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Abstract

Despite the advancements in software testing, bugs still plague deployed software and result in crashes in pro-
duction. When debugging issues —sometimes caused by “heisenbugs”— there is the need to interpret core dumps
and reproduce the issue offline on the same binary deployed. This requires the entire toolchain (compiler, linker,
debugger) to correctly generate and use debug information. Little attention has been devoted to checking that such
information is correctly preserved by modern toolchains’ optimization stages. This is particularly important as man-
aging debug information in optimized production binaries is non-trivial, often leading to toolchain bugs that may
hinder post-deployment debugging efforts.

In this paper, we present Debug2, a framework to find debug information bugs in modern toolchains. Our frame-
work feeds random source programs to the target toolchain and surgically compares the debugging behavior of their
optimized/unoptimized binary variants. Such differential analysis allows Debug2 to check invariants at each debug-
ging step and detect bugs from invariant violations. Our invariants are based on the (in)consistency of common debug
entities, such as source lines, stack frames, and function arguments. We show that, while simple, this strategy yields
powerful cross-toolchain and cross-language invariants, which can pinpoint several bugs in modern toolchains. We
have used Debug2 to find 23 bugs in the LLVM toolchain (clang/lldb), 8 bugs in the GNU toolchain (GCC/gdb), and
3 in the Rust toolchain (rustc/lldb)—with 14 bugs already fixed by the developers.

1 Introduction
Production binaries need to be heavily optimized to maximize metrics such as speed, size, and energy consump-
tion [20]. For this purpose, modern compilers feature optimization stages where several sophisticated transformation
passes cooperate to produce the final binary. Preserving debug information in this process is important for several
reasons.

First, correct debug information helps the interpretation of core dumps collected in production (e.g., to provide line
information in stacks leading to a crash). More importantly, correct debug information is crucial when reproducing and
debugging production issues offline on the same optimized binary. This is often necessary since compiler optimizations
also alter the observability of unwanted behaviors compared to the unoptimized case. In other words, common issues
such as race conditions [11], memory errors [8], and other classes of “heisenbugs” [26] may not even be reproducible
without a reliable debugging process for optimized binaries [9].

However, preserving debug information for optimized production binaries is a daunting task, with no obvious
mapping between source and assembly statements [7, 9] and the potential to introduce bugs at each of the several
layers of modern toolchains. As we will show, efforts to provide debug-friendly optimization levels (such as -Og in
modern compilers) fall short on providing a bug-free debugging experience.
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Yet, despite the challenges and relevance of this task, as well as toolchain developers’ efforts to improve the
debuggability of optimized binaries, little attention has been devoted to scrutinizing the full debug information lifecycle
for bugs. Prior work largely focused on debugger testing [23, 15], with one recent exception focusing on the ability
to retrieve correct variable values in optimized binaries [17]. We stress that the entire toolchain (compiler, linker,
debugger) must be free of debug information bugs to provide a reliable debugging experience.

In this paper, we introduce Debug2, a framework to expose debug information bugs in production toolchains. The
key idea is to feed random source programs to a target toolchain and compare the debugging behavior of their opti-
mized/unoptimized binary variants to expose bugs. To achieve this, Debug2 first extracts debugging traces of each
binary by single-stepping its execution in the target debugger. Next, Debug2 performs differential analysis of each
pair of optimized/unoptimized traces to check for unexpected differences at each step. To check for (un)expected
behavioral differences, Debug2 relies on trace invariants empirically based on the (in)consistency of common debug
elements, such as source lines, stack frames, and function arguments. Our trace invariants are explicitly designed to
be generic (i.e., toolchain- and programming language-agnostic) and, while simple, can effectively pinpoint inconsis-
tencies in the entire debug information lifecycle. As we will show, these inconsistencies can then be traced back to the
underlying issue, exposing bugs in the entire toolchain; including all components of the compiler (from backend until
the optimization stages) and the debugger.

Our analysis shows that after decades of development, mature toolchains still suffer from a conspicuous amount
of bugs that Debug2 can automatically find. Surprisingly enough, many of these bugs plague the optimization levels
specifically created for a smooth debug experience (i.e., -Og).

A motivating example – Snippet 1 shows a bug Debug2 exposed in the LLVM toolchain when compiling with -Og.
Debug2 can expose this bug with a simple source line invariant: a line containing dead code for a given binary

should be absent from its debugging trace. However, while analyzing the trace, Debug2 detects the debugger eventually
pointing to the dead line 8 — which is never executed, as opposed to line 7 — and flags an invariant violation. While
Debug2 detects this issue by line stepping in the debugger (which previous work instead assumed to be correct [17]),
this is actually a compiler bug. In particular, the bug is caused by the compiler backend’s branch folding pass and
it is part of a more general class of bugs in which optimization passes move instructions across basic blocks without
properly updating the corresponding debug information. While these bugs clearly degrade the debugging experience
by displaying misleading execution flows, they still escape state-of-the-art testing efforts and are surprisingly common.

1 int a, b, c;
2 int main()
3 {
4 {int ui1 = 5, ui2 = b

;
5 c =
6 ui2 == 0 ?
7 ui1 :
8 (ui1 / ui2);
9 }

10 }

Snippet 1: Clang bug
46009: wrong step at
line 8.

We have used Debug2 to expose many such toolchain bugs, in passes ranging from
control-flow graph simplification to loop-invariant code motion. The reported issues
sparked lively discussions among toolchain developers, evidencing the lack of much
needed guidelines defining how to preserve debug information during optimization passes.
This forces developers to find the best course of action on an issue-by-issue basis, slowing
down the rate at which bugs can be fixed. Interestingly, our bug reports influenced an ini-
tial document published by LLVM developers on how to handle debug information during
optimization passes [13].

