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Abstract. Eunoia is an emerging logical framework for specifying the
proofs and proof systems of SMT solvers, namely CVC5. We present a
translation from Eunoia to the 𝜆Π-calculus modulo rewriting as implemented
by the LambdaPi proof assistant. The translation is implemented by our
tool eo2lp, which we use for generating LambdaPi encodings of (a) a large
fragment of CVC5’s Cooperating Proof Calculus (CPC), and (b) proofs
produced by CVC5 on unsat problems from various fragments of SMT-LIB.

1 Introduction

The area of automated reasoning known as satisfiability modulo theories (SMT)
focuses on the development of tools for checking the satisfiability of first-order
formulas over combinations of mathematical theories [10]. Such tools (known as
SMT solvers) are increasingly used as back-ends for various tasks: hardware [30]
and software verification [7, 33, 26], model checking [16], cyber-security [4, 34],
and to improve automation in proof assistants [1, 11]. Because these applications
demand a high level of confidence in the results produced by the solver, many
solvers are capable of generating proof certificates that witness the unsatisfiability
of formulas reported as such by the solver.

The SMT-LIB standard [9], which specifies the syntax and semantics of a
common language used for interacting with solvers. Proof generation is however
not covered by the standard, leading to the the development of various proof
formats, namely LFSC [37], Alethe [36], and recently Eunoia [21]. Eunoia is a
proof output language and a logical framework: it allows specifying the constants,
side-condition programs and inference rules of an SMT solver (e.g., CVC5); and
Eunoia proof scripts may be checked by the C++ tool Ethos [21].

The 𝜆Π-calculus modulo rewriting [19] and its implementations in the tools
Dedukti [3] and LambdaPi [22] are designed to offer a trustworthy proof checker
with an emphasis on interoperability of proof systems. This paper presents a
translation from Eunoia to LambdaPi and an OCaml tool eo2lp that implements
the translation. We used our tool to translate a large portion of CVC5’s proof
system to LambdaPi (figure 1), allowing us to further translate and typecheck
over 1,000 proof scripts produced by running CVC5 on unsat problems from the
SMT-LIB fragments for logic, linear integer arithmetic, arrays, and sets.
⋆ Research reported in this document was supported by an Amazon Research Award, 2022.
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Fig. 1. Overview of the translation pipeline. CVC5 produces Eunoia proof scripts using
rules from the CPC signature, which may be checked by Ethos. eo2lp translates both the
signature and the proofs to LambdaPi, which independently verifies them.

Contribution. Section 2 formalizes the fragment of Eunoia used by CVC5,
covering its term syntax, command structure, and elaboration semantics. Section 3
defines a translation from Eunoia to the 𝜆Π-calculus modulo rewriting that targets
Eunoia as a framework: inference rules, side-condition programs, and elaboration
are all translated automatically. Section 4 describes our OCaml tool eo2lp, which
translates all 22 modules of CPC-MINI (359 rules, 96 programs, 57 constants) and
independently verifies 97% of 1,036 proof scripts across 14 SMT-LIB fragments.

Related Work. Coltellacci et al. [17, 18] translate Alethe [36] proofs from
CVC5 [5] to LambdaPi by hand-writing lemmas for each Alethe rule, covering
UF and linear integer arithmetic. Similarly, LEAN-SMT [31] encodes ∼200 of
the 662 CPC rules (∼30%) as hand-written Lean 4 theorems. Our translation
instead targets Eunoia as a framework, so all 359 CPC-MINI rules are translated
automatically; the trade-off is that the rules are not independently proved sound
in LambdaPi but taken as axioms whose well-typedness and subject reduction
are verified.

The idea of reducing SMT proof checking to type checking originates with
LFSC [37]; Eunoia inherits this approach and extends it with the higher-order
features similar to those of the speculative SMT-LIB 3 proposal [8, 23, 6].
Brown [13] argues that this expressive type system calls for proof representations
in type-theoretic frameworks; our encoding realizes this idea using the 𝜆Π-calculus.
SMT proof reconstruction is also used within proof assistants: Isabelle/HOL
replays Alethe proofs [35, 28], SMTCoq [20] integrates solvers into Rocq, and
IsaRare [29] verifies CPC rewrite rules in Isabelle/HOL.

The Dedukti ecosystem serves as an interoperability hub for proof assistants
(Rocq [12], Isabelle [24], HOL Light [2], Matita [27], Lean [39]) and automated
provers (iProverModulo [14], ArchSAT [15], Vampire [25], TPTP [38]); our work
extends this ecosystem to SMT via the Eunoia framework.



𝑡 ⦂ 𝑠 ∣ ℓ ∣ (𝑠 ⃗𝑡) ∣ (𝑠 ( ⃗𝜌) 𝑡) (terms) 𝜌 ⦂ (𝑠 𝑡 ⟨𝜈⟩?) (parameters)
ℓ ⦂ ⟨-⟩?𝑛 ∣ ⟨-⟩?𝑛/𝑚 ∣ "𝑠" (literals) 𝜈 ⦂ :implicit ∣ :list (prm. attributes)

𝛼 ⦂ :right-assoc ∣ :right-assoc-nil 𝑡 (const. attributes)
∣ :left-assoc ∣ :left-assoc-nil 𝑡
∣ :chainable 𝑠 ∣ :pairwise 𝑠
∣ :binder 𝑠 ∣ :arg-list 𝑠

𝛽 ⦂ eo∷eq ∣ eo∷requires ∣ eo∷quote ∣ eo∷var ∣ … (core)
∣ eo∷and ∣ eo∷or ∣ eo∷not ∣ eo∷xor (boolean)
∣ eo∷add ∣ eo∷mul ∣ eo∷neg ∣ eo∷zdiv ∣ … (arithmetic)
∣ eo∷nil ∣ eo∷cons ∣ eo∷list_concat ∣ eo∷list_len ∣ … (list)

Fig. 2. Syntax for Eunoia: terms, attributes, and built-in operators.

