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Competitive C++ Standard

Verified

{arrayA p xs0 ? snatA l† l ? snatA h† h ? ↑(l ≤ h ∧ h < |xs0|) ? $(introsort_implcost (h−l))}
introsort_impl p l† h†

{λr. ∃Axs. arrayA r xs ? ↑(slice_sort_aux xs0 l h xs) ? snatA l† l ? snatA h† h}

introsort_implcost ∈ O(n log n)
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Top-Down Approach

First verification of a competitive implementation of Introsort with Time
Bound
Stepwise Refinement Calculus with Resource Currencies
Correctness-and-Time-Bound-Preserving Synthesis Mechanism
LLVM Semantics with Cost Model
Basic Reasoning Infrastructure (SL + TC)
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Quicksort Scheme



Introsort

Musser’s Pseudocode Quicksort Scheme



1 introsort xs l h =
2 n ← return h−l; ($sub)
3 ifc n > 1 then ($lt)
4 xs ← almost_sortspec xs l h; ($almost_sort)
5 xs ← final_sortspec xs l h; ($final_sort)
6 return xs
7 else return xs

introsort ≤ slice_sortspec $slice_sort
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1 introsort_rec xs l h d =
2 assert (l ≤ h);
3 n ← h − l; ($sub)
4 ifc n > τ then ($lt)
5 ifc d = 0 then ($eq)
6 slice_sortspec xs l h ($sortc (µ (h-l)))
7 else
8 (xs, m) ← partitionspec xs l h; ($partitionc (h-l))
9 d′← d − 1; ($sub)

10 xs ← introsort_rec xs l m d′;
11 xs ← introsort_rec xs m h d′;
12 return xs
13 else return xs

µ n = n log n
introsort_rec ≤ ⇓C E2 (almost_sortspec $almost_sort)
introsort_reccost (n, d) =

$sortc (µ n) + $partitionc d ∗ n
+ ((d+1)∗n)∗($if 2 + $call 2 + $eq + $lt + $sub 2)

E2 almost_sort = introsort_reccost (h − l, d)
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Stepwise Refinement

Refine slice_sortspec with Heapsort in O(n log n)
Refine partitionspec in O(n)
Refine final_sortspec with Insertionsort in O(τ n)

Unguarded Optimization
Synthesis to LLVM Code
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In the Paper

Nondeterministic Result Monad with Time (NREST)
Refinement Patterns + Automation
Synthesis Mechanism (Connecting NREST with LLVM Monad)
LLVM Semantics + Cost Model

Basic Reasoning Infrastructure



Conclusion

Verification of a State-of-the-Art Sorting Algorithm
Competitive and Verified
Stepwise Refinement with Resource Analysis

Future Work
Improved Tooling
Further Case Studies
Other Resources: e.g. Stack Size

Formalization & Benchmarks & More:
https://www21.in.tum.de/~haslbema/llvm-time/
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Thank you!


