We achieve (2) through the
sandboxing mechanism introduced in §4: functions with disjoint scopes can access only disjoint
keys, thereby preventing interference with other functions’ states.

One may still wonder how module-local invariants are supported when resource repositories are
merged into a single global one. The key insight is that our simulation relation is a unary iProp
(i.e, a predicate over resources, not a relation over pairs of resources), specifying the resource
difference between the global repositories of the source and target. More specifically, the source
repository must contain all resources of the target repository, and the additional resources in the
source repository must satisfy the simulation relation.

Whenever an external function attempts to interfere with a module’s resources, one of two
outcomes follows. Either (i) the attempt fails on the target side because the target repository
contains insufficient resources, in which case the simulation holds vacuously since the target
cannot take the interfering step; or (ii) the attempt succeeds in modifying the target repository, in
which case the corresponding attempt on the source side also succeeds, since the source repository
contains all resources of the target. Moreover, the source-target difference remains unchanged,
because the interference modifies the shared resources identically on both sides. This explains why
module-local invariants are preserved even in the presence of interference from external functions.

It is important to note that the operational semantics places no restriction on resources—meaning
the target side can hold more resources than the source side—while it is the simulation relation
that prevents this. In other words, if no source execution can be found that always holds a resource
at least as large, the simulation cannot be established. For example, when both sides hold the same
resource, the simulation owns the difference (i.e., the empty resource). If the target then attempts
to acquire an additional resource, the simulation reasoning gets stuck: acquiring a resource on the
target side requires taking it from the resource currently owned by the simulation, which is empty.
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[Imem]def alloc(sz) = def store(loc,v) = load, free,...
[Tvem]def alloc(sz) = def store(loc,v) = load, free,...
[Ayven]def alloc(sz) = Assume(™0 < sz7); def store(loc,v) = Assume(3vy, loc — vy);
loc = choose(N); Guarantee(loc — v);
Guarantee(*Kyc[os,) 10ctk — 0); def load(loc) = ...
ret loc; def free(loc) =...
[Hyen]def alloc(sz) = b = take(bool); def store(loc,v) = b = take(bool);
if b then Assume("0 < sz7); if b then Assume(3vy, loc — vy);
loc = choose(N); Guarantee(loc — Vv);
Guarantee( [ s,) (Loctk) — 0); else
ret loc; def load(loc) = ...
else def free(loc) =...

Fig. 12. A concrete memory model, its ownership-based specification and a hybrid specification.

7 Advanced Examples

We present additional examples demonstrating the expressive power of imaginary specifications
within CRIS, all formally verified in our artifact [19].

Hybrid Specifications for Memory. We present a hybrid specification for a memory module that
allows clients to freely choose between pre/postcondition-style and operational-style reasoning.

Consider an integer-address-based memory model Iyen With deterministic allocation, a stack
module Ist5ck using this memory, and an application Ixp, that uses both modules directly. To enable
more efficient but less formal verification of Iy, via techniques such as static analysis or testing,
we aim to replace the concrete memory-based stack implementation with an abstract mathematical-
list-based stack model Ast,ck by establishing Ivem © Istack © Iapp Ebeh Tiem © Astack © Iapp, Where Tyen
is the concrete memory model that Iy, uses in the top-level spec.

The natural choice for Tyep i Iven itself, but this does not work: its deterministic allocation causes
the refinement to fail, since Istack consumes memory addresses while As¢ack does not. Instead, we
define Tyen as Iyen with nondeterministic allocation, which allows the top-level spec to match the
addresses allocated by the implementation.

While verifying Ivem © Istack Sctx Ivem © Astack Would directly establish this refinement, doing so
forces us to reason with the concrete models Iyen and Tyen (first and second rows of Fig. 12) rather
than an ownership-based specification (third row of Fig. 12). The challenge is that we must retain a
concrete memory model at the top level because Iy, uses it directly, while we want to abstract the
stack’s memory usage into an abstract specification to simplify the stack verification.

We resolve this conflict using an imaginary specification Hyep (fourth row of Fig. 12) that allows
clients to choose between the ownership-based specification and the concrete operational model.
The specification Hyep uses take to branch between Ayen and Tyen. By the TAKE-TGT rule in Fig. 8,
clients can select either branch during verification.