2 An Abstract Syntax for Eunoia

Figure 2 defines syntax for the fragment of Eunoia considered in this docu-
ment, where the metavariable 𝑠 ranges over a set of symbols. First, we define
grammars for the core term syntax. Each term is either a symbol 𝑠, an (integer/ra-
tional/string) literal ℓ, an application (𝑠 ⃗𝑡), or a binder application (𝑠 ( ⃗𝜌) 𝑡).
Each parameter 𝜌 consists of a symbol 𝑠, a term 𝑡 (the type of the parameter),
and possibly a parameter attribute 𝜈.

A distinctive feature of Eunoia is its support for 𝑛-ary applications of binary
symbols. A constant attribute 𝛼 may be assigned to a declared symbol to specify
how 𝑛-ary applications are elaborated to binary form (see section 2.2). After
elaboration, every application of a declared constant 𝑠 uses the built-in higher-
order application operator _, so that (𝑠 𝑡1 𝑡2) becomes (_ (_ 𝑠 𝑡1) 𝑡2); only
built-in and program symbols are applied directly. For example, given 𝑓 with
attribute :right-assoc-nil 𝑡nil, the 𝑓-list with elements 𝑡1 …𝑡𝑛 is the nested
application (_ (_ 𝑓 𝑡1) (_ (_ 𝑓 …) (_ (_ 𝑓 𝑡𝑛) 𝑡nil))). Similarly, :binder 𝑡cons
specifies that a binder application (𝑠 ( ⃗𝜌) 𝑡) is elaborated so that each parameter
(𝑥𝑖 𝑡𝑖) in ⃗𝜌 becomes a term (eo∷var "𝑥𝑖" 𝑡𝑖) within a 𝑡cons-list.

Eunoia provides a fixed set of built-in symbols (figure 2) for manipulating
terms. The list operators eo∷nil, eo∷cons, and eo∷list_concat construct and
combine 𝑓-lists; (eo∷requires 𝑡1 𝑡2 𝑡3) acts as a guard, evaluating to 𝑡3 only
when 𝑡1 and 𝑡2 are syntactically identical; and (eo∷quote 𝑡) marks 𝑡 as a quoted
argument whose value may appear in the return type of a rule or program.
Ethos natively evaluates arithmetic and string built-ins using machine operations,
whereas our translation delegates to the integers and rationals of the LambdaPi
standard library for encoding Eunoia literals and their built-in operations via
rewrite rules.



𝛿 ⦂ (declare-const 𝑠 𝑡 ⟨𝛼⟩?)
∣ (declare-parameterized-const 𝑠 ( ⃗𝜌) 𝑡 ⟨𝛼⟩?)
∣ (declare-consts ℓ 𝑡)
∣ (define 𝑠 ( ⃗𝜌) 𝑡 ⟨:type 𝑡′⟩?)
∣ (program 𝑠 ( ⃗𝜌) :signature ( ⃗𝑡) 𝑡′ ( ⃗𝑐))
∣ (declare-rule 𝑠 ( ⃗𝜌)

⟨:assumption 𝑡assm⟩?
⟨:premises ( ⃗𝑡prem) ∣ :premise-list 𝑡prem 𝑡op⟩?
⟨:args ( ⃗𝑡args)⟩?
⟨:requires ( ⃗𝑐)⟩?
:conclusion 𝑡conc)

∣ (include 𝜇)

(std. commands)

𝑐 ⦂ (𝑡 𝑡′) (cases)

𝜋 ⦂ (assume 𝑠 𝜑)
∣ (assume-push 𝑠 𝜑)
∣ (step 𝑠 𝜑 :rule 𝑠′ ⟨:premises ⃗𝜓⟩? ⟨:args ⃗𝑡⟩?)
∣ (step-pop 𝑠 𝜑 :rule 𝑠′ ⟨:premises ⃗𝜓⟩? ⟨:args ⃗𝑡⟩?)

(prf. commands)

Fig. 3. Eunoia commands and proof commands.

2.1 Signatures and Proof Scripts.

The commands of Eunoia are divided into standard commands and proof com-
mands. Hereinafter, a Eunoia signature is a list Δ of standard commands, and a
proof script is a list Υ = ( ⃗𝛿 ⨾ ⃗𝜋) where ⃗𝛿 is a list of standard commands called
the preamble and ⃗𝜋 is a list of proof commands called the body of the script.
In practice, a Eunoia-friendly SMT solver provides a signature Δ encoding the
inference rules that may be used by its proof scripts. Then, the correctness of a
proof script Υ may then be checked wrt. Δ via Ethos.

In the following discussion, we define some terminology and notation for
commands, signatures, and proof scripts. The resulting interface is useful for char-
acterizing the elaboration and translation operators in section 2.2 and section 4.
We omit datatype declarations, which are not used by CPC-MINI.

Constant Declaration. Let 𝛿 be a (parameterized) constant declaration with
symbol 𝑠, parameters ⃗𝜌, and term 𝑡. We may write (𝛿 ⊢ 𝑠( ⃗𝜌) ∶ 𝑡) to express
that the command 𝛿 declares 𝑡 as the type of 𝑠 with respect to parameters ⃗𝜌.
Furthermore, if a constant attribute 𝛼 is given by 𝛿, we may write (𝛿 ⊢ 𝑠( ⃗𝜌) ∷ 𝛼).

Macro Definition. Let 𝛿 be a macro definition with symbol 𝑠, parameters ⃗𝜌,
and term 𝑡. Then 𝛿 declares 𝑡 as the definiens of 𝑠 wrt. ⃗𝜌; written (𝛿 ⊢ 𝑠( ⃗𝜌) ≔ 𝑡).
If the attribute :type 𝑡′ is given by 𝛿, then (𝛿 ⊢ 𝑠( ⃗𝜌) ∶ 𝑡′) also holds.