We hope our work will serve as an inspiration to evolve the standard UNIX debug-
ging format (DWARF), which currently lacks proper support to represent the effect of
transformations on the source-to-binary mapping. Even simple optimizations (e.g., com-
mon subexpression elimination) struggle to correctly preserve debug information due to
DWARF’s inability to map a single address to multiple source locations.

Contributions – We make the following contributions:

• Debug2, a framework to scrutinize the debug information lifecycle for optimized binaries using trace invariants
(§2).

• Four trace invariants to pinpoint debugging behavioral differences in optimized/unoptimized binaries and ex-
pose toolchain bugs. Debug2’s invariants are empirically derived and designed to expose bugs across different
toolchains and programming languages (§3).

• An extensive experimental evaluation of Debug2 on the LLVM toolchain. We also present experiments on the
GNU and Rust toolchains to confirm the generality of our approach. Debug2 exposed bugs in all such toolchains
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(§5), specifically 23 bugs in the LLVM toolchain (clang/lldb), 8 bugs in the GNU toolchain (GCC/gdb), and 3
in the Rust toolchain (rustc/lldb). The developers have already confirmed 22 of these bugs, and 14 of these have
been fixed.

• Lessons learned from our interactions with the toolchain developers, egregious bugs found, and current short-
comings in the DWARF debugging format (§7 and §6).

2 The Debug2 Framework

T (Opt)

<latexit sha1_base64="jLIGg47aoIKZp9Bb5yFqPZnF7tw=">AAACJnicbVDLSsNAFJ34rPXV6tLNYCvUTUmKoO4KbtxZoS9oQ5lMb+vQyYOZG6WE/IRb/QC/xp2IOz/FJGZhW8/qcM69nMNxAik0muaXsba+sbm1Xdgp7u7tHxyWykdd7YeKQ4f70ld9h2mQwoMOCpTQDxQw15HQc2Y3qd97BKWF77VxHoDtsqknJoIzTKR+tV27C/C8OipVzLqZga4SKycVkqM1KhuF4djnoQsecsm0HlhmgHbEFAouIS4OQw0B4zM2hUFCPeaCtqOscEzPQs3QpwEoKiTNRPj7ETFX67nrJJcuwwe97KXif94gxMmVHQkvCBE8ngahkJAFaa5EsgTQsVCAyNLmQIVHOVMMEZSgjPNEDJNpFgLdUKJQ/lO8qCbhjuPLONnOWl5qlXQbdeuifn3fqDTNfMUCOSGnpEYsckma5Ja0SIdwIskzeSGvxpvxbnwYn7+na0b+c0wWYHz/ADgspSA=</latexit>

C

<latexit sha1_base64="dH4DUevW1676OZslJ16Wz8rsFdA=">AAACIXicbVDLTsJAFJ36RHyBLt1MBBNXpCUm6o6EjUuM8kigIdPhghOmnWbmVkNIP8GtfoBf4864M/6Mbe1CwLM6OefenJPjhVIYtO0va219Y3Nru7BT3N3bPzgslY86RkWaQ5srqXTPYwakCKCNAiX0Qg3M9yR0vWkz9buPoI1QwT3OQnB9NgnEWHCGiXRXbVaHpYpdszPQVeLkpEJytIZlqzAYKR75ECCXzJi+Y4fozplGwSXExUFkIGR8yibQT2jAfDDuPOsa07PIMFQ0BE2FpJkIfz/mzDdm5nvJpc/wwSx7qfif149wfOXORRBGCAFPg1BIyIIM1yIZAehIaEBkaXOgIqCcaYYIWlDGeSJGySoLgX4kUWj1FC+qSbjnKRkn2znLS62STr3mXNSub+uVhp2vWCAn5JScE4dckga5IS3SJpxMyDN5Ia/Wm/VufVifv6drVv5zTBZgff8AupyjWQ==</latexit>

Violating source

<latexit sha1_base64="Ti5ylvuXDEFOKcCgK+ZKirUb+W4=">AAACMHicbVDLTgJBEJz1ifha9OhlIjHxRHaJiXoj8eIRE3kkQMjs0OCE2ZnNTC+GEP7Eq36AX6Mn49WvcIA9CFinSlV3V6eiRAqLQfDpbWxube/s5vby+weHR8d+4aRudWo41LiW2jQjZkEKBTUUKKGZGGBxJKERDe9mfmMExgqtHnGcQCdmAyX6gjN0Utf360JLx9WALm52/WJQCuag6yTMSJFkqHYLXq7d0zyNQSGXzNpWGCTYmTCDgkuY5tuphYTxIRtAy1HFYrCdyfz1Kb1ILUNNEzBUSDoX4e/GhMXWjuPITcYMn+yqNxP/81op9m86E6GSFEHxWRAKCfMgy41wnQDtCQOIbPY5UKEoZ4YhghGUce7E1BWzFBinEoXRz9Nl1YVHkZZT11242tQ6qZdL4VXp9qFcrARZizlyRs7JJQnJNamQe1IlNcLJiLyQV/LmvXsf3pf3vRjd8LKdU7IE7+cXYCKp3w==</latexit>

