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Interactive theorem provers such as Isabelle/HOL [10] rely on hammer systems [4] to dis-
charge proof obligations by translating them for external automatic theorem provers (ATPs).
Sledgehammer [5] is the primary such interface for Isabelle, and learning has proved effective
at two complementary stages: premise selection (choosing library facts) and clause guidance
(directing ATP-internal search). Systems such as ENIGMA [9] and Deepire 2.0 [12] have sub-
stantially improved saturation-based proof search on first-order (FO) Isabelle exports. Recent
higher-order (HO) support in E [11] (AE) and VAMPIRE [2, 1| opens the door to extending
learned guidance to HO problems, staying closer to Isabelle’s native logic and reducing the in-
formation lost in translation. We introduce AENIGMA and Deepire-2.0-HO—HO extensions
of ENIGMA and Deepire 2.0—and provide a preliminary evaluation on a large Isabelle/ HOL
benchmark. We also improved the Sledgehammer export pipeline by fixing bugs discovered
during large-scale experimentation. Updated results will be presented at AITP 2026.

Benchmark. We export proof obligations from Isabelle-2025-2 via Mirabelle and Sledge-
hammer (MeSh [3], 512 facts per slice) in three TPTP formats: TFO (monomorphic FO, for
comparison with [7]), THO (monomorphic HO), and TH1 (polymorphic HO), yielding 243 856
problems per dialect. Constructs if-then-else, let, and choice are disabled because cur-
rent AE/VAMPIRE does not fully support them. Large-scale export exposed two Sledgeham-
mer bugs: a name clash during n-expansion (corrupting many HOL-Analysis problems) and
a name/coname clash in HOL-Nominal’s Classl. Both are now fixed upstream, improving
automation broadly.

AENIGMA. ENIGMA [9, 6] guides given-clause selection in E via gradient-boosted decision
trees trained on vertical (top-down paths of bounded length) and horizontal (head symbol with
heads of its arguments) features from clause syntax trees. AENIGMA extends this to AE’s
HO term representation, where (FXY) is encoded as Q(F, X,Y) and A-abstractions as A(x, T).
For applications, arguments are treated as children of the functional head rather than siblings.
For \’s, the bound-variable name is dropped and features record only the binder position.
Monomorphic arrow types (e.g., i = (i — i) = o +— i-(i-i)-0) are appended to symbol names
before hashing, letting the model distinguish symbols by type. Name-independent features [§],
which replace symbol names with their arities, are also supported, making models robust to
symbol renaming. AE currently supports THO only.

Deepire—2.0-HO. Deepire 2.0 [12, 13] extends VAMPIRE with a three-part neural architec-
ture: a GNN computes embeddings over the input CNF’s signature and initial clauses, two
RvNNs encode each derived clause’s term structure and derivation history, and a final net-
work scores each clause for selection. Deepire-2.0-HO adapts the GNN to polymorphic HO by
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Figure 1: Preliminary performance of AENIGMA (left) and Deepire—2.0-HO (right) on TFO,
THO, and TH1 exports. Solid/dashed lines: train/test. = 0: baseline.

adding type-constructor nodes, promoting sorts to compound expressions with sort variables
(as required by rank-1 polymorphism), and marking universal syntactic concepts (arrow type,
propositional connectives, FO quantifiers that appear explicitly in VAMPIRE’s HO CNF, apply,
lambda, and de Bruijn indices) with distinct features so the GNN recognises their shared mean-
ing across problems. Because HO terms are built from applications and constants only, the
term-structure RvNN is simplified to handle a fixed number of arguments, and two HO-specific
hand-crafted features (counts of applied variables and lambdas per clause) are added to the
final scoring network.

Preliminary Results and Future Work. We sample 30000 problems for training and hold
out 5000 for testing (aligned across dialects), running on dual-socket AMD EPYC 7513 servers
(500 GB RAM).

AENIGMA (Fig. 1, left) trains for 10 iterations (~12 h each, 10s per problem), selecting
models by ATP performance on a 1000-problem development set. Train and test curves remain
well correlated, confirming good generalisation. On the test set, \AENIGMA gains 7.26 % on
THO and 11.2% on TFO over the respective baseline strategies. Notably, AE alone already
outperforms VAMPIRE on THO.

Deepire-2.0-HO (Fig. 1, right) runs 15 iterations (~2 days per dialect) with 32 billion CPU
instructions per problem. VAMPIRE/TFO is the strongest configuration, reaching ~60% test
coverage. The HO encodings plateau earlier, suggesting the 30 000-problem training set is too
small for good HO generalisation; scaling to the full 243 856-problem dataset is a priority. That
the polymorphic TH1 encoding fails to capitalise on its closer proximity to Isabelle’s native
logic is an open challenge we will investigate in future work.

To assess complementarity we take the best strategy per system and dialect. The two TFO
strategies cover 62.58 % of test problems; the three HO strategies cover 60.92 %; all five together
reach 68.50 %, confirming a valuable non-redundant HO contribution. Future work will also
focus on cross-dialect premise-selection experiments and scaling training to the full dataset.
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