Program Declaration. Let 𝛿 be a program declaration with symbol 𝑠, parame-
ters ⃗𝜌, :signature (𝑡1 …𝑡𝑛) 𝑡′, and cases 𝑐1 …𝑐𝑚. Then, the type and definiens
of 𝑠 is given thus:

𝛿 ⊢ 𝑠( ⃗𝜌) ∶ (-> 𝑡1 …𝑡𝑛 𝑡′) and 𝛿 ⊢ 𝑠( ⃗𝜌) ≔ cases[𝑐1,… , 𝑐𝑚]

Proof Commands. Each 𝜋 is either an assumption (i.e., (assume 𝑠 𝜑) or
(assume-push 𝑠 𝜑)) or a step (i.e., (step 𝑠 𝜑 …) or (step-pop 𝑠 𝜑 …)). In
any case, we call 𝑠 the name of 𝜋 and 𝜑 the conclusion, written:

𝜋 ⊢ 𝑠 ∶ (Proof 𝜑)

When 𝜋 is a step with :rule 𝑟, the definiens of 𝑠 is the result of applying any
terms given by :args (𝑡1 …𝑡𝑚), and :premises (𝑝1 …𝑝𝑛), e.g.;

𝜋 ⊢ 𝑠 ≔ (𝑟 𝑡1 …𝑡𝑚 𝑝1 …𝑝𝑛)

Rule Declaration. Let 𝛿 be a rule declaration with symbol 𝑠, parameters ⃗𝜌,
and :conclusion 𝜑. By considering the attributes that may be supplied by 𝛿,
an appropriate type for 𝑠 can be derived as follows:

1. Given :requires ((𝑙1 𝑟1)… (𝑙𝑘 𝑟𝑘)), define 𝜑★ below. Otherwise, 𝜑★ ≔ 𝜑.

𝜑★ ≔ (eo∷requires 𝑙1 𝑟1 (… (eo∷requires 𝑙𝑘 𝑟𝑘 𝜑)))

2. If 𝛿 provides no premises, let 𝜏★ ≔ (Proof 𝜑★). Otherwise, define 𝜏★ thus:
(a) Given :premises (𝜓1 …𝜓𝑚), let:

𝜏★ ≔ (-> (Proof 𝜓1) … (Proof 𝜓𝑚) (Proof 𝜑★))

(b) Given :premise-list 𝜓 𝑓 for some associative symbol 𝑓, redefine:

𝜑★ ≔ (eo∷requires (eo∷is_list 𝑓 𝜓) true 𝜑★)

and let 𝜏★ ≔ (-> (Proof 𝜓) (Proof 𝜑★)).
3. If 𝛿 provides :args (𝑡1 …𝑡𝑛), then the type of 𝑠 is given thus:

𝛿 ⊢ 𝑠( ⃗𝜌) ∶ (-> (eo∷quote 𝑡1) … (eo∷quote 𝑡𝑛) 𝜏★)

Otherwise, 𝛿 ⊢ 𝑠( ⃗𝜌) ∶ 𝜏★.

Example 1. Consider the inference rule declarations in figure 4. The modus_ponens
rule has only :premises and :conclusion. By item 2a:

modus_ponens( ⃗𝜌) ∶ (-> (Proof F1) (Proof (=> F1 F2)) (Proof F2))

The declaration of reordering additionally uses :args and :requires. By
item 3, C2 becomes an eo.quote-type, and item 1 guards the conclusion thus
C2★ ≔ (eo∷requires (eo∷list_minclude or C1 C2) true C2). Then:

reordering( ⃗𝜌) ∶ (-> (eo∷quote C2) (Proof C1) (Proof C2★))



1 (declare-rule modus_ponens ((F1 Bool) (F2 Bool))
2 :premises (F1 (=> F1 F2))
3 :conclusion F2)

1 (declare-rule reordering ((C1 Bool) (C2 Bool))
2 :premises (C1)
3 :args (C2)
4 :requires (((eo::list_minclude or C1 C2) true))
5 :conclusion C2)

1 (declare-rule cnf_implies_pos ((F1 Bool) (F2 Bool))
2 :args ((=> F1 F2))
3 :conclusion (or (not (=> F1 F2)) (not F1) F2))

1 (declare-rule and_intro ((F Bool))
2 :premise-list F and
3 :conclusion F)

Fig. 4. Rule declarations from cpc/rules/Booleans.eo, see example 1.

The declaration of cnf_implies_pos has :args ((=> F1 F2)), where the argu-
ment is a compound term. By item 3, the eo.quote-typed parameter demands
pattern matching on this term at the point of use, where 𝜑 is the :conclusion:

cnf_implies_pos( ⃗𝜌) ∶ (-> (eo∷quote (=> F1 F2)) (Proof 𝜑))

Finally, and_intro uses :premise-list F and. By item 2b, the conclusion is
guarded thus, F★ ≔ (eo∷requires (eo∷is_list and F) true F). Hence:

and_intro( ⃗𝜌) ∶ (-> (Proof F) (Proof F★))

2.2 Elaboration of Terms
Terms are elaborated to eliminate all 𝑛-ary applications and distinguish between
constant-level and program-level function applications. The elaborated form of
(𝑓 ⃗𝑡) is determined by the attribute assigned to 𝑓 by Δ. We define the elab op-
erator below with the aim of supporting the elaboration strategies corresponding
to the constant attributes of figure 2.
Definition 1. For any Δ and ⃗𝜌, let elab(Δ, ⃗𝜌) be the least operator such that:
1. For any symbol 𝑠, elab(Δ, ⃗𝜌)[𝑠] = 𝑠.
2. For any binder application (𝑠 ( ⃗𝑣) 𝑡) where Δ ⊢ 𝑠 ∷ :binder 𝑡cons,

elab(Δ, ⃗𝜌)[(𝑠 ( ⃗𝑣) 𝑡)] = (𝑠 𝑡vars 𝑡body)

where 𝑡vars encodes ⃗𝑣 = (𝑥1 𝑡1)… (𝑥𝑛 𝑡𝑛) as a 𝑡cons-list of eo∷var terms, and
𝑡body is the result of substituting each 𝑥𝑖 in 𝑡 for its eo∷var counterpart:

𝑡vars ≔ elab(Δ, ⃗𝜌)[(𝑡cons 𝑋1 …𝑋𝑛)]
𝑡body ≔ elab(Δ, ⃗𝜌)[ subst(𝑥⃗,𝑋⃗)[𝑡] ]

where 𝑋𝑖 ≔ (eo∷var "𝑥𝑖" 𝑡𝑖)