Bug Report

<latexit sha1_base64="fot4j+U/6OYOKD8zeQbvjMMFWiI=">AAACNHicbVC7TgMxEPTxDOEVHh2NRYREFd0hJKCLoKEERBKk5BT5nCVY+OyTvQaF6P6FFj6Af0GiQ7R8A86RggBTjWZ2d1aTZFJYDMPXYGp6ZnZuvrRQXlxaXlmtrK03rXaGQ4Nrqc1VwixIoaCBAiVcZQZYmkhoJbcnI791B8YKrS5xkEGcsr4S14Iz9FK3stlRWqgeKKTHrl++gEwb7FaqYS0sQP+SaEyqZIyz7lpQ6vQ0d6m/wyWzth2FGcZDZlBwCXm54yxkjN+yPrQ9VSwFGw+L93O64yxDTTMwVEhaiPBzY8hSawdp4idThjf2tzcS//PaDq8P46FQmUNQfBSEQkIRZLkRvhegPWEAkY0+ByoU5cwwRDCCMs696HxRE4GpkyiMvs8nVR+eJFrmvrvod1N/SXOvFu3Xjs73qvVw3GKJbJFtsksickDq5JSckQbh5IE8kifyHLwEb8F78PE9OhWMdzbIBILPLwIYqyg=</latexit>

T (Unopt)

<latexit sha1_base64="G3a4DKrvDndNdGv/yWYXE4ourac=">AAACKHicbVBLTgJBFOzBH+IPdOmmI5jghswQE3VH4sYlJvwiTEhP88AOPd2T7jcaQriFWz2Ap3Fn2HoSB5yFoLWqVL2XqlQQSWHRdedOZmNza3snu5vb2z84PMoXjltWx4ZDk2upTSdgFqRQ0ESBEjqRARYGEtrB+Hbht5/AWKFVAycR+CEbKTEUnGEiPZQa5abSEV6U+vmiW3GXoH+Jl5IiSVHvF5xsb6B5HIJCLpm1Xc+N0J8yg4JLmOV6sYWI8TEbQTehioVg/emy8oyex5ahphEYKiRdivD7Y8pCaydhkFyGDB/turcQ//O6MQ6v/alQUYyg+CIIhYRlkOVGJFsAHQgDiGzRHKhQlDPDEMEIyjhPxDgZZyUwjCUKo59nq2oSHgRazpLtvPWl/pJWteJdVm7uq8Wam66YJafkjJSJR65IjdyROmkSThR5Ia/kzXl3PpxPZ/5zmnHSnxOyAufrGxFTphc=</latexit>

source code

<latexit sha1_base64="izdUk1iAhG2DFE08tXd8C8CmrWg=">AAACKXicbVC7TsNAEDyHVwivBEqaExESVWRHSEAXiYYySOQhJVZ0vmzCKWefdbcGRZY/gxY+gK+hA1p+BNtxQRKmGs3s7qzGC6UwaNtfVmljc2t7p7xb2ds/ODyq1o67RkWaQ4crqXTfYwakCKCDAiX0Qw3M9yT0vNlt5veeQBuhggech+D6bBqIieAMU2mwuEO5GsOoWrcbdg66TpyC1EmB9qhmlYdjxSMfAuSSGTNw7BDdmGkUXEJSGUYGQsZnbAqDlAbMB+PG+c8JPY8MQ0VD0FRImovwdyNmvjFz30snfYaPZtXLxP+8QYSTazcWQRghBDwLQiEhDzJci7QMoGOhAZFlnwMVAeVMM0TQgjLOUzFK21kK9COJQqvnZFlNwz1PySTtzlltap10mw3nsnFz36y37KLFMjklZ+SCOOSKtMgdaZMO4USRF/JK3qx368P6tL4XoyWr2DkhS7B+fgF5Fadq</latexit>

C

<latexit sha1_base64="dH4DUevW1676OZslJ16Wz8rsFdA=">AAACIXicbVDLTsJAFJ36RHyBLt1MBBNXpCUm6o6EjUuM8kigIdPhghOmnWbmVkNIP8GtfoBf4864M/6Mbe1CwLM6OefenJPjhVIYtO0va219Y3Nru7BT3N3bPzgslY86RkWaQ5srqXTPYwakCKCNAiX0Qg3M9yR0vWkz9buPoI1QwT3OQnB9NgnEWHCGiXRXbVaHpYpdszPQVeLkpEJytIZlqzAYKR75ECCXzJi+Y4fozplGwSXExUFkIGR8yibQT2jAfDDuPOsa07PIMFQ0BE2FpJkIfz/mzDdm5nvJpc/wwSx7qfif149wfOXORRBGCAFPg1BIyIIM1yIZAehIaEBkaXOgIqCcaYYIWlDGeSJGySoLgX4kUWj1FC+qSbjnKRkn2znLS62STr3mXNSub+uVhp2vWCAn5JScE4dckga5IS3SJpxMyDN5Ia/Wm/VufVifv6drVv5zTBZgff8AupyjWQ==</latexit>

Program Generation

<latexit sha1_base64="sWSQbMxb6W3qBOOL+2BhVbhKt1c=">AAACPHicbVC7TgJBFJ3FF+ILtNRiIjGxIrvERO1ILLTERNAEiJkdLjhhHpuZuxpCaPwaW/0A/8PezthaO+AWIp7q5Jx759w5cSKFwzB8C3ILi0vLK/nVwtr6xuZWsbTddCa1HBrcSGNvYuZACg0NFCjhJrHAVCzhOh6cTfzre7BOGH2FwwQ6ivW16AnO0Eu3xb22NkJ3QSOtW9O3TNFz0GAzuxxWwinoPIkyUiYZ6relIN/uGp4q/x6XzLlWFCbYGTGLgksYF9qpg4TxAetDy1PNFLjOaPqNMT1IHUNDE7BUSDoV4ffGiCnnhir2k4rhnfvrTcT/vFaKvZPOSOgkRdB8EoRCwjTIcSt8P0C7wgIim1wOVGjKme8AwQrKOPdi6huZCVSpRGHNw3hW9eFxbOTYdxf9bWqeNKuV6Khyelkt18KsxTzZJfvkkETkmNTIBamTBuHkkTyRZ/ISvAbvwUfw+TOaC7KdHTKD4OsbTxau2A==</latexit>