The verification proceeds as follows: we verify Iyem Cctx Hyem for memory and Hyen © Istack Sctx
Hyen © Astack for the stack; Hyen Ectx Tvem then follows almost immediately from the TAKE-TGT rule,
since take takes the intersection of its branches and thus refines any individual branch. Composing
these Yields: Ivem © Istack oIApp Cetx Huem©Istack oIApp Cetx Hyen 0 Astack OIApp Cetx IMem©Astack OIApp-

This example illustrates a subtle unsoundness: naively using Iyen in the top-level spec breaks the
refinement. This subtlety highlights the need for formal verification via imaginary specifications.

More Examples. CRIS can express a range of advanced features, including mutual recursion and
higher-order functions. Beyond the motivating example Cel1i0CB, the Rocq artifact [19] includes
the following examples, among others: (i) Cellio: similar to Cel1ioCB but with Main.main not
set as the initial function; (i) MutSum: a mutually recursive computation of a sum; (iii) Repeat:
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a higher-order function invoking a function pointer a specified number of times; (iv) Landin’s
knot: higher-order references and general recursion; and (v) Ring: a linking of n Cell modules for
arbitrary n, demonstrating verification with a variable number of modules.

8 Related Work

The main distinguishing feature of CRIS relative to all existing work is formal support for hybrid
verification via imaginary specifications.

Contextual Refinement and Relational Separation Logics. Contextual refinement requires a
strong assumption: it must hold across all possible contexts, making it difficult to establish directly. A
series of works [3, 6, 7, 9-12, 30, 32] has developed logical methods for proving contextual refinement
and related relational properties. ReLoC and ReLoC Reloaded [9-11] developed mechanized Iris-
based proof rules for contextual refinement of higher-order state and fine-grained concurrency.
Blaze [6] extended relational separation logic to effect handlers with mutable state and concurrency.
Simullris [12] established fair termination-preserving contextual refinement.

However, none of these systems simultaneously support termination-preservation, conditionality,
and transitivity. ReLoC, ReLoC Reloaded, and Blaze do not establish termination-preserving refine-
ment, while Simullris, although termination-preserving, separates the latter two properties across
different judgments: its simulation judgment is conditional but not transitive, while its induced
contextual refinement is transitive but unconditional.

Conditional Contextual Refinement. As reviewed in §1, CCR [29] introduced a refinement
framework whose contextual refinement is both conditional and transitive, with a wrapper-based
approach using dual nondeterminism to transfer ownership between caller and callee. However,
CCR’s proof principles are asymmetric: they work well for I Ceex S +H A : (P, Q) but do not
provide high-level reasoning principles for chains where the intermediate term is itself a wrapped
specification (e.g., S F A: (P,Q) Cctx S’ A" : (P’,Q’)). CCR 2.0 [28] addresses this by introducing
*assume and *assert as user-level operations and providing reasoning principles for them at both
source and target sides. CRIS subsumes all reasoning principles of CCR 2.0, while neither CCR nor
CCR 2.0 supports imaginary specifications or hybrid verification (see §6.1).

Recent work [13, 34, 35] also attempts to marry conditional and transitive refinements, but relies
on simple rely-guarantee conditions rather than ownership reasoning.

Dual Nondeterminism. Dual nondeterminism (angelic and demonic) is a classical concept
extensively studied in game semantics. Refinement Calculus [2] pioneered the use of assume/assert
statements and dual nondeterminism for writing specifications as programs to enable incremental
verification, but was designed for simple languages with global state and does not support ownership-
based reasoning. Refinement-Based Game Semantics (RBGS) [20, 21] extends this to settings with
layers and local state, unifying refinement, game semantics, and algebraic effects, but also without
ownership-based reasoning. Inspired by the use of dual nondeterminism in CCR [29], Dimsum [27]
leverages dual nondeterminism to logically convert between integer-based addresses and block-
based addresses, enabling composition of modules written in different languages such as assembly
and C. VeriFast [15, 16] introduced angelic nondeterminism into symbolic execution to check
assumptions about memory operations via automatically inserted assertions, rather than supporting
separation logic assertions at arbitrary locations.

Viper. Viper [8, 24, 25] is an intermediate verification language that supports permission-based
automated reasoning through constructs such as inhale and exhale, enabling the encoding of
assume-guarantee reasoning within code. These constructs are conceptually similar to CRIS’s
Assume and Guarantee, though Viper’s primary focus is on automated verification whereas CRIS
focuses on proving refinement. Additionally, Viper’s permission model is tightly coupled to the
heap, whereas CRIS follows Iris in supporting a more general non-step-indexed resource algebra.
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