3. For any application (𝑠 ⃗𝑡), let 𝑡′𝑖 ≔ elab(Δ, ⃗𝜌)[𝑡𝑖] in:
(a) If 𝑠 is a built-in or 𝑠 ∈ Δ.prog, then elab(Δ, ⃗𝜌)[(𝑠 ⃗𝑡)] = (𝑠 ⃗𝑡′).
(b) If 𝑠 ∈ ⃗𝜌, then elab(Δ, ⃗𝜌)[(𝑠 ⃗𝑡)] = (_ … (_ (_ 𝑠 𝑡′1) …) 𝑡′𝑛).
(c) If Δ ⊢ 𝑠 ∷ 𝛼 for some associative attribute 𝛼, then:

elab(Δ, ⃗𝜌)[(𝑠 ⃗𝑡)] =
⎧{
⎨{⎩

foldr(𝐺, 𝑡nil, ⃗𝑡′) (𝛼 = :right-assoc-nil 𝑡nil)
foldl(𝐺, 𝑡nil, ⃗𝑡′) (𝛼 = :left-assoc-nil 𝑡nil)
foldr(𝐺, 𝑡′𝑛, 𝑡′1 …𝑡′𝑛−1) (𝛼 = :right-assoc)
foldl(𝐺, 𝑡′1, 𝑡′2 …𝑡′𝑛) (𝛼 = :left-assoc)

where4𝐺(𝑥, 𝑦) ≔ glue( ⃗𝜌,𝑠)[𝑥, 𝑦] is defined as follows:

glue( ⃗𝜌,𝑠)[𝑥, 𝑦] ≔ { (eo∷list_concat 𝑠 𝑥 𝑦) ( ⃗𝜌 ⊢ 𝑥 ∷ :list)
(_ (_ 𝑠 𝑥) 𝑦) otherwise.

(d) If Δ ⊢ 𝑠 ∷ 𝛼 for some non-associative attribute 𝛼, then:

elab(Δ, ⃗𝜌)[(𝑠 ⃗𝑡)] = elab(Δ, ⃗𝜌)[𝑇 ]

where 𝑇 is defined using chain and pairs thus:

𝑇 ≔
⎧{
⎨{⎩

(𝑡cons chain(𝑠, ⃗𝑡)) (𝛼 = :chainable 𝑡cons)
(𝑡cons pairs(𝑠, ⃗𝑡)) (𝛼 = :pairwise 𝑡cons)
(𝑡cons ⃗𝑡) (𝛼 = :arg-list 𝑡cons)

chain(𝑠, 𝑡1 …𝑡𝑛) ≔ (𝑠 𝑡1 𝑡2) (𝑠 𝑡2 𝑡3) … (𝑠 𝑡𝑛−1 𝑡𝑛)
pairs(𝑠, 𝑡1 …𝑡𝑛) ≔ (𝑠 𝑡1 𝑡2) … (𝑠 𝑡1 𝑡𝑛) (𝑠 𝑡2 𝑡3) … (𝑠 𝑡𝑛−1 𝑡𝑛)

Example 2. Since Δ ⊢ or ∷ :right-assoc-nil false, item 3c applies with
𝐺(𝑥, 𝑦) = (_ (_ or 𝑥) 𝑦) and the right fold gives:

elab(Δ, ⃗𝜌)[(or x y z)] = foldr(𝐺, false, x y z)
= (_ (_ or x) (_ (_ or y) (_ (_ or z) false)))

Similarly, sinceΔ ⊢ = ∷ :chainable and, item 3d applies with chain(=, a b c d) =
(= a b) (= b c) (= c d), so:

elab(Δ, ⃗𝜌)[(= a b c d)]
= elab(Δ, ⃗𝜌)[(and (= a b) (= b c) (= c d))]

which is then elaborated recursively via the :right-assoc-nil false attribute
of and.

4 foldl(𝐺, 𝑎, 𝑙) and foldr(𝐺, 𝑎, 𝑙) are the standard left and right folds using combining
function 𝐺 and accumulator 𝑎 on list 𝑙.



𝜇 ⦂ TYPE ∣ KIND (universes)
𝑡 ⦂ 𝑥 ∣ 𝜅 ∣ 𝜇 ∣ (𝑡 𝑡′) ∣ (𝜆 𝑥 ∶ 𝑡. 𝑡′) ∣ (Π𝑥 ∶ 𝑡. 𝑡′) (terms)

(WF0) wf ∅ (WF+)
Γ ⊢Σ 𝑡 ∶ 𝜇

𝑥 ∉ dom(Γ)
wf (Γ, (𝑥 ∶ 𝑡))

(VAR)
wfΓ (𝑥 ∶ 𝑡) ∈ Γ

Γ ⊢Σ 𝑥 ∶ 𝑡 (CON)
wfΓ ⊢Σ 𝑡 ∶ 𝜇

(𝜅 ∶ 𝑡) ∈ Σ
Γ ⊢Σ 𝜅 ∶ 𝑡

(UNIV)
wfΓ

Γ ⊢Σ TYPE ∶ KIND (PROD)
Γ ⊢Σ 𝑡 ∶ TYPE Γ, (𝑥 ∶ 𝑡) ⊢Σ 𝑡′ ∶ 𝜇′

Γ ⊢Σ (Π𝑥 ∶ 𝑡. 𝑡′) ∶ 𝜇′

(FUN)
Γ, (𝑥 ∶ 𝑡) ⊢Σ 𝑒 ∶ 𝑡′ Γ ⊢Σ (Π𝑥 ∶ 𝑡. 𝑡′) ∶ 𝜇

Γ ⊢Σ (𝜆 𝑥 ∶ 𝑡. 𝑒) ∶ (Π𝑥 ∶ 𝑡. 𝑡′)

(APP)
Γ ⊢Σ 𝑒 ∶ (Π𝑥 ∶ 𝑡. 𝑡′) Γ ⊢Σ 𝑒′ ∶ 𝑡

Γ ⊢Σ (𝑒 𝑒′) ∶ 𝑡′[𝑥 ↦ 𝑒′]

(CONV)
Γ ⊢Σ 𝑒 ∶ 𝑡 Γ ⊢Σ 𝑡′ ∶ 𝜇

(𝑡 ≡𝛽Σ 𝑡′)
Γ ⊢Σ 𝑒 ∶ 𝑡′

Fig. 5. Syntax and typing rules for the 𝜆Π-calculus modulo rewriting.