Tested Toolchain

<latexit sha1_base64="4BW/6Mv/uLzkmZmRrdmVLH6LuQE=">AAACMHicbZDLTgJBEEV7fCK+QJduOhITV2TGmKg7EjcuMeGVACE1TQEdeqYn3TUYQvgTt/oBfo2ujFu/wgZZCFirm3Orcis3TJS05Psf3sbm1vbObmYvu39weHScy5/UrE6NwKrQSptGCBaVjLFKkhQ2EoMQhQrr4fB+5tdHaKzUcYXGCbYj6MeyJwWQQ51croKWsMsrWisxAOlQwS/68+HrIliIAltMuZP3Mq2uFmmEMQkF1jYDP6H2BAxJoXCabaUWExBD6GPTyRgitO3J/PUpv0gtkOYJGi4Vn0P8ezGByNpxFLrNCGhgV70Z/M9rptS7bU9knKSEsZgFkVQ4D7LCSNcJ8q40SASzz5HLmAswQIRGchDCwdSVtBQYpYqk0U/TZerCw1CrqesuWG1qXdSuisF18e7xqlDyFy1m2Bk7Z5csYDesxB5YmVWZYCP2zF7Yq/fmvXuf3tfv6oa3uDllS+N9/wAEC6mr</latexit>

Trace Consistency

<latexit sha1_base64="tPpuM0zDR6uQC2/wdJOPsc+sKw4=">AAACMXicbVDLTgJBEJz1ifgCPXqZSEw8kV1jot5IuHjEBJAECOkdW504O7OZ6ZUQwqd41Q/wa7gZr/6Es8hBxDpVqrpT3RWnSjoKw2mwsrq2vrFZ2Cpu7+zu7ZfKB21nMiuwJYwythODQyU1tkiSwk5qEZJY4W38VM/922e0ThrdpFGK/QQetLyXAshLg1K5aUEgrxvtfBhqMRqUKmE1nIEvk2hOKmyOxqAcFHp3RmQJahIKnOtGYUr9MViSQuGk2MscpiCe4AG7nmpI0PXHs9sn/CRzQIanaLlUfCbi740xJM6NkthPJkCP7q+Xi/953YzuL/tjqdMsfysPIqlwFuSElb4U5HfSIhHklyOXmguwQIRWchDCi5lvaSEwyRRJa4aTRdWHx7FRE99d9LepZdI+q0bn1aubs0otnLdYYEfsmJ2yiF2wGrtmDdZigg3ZC3tlb8F7MA0+gs+f0ZVgvnPIFhB8fQP8Vqos</latexit>

Trace Invariants

<latexit sha1_base64="p55HNcXrJ+/5V13ubdraU24OgOs=">AAACMHicbVDLTgJBEJzFF+IL9OhlIjHxRHaJiXoj8aI3THglQEjv0OCE2dnNTC+GEP7Eq36AX6Mn49WvcBc5CFinSlV3qlJ+pKQl1/1wMhubW9s72d3c3v7B4VG+cNywYWwE1kWoQtPywaKSGuskSWErMgiBr7Dpj25TvzlGY2WoazSJsBvAUMuBFECJ1MvnawYE8ns9BiNBk+3li27JnYOvE29BimyBaq/gZDv9UMQBahIKrG17bkTdKRiSQuEs14ktRiBGMMR2QjUEaLvTefUZP48tUMgjNFwqPhfx78cUAmsngZ9cBkCPdtVLxf+8dkyD6+5U6igm1CINIqlwHmSFkckmyPvSIBGkzZFLzQUYIEIjOQiRiHEy0lJgECuSJnyaLatJuO+HapZs560utU4a5ZJ3Wbp5KBcr7mLFLDtlZ+yCeeyKVdgdq7I6E2zMntkLe3XenHfn0/n6Pc04i58TtgTn+wcJs6mv</latexit>

Violation Triaging

<latexit sha1_base64="0cUgbJkvGPuPISuZf5Uo9PqKexw=">AAACMnicbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FvAi0cFEwNJCL1jGxtnZ5aZXh+E/IpX/QB/Rm/i1Y9ws+ZgonUqqrqpouJUk+cwfAtmZufmFxZLS+XlldW19crGZtPbzClsKKuta8XgUZPBBhNrbKUOIYk1Xsa3JyP/8g6dJ2su+DHFbgJ9Q9ekgHOpV9lsktUFlxeOoE+m36tUw1pYQP4l0ZhUxRhnvY2g1LmyKkvQsNLgfTsKU+4OwDEpjcNyJ/OYgrqFPrZzaiBB3x0U5YdyN/PAVqboJGlZiPj7YwCJ949JnF8mwDd+2huJ/3ntjK+PugMyacZo1CiISWMR5JWjfBWUV+SQGUbNUZKRChwwoyMJSuVilk8zEZhkmsnZ++GkmofHsdXDfLtoeqm/pLlfiw5qx+f71Xo4XrEktsWO2BOROBR1cSrOREMo8SCexLN4CV6D9+Aj+Pw5nQnGP1tiAsHXN+DHqp8=</latexit>

Figure 1: Framework Overview

The Debug2 framework is based on a simple idea: consider a software that is compiled and debugged with a given
toolchain; the execution traces obtained from the debugger will, in general, differ if they are obtained from versions
compiled with different optimization flags, but their semantics must match. In particular, there is some behavior that
must manifest coherently in all traces, no matter the optimization level used in the compilation process. For example,
a line in the source that represents dead code must be absent from any execution trace.