3 Encoding Eunoia in the λΠ-calculus

Figure 5 provides syntax and typing rules for the 𝜆Π-calculus modulo rewriting.
Each term is either a variable 𝑥, a constant 𝜅, a universe from {TYPE, KIND}, an
application of two terms (𝑡 𝑡′), or an abstraction (ℬ𝑥 ∶ 𝑡. 𝑡′) where ℬ is a binder
from {𝜆,Π}. Terms are identified up to 𝛼-conversion (i.e., renaming of bound
variables), and we assume appropriate definitions for substitution (𝑡[𝑥 ↦ 𝑡′])
and 𝛽-reduction (𝑡 ⇝𝛽 𝑡′). Hereinafter, we may write (𝑡1 → 𝑡2) for the term
(Π (𝑥 ∶ 𝑡1). 𝑡2), where 𝑥 is some ‘fresh’ variable that does not occur free in 𝑡2.

A typing is an expression of the form (𝑡 ∶ 𝑡′), and a context is a list of typings
each of the form (𝑥 ∶ 𝑡). A rewrite rule is an expression of the form (𝑡 ↪ 𝑡′),
where 𝑡 has the form ((𝜅 𝑡1) … 𝑡𝑛). A signature is a list of typings and rewrite
rules, where each typing has the form (𝜅 ∶ 𝑡) where 𝑡 has no free variables. For
any signature Σ, let 𝑅Σ be the smallest binary relation such that:

1. (ℓ ↪ 𝑟) ∈ Σ implies (ℓ, 𝑟) ∈ 𝑅Σ, and
2. 𝑅Σ is congruent under application, abstraction, and substitution.

Then, equality modulo rewriting (≡𝛽Σ) is defined as the least equivalence relation
containing 𝑅Σ and the 𝛽-reduction relation. The rules in figure 5 provide a
(mutually inductive) definition of a well-formedness relation (wfΣ) on contexts
and a typing relation (⊢Σ) between contexts and typings, where (Γ ⊢Σ 𝑒 ∶ 𝑡) may
be read as “𝑒 has type 𝑡 with respect to signature Σ and context Γ”.



𝑚 ⦂ constant ∣ sequential (modifiers) 𝜃 ⦂ $x ∣ 𝑠 ⟨𝜃⟩∗ (patterns)
𝜌 ⦂ (𝑠 ∶ 𝑡) ∣ [𝑠 ∶ 𝑡] (parameters) 𝑟 ⦂ (𝑠 ⟨𝜃⟩∗ ↪ 𝜃′) (rewrite rules)

𝑐 ⦂ ⟨𝑚⟩? symbol 𝑠 ⟨𝜌⟩∗ ∶ 𝑡 ⟨≔ 𝑡′⟩?; (commands)
∣ rule 𝑟 ⟨with 𝑟′⟩∗;
∣ assert ⊢ 𝑡 ∶ 𝑡′;
∣ require open ⟨𝜇⟩+;

Fig. 6. Syntax for the LambdaPi proof assistant.

Remark 1. The typing rules of the 𝜆Π-calculus disallow abstractions on types
(i.e., any (TYPE → 𝑡) is ill-typed in any context). Instead, the types of Eunoia
are identified with 𝜆Π-terms of type Set, which in turn encode 𝜆Π-types with
an injective symbol τ ∶ Set → TYPE and an (infix) function space symbol (⤳) ∶
Set → Set → Set with the rewrite rule τ (𝐴 ⤳ 𝐵) ↪ τ𝐴 → τ𝐵. For dependent
types arising from eo.quote arguments, we use a dependent function space
(⤳d) ∶ Π𝑇 ∶ Set. (τ𝑇 → Set) → Set with the rule τ (𝑇 ⤳d 𝐹) ↪ Π𝑥 ∶ τ𝑇 . τ (𝐹 𝑥).

3.1 The LambdaPi Proof Assistant

Figure 6 defines syntax for a small fragment of the LambdaPi proof assistant.
Each file is a list of commands that (a) specify the typings and rewrite rules of a
particular 𝜆Π-signature and (b) provide information for guiding the typechecker.

Symbol Declaration. Each symbol declaration provides a symbol 𝑠 and a term
𝑡, which alone corresponds to the typing (𝑠 ∶ 𝑡). A list of parameters ⃗𝜌 may also be
given, each of which are either explicit or implicit (written (𝑥 ∶ 𝑡) and [𝑥 ∶ 𝑡] resp.).
Given ⃗𝜌 with 𝑛 leading implicits followed by 𝑚 explicits, LambdaPi registers the
following typing and internally records 𝜁(𝑠) ≔ 𝑛.

(@𝑠 ∶ (Π𝑥1 ∶ 𝑡1. … Π𝑥𝑛+𝑚 ∶ 𝑡𝑛+𝑚. 𝑡))

Hereinafter, the symbol 𝑠 is an alias for (@𝑠 _ … _), where _ is a placeholder.
Terms containing placeholders can be resolved with respect to a context Γ and a
signature Σ, which we write as resolve(Σ,Γ)[𝑡] for any valid5 term 𝑡.

Optionally, a modifier may be given. The constant modifier forbids rewrite
rules with 𝑠 at the head, and sequential ensures rewrite rules with head 𝑠 are
‘matched’ in the order they are given in the file. Finally, a definition (≔ 𝑡′) may
5 Internally, resolution is achieved by inserting fresh metavariables ?α1 … ?α𝑛 in place
of each placeholder in a term, and solving via higher-order unification using the set
of constraints produced during type-checking. For example, given the context Γ ≔
[(𝑛,𝑚 ∶ τ Int), (𝑥, 𝑦 ∶ τ Real)] and some appropriate Σ, resolve(Σ,Γ) is well-defined for
𝑡 ≔ (and (= 𝑛 𝑚) (= 𝑥 𝑦)) since (and (@= ?α 𝑛 𝑚) (@= ?β 𝑥 𝑦)) entails the (solveable)
constraints {(τ ?α ≡ τ Int), (τ ?β ≡ τ Real)}.



be given when the constant modifier is not, which provides the rewrite rule
(𝑠 ↪ 𝑡) (resp. (𝑠 ↪ 𝜆 ⃗𝜌. 𝑡) given parameters ⃗𝜌).

Rewrite Rule Declaration. Each rewrite rule declaration provides a list 𝑟1 …𝑟𝑛
of rewrite rules. The left and right sides of each rewrite rule are patterns, where
each pattern is either a pattern variable ($x) or a pattern application (𝑠 ⟨𝜃⟩∗),
where 𝑠 is called the head of the pattern. A rewrite rule (𝜃 ↪ 𝜃′) is valid when 𝜃
is a pattern application and every pattern variable in 𝜃′ also occurs in 𝜃. The
rewrite rule(s) given by the declaration are added to the signature, effectively
augmenting the typechecking procedure of LambdaPi to behave ‘modulo’ those
rule(s).

Assertion. An assertion assert ⊢ 𝑡 ∶ 𝑡′ checks that 𝑡 has type 𝑡′ in the
current signature, resolving any placeholders via type inference. Unlike a symbol
declaration, an assertion does not extend the signature.

3.2 Translating Eunoia to LambdaPi

We define a family of translation operators that act on the terms, types, pa-
rameters, and commands of Eunoia to produce corresponding LambdaPi syntax.
Crucially, the translation assumes that all terms have already been processed by
the elab operator of section 2.2.

Translating Terms. Because some Eunoia symbols are not valid LambdaPi
identifiers, the translation on symbols uses LambdaPi syntax for escaping identi-
fiers. That is, ̄𝑠 ≔ ⦃𝑠⦄ iff 𝑠 contains forbidden characters, and ̄𝑠 ≔ 𝑠 otherwise.

Definition 2. Let ⟦⋅⟧tm be the least operator such that:

1. For any symbol 𝑠 or literal ℓ, the following hold:

⟦𝑠⟧tm = { eo.Type if 𝑠 = Type,
̄𝑠 otherwise. ⟦ℓ⟧tm =

⎧{
⎨{⎩

of_Z ⟦𝑛⟧tm if ℓ = int(𝑛),
of_Q ⟦𝑥⟧tm ⟦𝑦⟧tm if ℓ = rat(𝑥, 𝑦)
̄ℓ if ℓ ∈ String.

2. For arrow types, the following hold, where (𝑥 𝑇) ∈ ⃗𝜌:

⟦(-> (eo∷quote 𝑥) ⃗𝑡)⟧
tm

= ⟦𝑇⟧tm ⤳d 𝜆𝑥. ⟦(-> ⃗𝑡)⟧
tm

⟦(-> 𝑡′ ⃗𝑡)⟧
tm

= ⟦𝑡′⟧tm ⤳ ⟦(-> ⃗𝑡)⟧
tm

⟦(-> 𝑡)⟧tm = ⟦𝑡⟧tm
3. For binary and 𝑛-ary applications, the following hold:

⟦(_ 𝑡1 𝑡2)⟧tm = eo.app ⟦𝑡1⟧tm ⟦𝑡2⟧tm
⟦(Proof 𝑡)⟧tm = eo.Proof ⟦𝑡⟧tm
⟦(𝑠 ⃗𝑡)⟧

tm
= ̄𝑠 ⟦𝑡1⟧tm … ⟦𝑡𝑛⟧tm



4. The only normal-form binder application is eo∷define, so:

⟦(eo∷define ( ⃗𝑣) 𝑡′)⟧tm = (let 𝑤⃗ in ⟦𝑡′⟧tm)

where 𝑤𝑖 = ( ̄𝑥𝑖 ≔ ⟦𝑡𝑖⟧tm) for each 𝑣𝑖 = (𝑥𝑖 𝑡𝑖).

Definition 3. Given ⃗𝜌 = (𝑥1 𝑡1 ⟨𝜈1⟩?)… (𝑥𝑛 𝑡𝑛 ⟨𝜈𝑛⟩?), define:

⟦ ⃗𝜌⟧ctx ≔ 𝜌★1 … 𝜌★𝑛 where 𝜌★𝑖 = {
[ ̄𝑥𝑖 ∶ τ ⟦𝑡𝑖⟧tm] if 𝜈𝑖 = :implicit,
( ̄𝑥𝑖 ∶ τ ⟦𝑡𝑖⟧tm) otherwise.

Translating Commands. In the following text, we write ⟦𝑡⟧$tm for the result of
applying ⟦⋅⟧tm to 𝑡 and replacing each free variable 𝑥 with the pattern variable $x.
Also, we write impl( ⃗𝜌, 𝑡) for the sublist of ⟦ ⃗𝜌⟧ctx containing each 𝑥𝑖 ∈ ⃗𝜌 occurring
free in 𝑡, each marked as implicit.

Definition 4. Let 𝛿 be a standard Eunoia command. Then ⟦𝛿⟧cmd is the list of
LambdaPi commands described as follows:

1. If 𝛿 is a constant declaration, then 𝛿 ⊢ 𝑠( ⃗𝜌) ∶ 𝑡 and the head of ⟦𝛿⟧cmd is:

symbol ̄𝑠 ⟦ ⃗𝜌⟧ctx ∶ τ ⟦𝑡⟧tm;

If 𝛿 ⊢ 𝑠 ∷ 𝛼 and 𝛼 is :right-assoc-nil 𝑡nil or :left-assoc-nil 𝑡nil, then
the following rewrite rule is also produced:

rule (eo.nil ̄𝑠 $T) ↪ (eo.as ⟦𝑡nil⟧tm $T)

2. If 𝛿 is a macro declaration, then 𝛿 ⊢ 𝑠( ⃗𝜌) ≔ 𝑡. If the type 𝑡′ is supplied then
⟦𝛿⟧cmd is defined as below, otherwise the typing is omitted.