Our framework uses a set of these intuitive rules, that we call trace invariants, to check if the traces of differently
optimized binaries are coherent or not. Whenever an invariant is violated, an inconsistency is detected that points to a
candidate bug in the toolchain. Candidates are then verified before reporting them to developers.

Debug2 encompasses four main modules (see Figure 1):

• Program Generation: responsible for generating the source code samples used to test a specific toolchain; the
output of this module is the source code C.

• Tested Toolchain: the toolchain that is being tested that typically includes at least a compiler and a debugger;
the compiler is used to compile C using both a desired optimization level, and with no optimization; the two
resulting binaries are then fed to the debugger that outputs the two traces T (opt) and T (unopt).

• Trace Consistency: takes as input the two traces and checks if any of the trace invariants are violated, indicating
an inconsistency that could point to a bug in the toolchain producing the optimized trace. This module outputs
any source code C that violates at least one trace invariant.

• Violation Triaging: this module reduces the large number of violations caused by the same candidate bug
by clustering them and extracts a fragment of representative code for each cluster. This simplifies the manual
analysis of the candidates to remove false positives and report to developers only highly probable bugs.

2.1 Program generation
The program generation module has the sole purpose of generating source code to be fed to the tested toolchain
module. The only requirement for this module is that it must output a source code C that can be correctly compiled
by the tested toolchain and run; moreover, to simplify the design of the trace invariants, we assume the generated
programs to be well-formed, deterministic, closed (i.e., don’t take any input), and single-threaded.

There are several strategies that can be used when implementing this module. We can follow a purely generative
approach, e.g., by using tools like Csmith [25] or Yarpgen [4]; or a more refined mutational approache guided by some
feedback loop (e.g., using the coverage of the tested toolchain). In our implementation of the framework, we mainly
used the generative approach (leveraging both Csmith and Yarpgen); we also performed an analysis implementing
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a guided mutational approach that prefers mutated samples increasing the internal coverage of the tested toolchain.
However, we did not find it to bring improvements over the pure generative approach.

Details are reported in §5.3.

2.2 Tested toolchain
This module integrates the toolchain to be tested by Debug2, it takes as input the source code C and it outputs the
two traces T(opt) and T(unopt) that will be analyzed by the trace consistency module. More precisely, we model the
toolchain’s compiler as an object that takes an input a source code C, and outputs a compiled program P . We assume
that P contains debug information (practically speaking P has been compiled with -g flag). P ’s code can be either
optimized or not, depending on the optimization flags used to customize the compiling phase. Since we are interested
in comparing the debug information of an optimized and unoptimized binary generated from the same code C, we will
indicate with unopt the unoptimized version of P , and with opt the optimized counterpart.

Using the toolchain’s debugger, we execute P repeatedly stepping over source lines until it exits, obtaining an
execution trace T (P ) (i.e., an ordered list of elements, each being a step over a source line). We assume the following
information are associated to a step s ∈ T (P ):

• Line information – Given s, the line function l(s) returns either a line in the source code C or a dummy
line ⊥. In practice, this information is provided by the majority of debuggers on executables compiled with
debug information. The dummy line ⊥ models the absence of line information caused by its dropping in some
optimization passes; for example, clang sometimes creates line information that points to the artificial line 0,
which is the equivalent of our ⊥.

• Variables information – Given s, the variables function V (s) returns the set of all global variables, local
variables, and parameters visible at step s. Given a variable v in V (s) we use value(v, s) to indicate its value at
step s. We will use the special value ⊥ to model optimized out variables; i.e., variables that have been removed
by some optimization passes while producing P . Function V can be for example implemented in lldb with
command frame var.

• Backtrace information: Given s, the backtrace function BT (s) returns the set of function names present in the
stack before the execution of s (n.b., usually this set is ordered, but in our paper, we never make use of such an
ordering). An example is the output of the bt command in lldb or gdb.

This set of information is the one that will be used to define the four trace invariants presented in §3. However, the
framework may accommodate a richer definition of trace based on further information available from the debugger.
Our trace invariants assume that, at each step, one of the traces contains correct information. Another assumption that
we do is that the unoptimized trace steps on all the source-lines that are executed, we found this assumption to be true
since the compiler, with all optimization turned off, lowers any executable source code line to at least one assembly
instruction.

2.3 Trace consistency
The trace consistency module analyzes the T(unopt) and T(opt) traces to find inconsistencies that are likely due to a
bug in the toolchain (usually in the compiler or in the debugger). The module takes as input two debug traces T(unopt)
and T(opt) and a set of trace invariants. Each invariant takes the two traces T(Opt), T(Unopt), analyses the information
contained, and raises a violation in case an inconsistency is found. For each violation, the corresponding source code
C is sent to the triaging module. In this paper, we present four trace invariants (see §3), but this module can easily
accommodate further invariants that reason on the trace contents.

2.4 Violations triaging
The last module of Debug2 is used to cluster test cases exhibiting violations that are likely to share the same “root
cause”, i.e., that are caused by the candidate bug. This is important to reduce the number of candidate bugs to be
verified, as this verification must be performed manually.
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Once we find that a certain source code C generates a violation on the toolchain under test, we extract a fingerprint
by testing C against a set of different versions of the same toolchain (e.g., using several releases of the same compiler).
Each of these versions applies a different sequence of optimization passes. We progressively apply the passes in the
sequence until we find the first pass that causes the violation; the name of this pass will be included in the fingerprint
for the specific toolchain version under analysis; if no violation happens, we include a default value in the fingerprint.
Given a source code C, we then obtain a vector F (C), where each component corresponds to the output of our
procedure on a specific version of the toolchain under test. This vector is the fingerprint of C.