symbol ̄𝑠 ⟦ ⃗𝜌⟧ctx ∶ τ ⟦𝑡′⟧tm ≔ ⟦𝑡⟧tm
3. If 𝛿 is a program declaration with 𝛿 ⊢ 𝑠( ⃗𝜌) ∶ (-> 𝑡1 …𝑡𝑛 𝑡′) and cases

(𝑙1 𝑟1)… (𝑙𝑚 𝑟𝑚), then ⟦𝛿⟧cmd declares ̄𝑠, where 𝑇 ≔ τ ⟦(-> 𝑡1 …𝑡𝑛 𝑡′)⟧tm:

sequential symbol ̄𝑠 ⃗𝜌★ ∶ 𝑇;
rule ⟦𝑙1⟧

$
tm ↪ ⟦𝑟1⟧

$
tm

⋯
with ⟦𝑙𝑚⟧$tm ↪ ⟦𝑟𝑚⟧$tm ;

where ⃗𝜌★ ≔ impl( ⃗𝜌, 𝑇 ) binds all of the free parameters in 𝑇 as implicits.

4. If 𝛿 is a rule declaration with :args (𝑡1 …𝑡𝑛) of type 𝜏1 …𝜏𝑛, then:

𝛿 ⊢ 𝑠( ⃗𝜌) ∶ (-> (eo∷quote 𝑡1) … (eo∷quote 𝑡𝑛) 𝜏★)

where 𝜏★ encodes the premises and conclusion of the rule, as per section 2.1.
The eo.quote types are eliminated by declaring an auxiliary symbol 𝑠★ that



1 constant symbol = [A : Set] : τ (A ⤳ (A ⤳ Bool));
2 constant symbol or : τ (Bool ⤳ (Bool ⤳ Bool));
3 rule eo.nil or $T ↪ eo.as false $T;

1 constant symbol modus_ponens [F1 F2 : τ Bool]
2 : eo.Proof F1
3 → eo.Proof (eo.app (eo.app => F1) F2)
4 → eo.Proof F2;

1 symbol cnf_implies_pos_aux : τ Bool → TYPE;
2 rule @cnf_implies_pos_aux
3 (eo.app (eo.app => $F1) $F2)
4 ↪ eo.Proof φ;
5 constant symbol cnf_implies_pos
6 (x1 : τ Bool) : cnf_implies_pos_aux x1;

Fig. 7. LambdaPi output for the declarations in figure 4. See example 3.

rewrites to ⟦𝜏★⟧tm when applied to terms matching the argument patterns
given by ⟦𝑡1⟧

$
tm …⟦𝑡𝑛⟧

$
tm:

symbol ̄𝑠★ 𝜎⃗ ∶ ⟦𝜏1⟧tm → … → ⟦𝜏𝑛⟧tm → TYPE;

rule ̄𝑠★ ⟦𝑡1⟧
$
tm … ⟦𝑡𝑛⟧

$
tm ↪ ⟦𝜏★⟧$tm

Finally, 𝑠 is declared as follows:

constant symbol ̄𝑠 (𝛼1 ∶ ⟦𝜏1⟧tm)… (𝛼𝑛 ∶ ⟦𝜏𝑛⟧tm) ∶ ( ̄𝑠★ 𝛼1 …𝛼𝑛)

Example 3. Figure 7 shows ⟦𝛿⟧cmd applied to the declarations in figure 4. The
polymorphic equality = translates by case 1: its implicit parameter becomes an im-
plicit LambdaPi binder (top). Since or has attribute :right-assoc-nil false
(example 2), case 1 also produces a rewrite rule for the nil terminator. The
modus_ponens rule has no :args, so case 1 applies directly: its derived type (exam-
ple 1) translates to the declaration in the middle section. The cnf_implies_pos
rule has :args((=> F1 F2)), a compound argument pattern. By case 4, an aux-
iliary symbol is declared whose rewrite rule matches the argument pattern and
rewrites to eo.Proof 𝜑 where 𝜑 ≔ ⟦(or (not (=> F1 F2)) (not F1) F2)⟧tm; the
rule itself takes the argument as an explicit parameter whose type is given by
the auxiliary (bottom).

Translating Proofs.

Definition 5. Let 𝜋 be a proof command. Then ⟦𝜋⟧cmd is the list of LambdaPi
commands such that:



1 (declare-const U Type)
2 (declare-const x0 U)
3 (define @t1 () (= x0 x0))
4 (define @t2 () (not @t1))
5 (assume @p1 @t2)
6 (step @p2 (= @t1 true) :rule eq-refl :args (x0))
7 ...
8 (step @p6 false :rule eq_resolve :premises (@p1 @p5))

1 require open cpc.Cpc;
2 constant symbol U : Set;
3 constant symbol x0 : τ U;
4 symbol {|@t1|} ≔ eo.app (eo.app = x0) x0;
5 symbol {|@t2|} ≔ eo.app not {|@t1|};
6 constant symbol {|@p1|} : eo.Proof {|@t2|};
7 symbol {|@p2|} ≔ eq-refl (x0);
8 assert ⊢ {|@p2|} : eo.Proof (eo.app (eo.app = {|@t1|}) true);
9 ...

10 symbol {|@p6|} ≔ eq_resolve ({|@p1|}) ({|@p5|});
11 assert ⊢ {|@p6|} : eo.Proof false;

Fig. 8. Eunoia proof script (top) and LambdaPi output (bottom). See example 4.

1. If 𝜋 is an assumption, then 𝜋 ⊢ 𝑠 ∶ (Proof 𝜑):

constant symbol ̄𝑠 ∶ eo.Proof ⟦𝜑⟧tm ;

2. If 𝜋 is a step, then 𝜋 ⊢ 𝑠 ∶ (Proof 𝜑) and 𝜋 ⊢ 𝑠 ≔ (𝑟 𝑡1 …𝑡𝑚 𝑝1 …𝑝𝑛):

symbol ̄𝑠 ≔ ̄𝑟 ⟦𝑡1⟧tm … ⟦𝑡𝑚⟧tm ̄𝑝1 … ̄𝑝𝑛;
assert ⊢ ̄𝑠 ∶ eo.Proof ⟦𝜑⟧tm ;

The body applies rule ̄𝑟 to its arguments then premises. The type is checked
separately via assert, which uses LambdaPi’s type inference to fill implicit
arguments.