For example, consider a source code sample C that violates a trace invariant on a given toolchain X . To build its
fingerprint, we test the same code on n different versions of X , (e.g., 5.0, 6.0, 7.0, 8.0 and 9.0), and check for each
version which optimization pass first violates the invariant. Assume the violation happens on pass j for versions 5.0
and 6.0, while it happens on pass k for the other versions. Then the fingerprint for C will be F(C)=[“j”, “j”, “k”,
“k”, “k”]

Note that only using toolchain versions in the fingerprint would not permit to discriminate between two bugs that
appear in the exact same versions but are in two different optimization passes. For a similar reason, we cannot use a
single toolchain version in the fingerprint. We cluster together source samples with the same fingerprint as they link
to a single candidate bug with high probability. Then, we select a random sample for each cluster and extract from it
a piece of minimal code that allows an easier manual analysis.

3 Trace Invariants
In this paper, we introduce four trace invariants, designed to detect different problems in a target trace. They are:

The Line Invariant (LI) checks for misstepped lines;

The Backtrace Invariant (BI) checks for spurious frames in the backtrace of a line;

The Scope Invariant (SI) checks if there are out-of-scope variables;

The Parameters Invariants (PI) checks the consistency of the values assumed by function parameters.

Note that our set of four trace invariants does not pretend to be complete; that is, further invariants may be defined
that could possibly allow the identification of further bugs whose semantics is not captured by the invariants presented
here.

For each of our invariants, we introduce it and justify the assumption behind its design; then, we give a more
formal definition and present an example of a real-world bug discovered with it.

Lines Invariant (LI) – Lines Invariant checks whether there exists a line of C that appears to be executed in the
optimized trace while the unoptimized trace never executes it. The rationale behind LI is that such a spurious line is
either dead code or a glitch of the compiler/debugger (e.g., stepping over a variable declaration); this comes directly
from the fact that C is closed and deterministic, see §2.1 and that the unoptimized trace steps on all source lines that
are executed.
Formal definition – Given a program P we indicate with L(P ) all the lines in T (P ) (i.e., L(P ) : {l(s)|s ∈ T (P )}).
The line subset invariant is violated when L(opt) 6⊆ L(unopt) ∪ {⊥}. Note that the definition excludes the case in
which the line where the violation happens is l(s) = ⊥; this was done to model corner cases that arise when using our
invariant on specific instances of programming languages, compilers, and debuggers (e.g., the aforementioned line 0
in clang).
Violation of LI – Snippet 2 shows an example of a violation of LI in C code compiled with clang and optimization
-Og. In this case, we have 4 ∈ L(opt) and 4 6∈ L(unopt); line 4 is clearly dead code, and stepping on it is a bug
caused by wrong debug information.
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1 int a;
2 int b(char c) {
3 return (a>=2||c>>a)
4 ? c
5 : 0;
6 }
7 int main(){return b(0);}

Snippet 2: LI violation. Line 4 appears to be executed.

1 static int a;
2 static int *b = &a;
3 static int *func_2() {
4 *b = 0;
5 return &a;
6 }
7 void func_1() { func_2(); }
8 int main() { func_1(); }

Snippet 3: BI violation. Backtrace at line 8 contains
func 2.

Backtrace Invariant (BI) – The Backtrace Invariant is violated when the trace from optimized code contains a step
over a line l for which the stack backtrace includes a function name that is not present in the stack backtrace of any
step in the trace from the unoptimized code that refers to the same line l. The rationale behind BI is that the optimized
code cannot reach a target function f using a path on the call graph that is never used by the unoptimized code, since
this would imply a latent violation of the LI invariant.
Formal definition – Given two traces T(opt) and T(unopt), the invariant is violated if ∃s ∈ T (opt) and ∀s′ ∈ T (unopt)
such that l(s) = l(s′) we have BT (s) 6⊆ BT (s′).

1 static int a[1];
2 int(b)(c, d) { return (c

& (c ˆ 7) - d) < 0
? 0 : c - d; }

3 short(e)(short c) {
return c; }

4 static int *f() {
5 short g = 6;
6 for (; g > 0; g = b(g,

2))
7 e(g);
8 *a = g;
9 return a;

10 }
11 int main() {
12 int i, j, k,

print_hash_value;
13 f();
14 printf("%X\n");
15 }

Snippet 4: SI violation.
At line 2 variables
i,j,k are visibile, even
if out of scope.

Violation of BI – Snippet 3 shows C code that violates BI when compiled with clang and
-Og. In this case, despite the absence of inlining in the optimized assembly, a step on
line 8 shows an inconsistent backtrace. In our formalism, ∃s ∈ T (opt) with l(s) = 8
and BT (s) = {main, func 1, func 2}, while for all steps on line 8 in T(unopt) the
backtrace is {main}.

Scope Invariant (SI) – This invariant searches for lines of source code that are stepped
over in both traces, but where there is at least one variable that is only visible in the trace
from the optimized code. Essentially, when SI is violated, there is a point in the optimized
trace where an out-of-scope variable is visible. This behavior is not desirable during the
debugging of an optimized binary as it would provide misleading information that does
not match the visibility inferred by looking at the source code.
Formal definition – Given traces T(opt) and T(unopt), the invariant is violated if ∃s ∈
T (opt) and ∃s′ ∈ T (unopt) with l(s) = l(s′) and V (s) 6⊆ V (s′).
Violation of SI – In Snippet 4, there is a C code that violates SI when compiled with
GCC and -Og and debugged using lldb. In this case, the third time we step on line 2 the
variables i,j,k are visible even if they are declared in another scope.