Example 4. Figure 8 shows an excerpt of a proof script from QF_UF that derives
false by showing (= x0 x0) is trivially true (eq-refl), then propagating this
through negation to reach a contradiction (eq_resolve). The preamble decla-
rations translate by definition 4: U and x0 become constants (case 1), while the
defines @t1 and @t2 become symbol definitions (case 2). By case 1 of definition 5,
the assumption @p1 becomes a constant symbol of type eo.Proof ⟦𝜑⟧tm. By
case 2, each step is defined by applying the rule to its arguments and premises;
the assert that follows uses type inference to verify the conclusion.



4 Implementation and Results

Our tool eo2lp6 is an OCaml program (∼5,500 lines) that implements the
translation of section 3. The parser is generated by Menhir [32] and the back-end
is built against the LambdaPi OCaml API. A hand-written Prelude.lp module
(∼335 lines) bootstraps the type embedding of section 3: it declares Set, τ, the
function space ⤳, the higher-order application symbol eo.app, Boolean logic,
arithmetic builtins, and the heterogeneous list type used by quantifier binders.

4.1 CPC-MINI

The Cooperating Proof Calculus (CPC) is the Eunoia signature that formalizes
CVC5’s proof system. The full CPC comprises 35 core modules (∼11,000 lines
of Eunoia) plus 16 expert modules for additional theories (separation logic,
bags, finite fields, floating points, transcendentals). To validate our approach
on a manageable portion, we define CPC-MINI,7 a fork of the upstream CPC
included as a git submodule of eo2lp. It is a modified subset of 22 core modules
(∼5,000 lines) covering logic, integer arithmetic, arrays, sets, quantifiers, and
uninterpreted functions — 6 theory modules (57 constants), 8 rule modules
(353 rules, 50 programs), and 7 program modules (38 programs, 36 macros), plus
a root module Cpc.

CPC-MINI applies three changes to the upstream CPC: (i) unsupported
theories are removed; (ii) type parameters are tightened to eliminate mixed-
type arithmetic; and (iii) several upstream bugs are fixed (e.g. incorrect type
parameters in array rewrites). We intend to contribute (iii) upstream and to extend
the translation to the remaining theories and expert modules. All 22 modules
pass lambdapi check with full subject-reduction verification; the signature is
translated in ∼100ms and checked in ∼160ms.

4.2 Proof Benchmarks

To evaluate the translation on proofs, we sampled up to 100 unsatisfiable problems
from SMT-LIB for each of the 14 fragments covered by CPC-MINI and obtained
Eunoia proof scripts from CVC5, yielding 1,036 proofs. Each proof is translated
by eo2lp and the result is checked by lambdapi check with subject-reduction
verification, under a 5-second timeout. Table 1 summarizes the results: 1,002
of 1,036 proofs (97%) are successfully translated and verified, with an average
checking time of 0.47 s.

The seven equality and array fragments achieve a near-perfect pass rate (582
of 583), with the single failure being a timeout. The seven linear arithmetic
fragments pass 420 of 453 proofs (93%): QF_UFIDL, UFLIA, and LIA reach
98–100%; the remaining failures are timeouts in QF_LIA and QF_IDL, where
large proof scripts exceed the 5-second limit, and 15 type-checking errors in
QF_UFLIA caused by CPC rules absent from CPC-MINI.
6 https://github.com/deducteam/eo2lp
7 https://github.com/ciaran-matthew-dunne/cpc-mini

https://github.com/deducteam/eo2lp
https://github.com/ciaran-matthew-dunne/cpc-mini


Table 1. Benchmark results on 1,036 CVC5 proofs across 14 SMT-LIB fragments, grouped
by theory. Each proof is translated by eo2lp and the generated LambdaPi file is checked
with subject-reduction verification under a 5 s timeout. Columns: number of proofs (Tot.),
proofs passing (Pass), type-checking errors (Chk.), timeouts (T/O), average time for
passing proofs (Avg.).

Fragment Tot. Pass % Chk. T/O Avg. (s)
Equality
QF_UF 100 99 99 0 1 0.37
UF 100 100 100 0 0 0.51

Arrays
QF_AX 72 72 100 0 0 0.50
QF_ALIA 33 33 100 0 0 0.86
QF_AUFLIA 100 100 100 0 0 0.33
ALIA 78 78 100 0 0 0.59
AUFLIA 100 100 100 0 0 0.40

Linear integer arithmetic
QF_IDL 45 43 96 0 2 0.90
QF_LIA 56 42 75 0 14 0.32
LIA 100 99 99 0 1 0.44
QF_UFIDL 15 15 100 0 0 0.28
QF_UFLIA 95 80 84 15 0 0.41
UFIDL 42 41 98 1 0 0.49
UFLIA 100 100 100 0 0 0.45

Total 1,036 1,002 97 16 18 0.47

5 Conclusion and Future Work

We have presented a translation from Eunoia to the 𝜆Π-calculus modulo rewriting
that encodes CVC5’s proof system—including inference rules, side-condition
programs, and elaboration semantics—automatically, unlike approaches that
hand-write lemmas for each rule [17, 31]. The trade-off is that the translated rules
are taken as axioms rather than independently proved sound. Our tool eo2lp
translates all 22 modules of CPC-MINI (359 rules, 96 programs, 57 constants) and
independently verifies 97% of 1,036 proof scripts across 14 SMT-LIB fragments.

The most direct future work is extending CPC-MINI to the full CPC (bitvec-
tors, strings, datatypes, reals). Because the encoding lives in LambdaPi, it can
serve as a basis for proving the soundness of individual rules directly, or—via the
Dedukti ecosystem—for exporting the CPC representation to proof assistants
such as Rocq or Isabelle/HOL, analogously to IsaRare [29]. With the full CPC
translated, LambdaPi could serve as a robust independent proof checker for CVC5,
and a thorough comparison with Ethos—in terms of coverage, performance, and
error detection—would help evaluate the practical benefits of this redundancy.
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