1 typedef unsigned u32_t;
2 char c; u32_t d; int e;
3

4 int a(b) { return b; }
5 static int fun(u32_t p_6

) {
6 for (; c; c = 5)
7 p_6 || d;
8 }
9 int main() {

10 int f;
11 e = a(8);
12 f = e && 9;
13 fun(f);
14 }

Snippet 5: PI violation,
p 6 seems to assume
value −1.

Parameters Invariant (PI) – With Parameters Invariant, we focus only on the variables
that are also parameters of some function f in the source code C. PI is violated if, in the
trace from optimized code, there is a parameter with a value that is never observed in the
trace from unoptimized code. Intuitively, it exists a step where a parameter gets a value
that is not consistent with the source code C (a disagreement implies a bug, assuming that
one of the traces is correct)1

Formal definition – Let Par(P ) be the set of all function parameters observed in trace
T (P ), i.e. Par(P ) : {v|∃s ∈ T (P ) ∧ v ∈ V (s) ∧ v is parameter of a function f}; for
each v ∈ Par(P ) let V alues(v, P ) be the set of all values v assumes in trace T (P ), i.e.
V alues(v, P ) : {val|∃s ∈ T (P ) ∧ v ∈ V (s) ∧ val = value(v, s)}. Then, PI is violated
if ∃v ∈ V (opt) ∩ V (unopt) and V alues(v, opt) 6⊆ V alues(v, unopt) ∪ {⊥}. We use
the ⊥ symbol to model the special value that is assigned by debuggers to optimized out
variables.
Violation of PI – Snippet 5 shows C code that violates PI when compiled with clang and
-O3. In this case, at line 6 the parameter p 6 is observed in the trace from optimized code having value −1 while its

1We do not have any source of randomness in our programs, that are deterministic. Moreover, we excluded pointers since the memory layout
may change if some variables are optimized out (e.g., pointers to global strings, arrays, etc.)

6

https://t.me/learningnets



actual value is 1; interestingly, this bug is also visible at line 14 of the same snippet where the value of variable f in
the same trace is −1.

4 Implementation
We implemented Debug2 for the LLVM, GNU, and Rust toolchains. We first detail the LLVM implementation and
then highlight the differences for other toolchains.
Program Generation – In our default program generation module, we generate C source code using Csmith 2.4.0 [25]
and use CompCert 3.7 [16] to discard sources containing undefined behavior.
Tested toolchain – The toolchains under analysis are integrated in Debug2 using Python. We automate lldb by using
the Python bindings. Each trace is extracted by setting a breakpoint on the program entry point (break main) and
then by repeatedly stepping (using the s command). At each step, we collect the corresponding source line number,
function names in the stack trace using the bt command, as well as variables and values returned by using the frame
var command.
Trace consistency – We implemented this module using Python, following the design detailed in §3. The only
variation is that, when checking for invariant PI, we discard all pointers because they are not guaranteed to be stable
across executions (e.g., due to ASLR and non-deterministic heap allocators).
Violations triaging – We implemented our fingerprinting mechanism using the opt-bisect tool [2], a tool provided by
LLVM to bisect the optimization stages. Given C code that violates an invariant, we consider six versions of clang
(i.e., 5, 6, 7, 8, 9, trunk), and on each of them, we use opt-bisect to pinpoint the optimization pass that generates the
violation. We cluster together code samples that trigger violations with the same fingerprint and select a representative
test case at random. We use C-Reduce 2.10 [19] to reduce the test case to a minimal source snippet triggering the same
violation. We manually analyze the reduced test case to confirm that the violation is caused by a bug before reporting
it to the developers.

Other toolchains – The implementation for the GNU and Rust toolchains are similar to the LLVM one, but with the
following notable exceptions. Since there seems to be no mature program generator for Rust, we simply collected a
variety of source samples from the Rust test suite2. Our final dataset is composed by 12,616 source samples. We im-
plemented the toolchain module for gdb using the pygdb library [21], which leverages the machine interface (gdb/mi)
provided by gdb. We performed trace extraction similar to the LLVM toolchain using the specific commands for gdb.
Finally, since the GNU and Rust toolchains have no equivalent of opt-bisect, in our experiments, we implemented the
triaging procedure by means of manual analysis.

5 Evaluation
Our experimental evaluation aims at answering the following main research questions:

RQ 1: Is there a relationship between invariant violations and optimization levels? And between violations and
actual bugs?

RQ 2: Does Debug2 find real bugs in our reference toolchain (LLVM) across different optimization levels and
components (e.g., compiler and debugger)?

RQ 3: Does Debug2 generalize to different toolchains and programming languages?

We also report results that shed light on other interesting aspects: the relationship between optimization levels and
certain bugs, the optimization passes that are more prone to bugs, and how our framework fares when swapping the
program generation module.

To answer all the questions above, we evaluated Debug2 on various target toolchains using the prototype described
in §4. The main focus of our evaluation is the LLVM toolchain for the C language, namely the clang compiler and

2https://github.com/rust-lang/rust/tree/master/src/test
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Table 1: Violations found for each optimization level in LLVM.

All Violations Unique Fingerprints
Opt. LI SI BI PI LI SI BI PI

01 54 3 1 2 10 3 1 2
02 3 6 2 114 3 3 2 25
03 4 8 0 135 2 2 0 27
0g 54 1 57 4 11 1 3 3
0s 5 2 0 52 5 1 0 16
0z 3 3 2 78 3 3 1 25

the lldb debugger. We also ran tests on the GNU toolchain (GCC and gdb) and on the Rust toolchain (rustc and lldb)
aimed at investigating the generality of our framework among different toolchains and programming languages. All
our experiments run on Google Cloud VMs equipped with 32GB of RAM and 8 cores each; experiments run in Docker
containers with Ubuntu 18.04.

5.1 Trace Invariant Violation Analysis
As a first step in our experimental evaluation, we want to analyze if and how much the trace invariants defined in §3
are suitable to identify inconsistencies in the traces produced by the LLVM toolchain. Moreover, we want to study
how these violations are distributed across optimization levels and if our fingerprinting mechanism can help reduce
the manual effort by clustering violations sharing the same root cause.

We ran 24 hours of tests with optimization levels -O[1, 2, 3, g, s, z] and stopped after collecting 7,500 test cases
for each level. We tested each optimization level independently, i.e., the set of source samples generated by Csmith
was different from level to level. We ran experiments using LLVM version 11.0.0 commit 80. . . f996977f. Table 1
presents our results.

Looking at the raw number of violations (left side of the table), there are a number of interesting findings. First, the
majority of LI violations happen at optimization levels -O[1, g]. This is probably because higher optimization levels
more aggressively drop line information, hence limiting the amount of inconsistent information. Interestingly, the
opposite behavior can be observed when looking at PI violations: they reach their maximum number on optimization
levels -O[2, 3], they are still high at -O[s, z], but have a minimum at -O[1, g]. We speculate this behavior stems from
inter-procedural optimizations and the use of inlining, passes that are disabled at -O[1, g]. Considering BI, a large
number of violations are at -Og. We manually analyzed such violations and found a pathological test case that causes
most of them. As such, the large number is not statistically significant.

For each invariant, we then collected the unique fingerprints and discarded all duplicates (i.e., we considered
a single representative test case per cluster). Looking at the violations found for optimization level -Og, we have
11 unique fingerprints for the LI violations, 1 for SI, 3 for BI, and 3 for PI. However, the total number of unique
fingerprints across all violations is 16 (the total is not reported in the table), i.e., less than the sum of unique fingerprints
for each invariant since a single fingerprint may incur different invariant violations.

The large gap between the total number of violations and the number of unique fingerprints can be explained by
the fact that a single bug may trigger several violations. For example, by analyzing the LI violations, we found that 41
are on a ternary operator; these are all caused by a single bug (see bug https://bugs.llvm.org/show bug.cgi?id=45895)
and they map to 5 different fingerprints. For BI, we have 47 violations generated by the same bug on the same file,
justifying only 3 unique fingerprints. Regarding the PI violations, we found the same behavior mentioned above
for optimization levels O[2, 3, s, z]. In general, these results show that our framework, equipped with our four trace
invariants, can identify a fairly large number of violations across several optimization levels.
Relationship with bugs and fingerprints – We ran an experiment to understand the number of violations caused by a
bug. We started our analysis on April 3, 2020 with LLVM commit b73 . . . a7d2ed267b (initial version). We generated
1k test cases compiled using the initial version at -Og and we found 1,956 violations. From April 3 to the end of June
we reported several bugs (additional details in the next section), 14 of which have been patched. We then considered
the LLVM version of June 26, 2020 (containing all the patches of our bugs) as the final version. We tested the 1k test
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Table 2: Breakdown by invariant of reported bugs for LLVM.
Triggered Invariant Unconfirmed Confirmed Patched Total
Lines Invariant (LI) 0 4 7 11
Backtrace Invariant (BI) 0 1 3 4
Scope Invariant (SI) 1 2 0 3
Parameters Invariant (PI) 1 0 4 5

cases again on the final version and found only 7 violations. The total breakdown (initial version / final version) by
invariant is LI from 31 to 6, SI from 755 to 0, BI from 9 to 0, and PI from 1,161 to 1. The total decrease from an
average of 1.9 violations per test case to 7 · 10−3 shows that the vast majority of violations found in the initial version
(over 99%) was caused by a bug. This confirms that an invariant violation has a pathological cause most of the time.
During this experiment, we found that three bugs generate most violations: a first bug generates 1,144 violations,
mapped to 17 fingerprints; a second bug generates 756 violations, mapped to 120 fingerprints; a third bug generates
41 violations, mapped to 11 fingerprints. This also shows that fingerprints effectively cluster violations from the same
bug reducing the number of test case to analyze manually.

5.2 Manually analyzed and reported bugs
We present a quantitative analysis of the bugs we reported. A more qualitative analysis of selected bugs is available in
§6.
LLVM toolchain
We collected several violations found by running Debug2 on the latest LLVM release from April 3, 2020. We used
optimization levels -O[0,1,2,3,s,z], clustered violations using their fingerprints, extracted the representative test cases’
source code from the clusters, and reduced them to smaller test cases with C-Reduce.
Analysis of bugs found – In total, we reported 23 unique bugs. As expected, our system identified bugs in the full
toolchain: 16 bugs found on clang, and 7 on lldb. Table 2 presents a breakdown of the bugs by triggered invariant3.
As shown in the table, the distribution follows the one we reported in §5.1.

Regarding the distribution of bugs between compiler and debugger, for LI we discovered only bugs in clang, while
for BI, SI, and PI we observed mixed results: SI exposed 2 bugs in clang and 1 in lldb; PI exposed 3 bugs in lldb
and 1 on clang; BI exposed 1 bug in clang and 3 bugs in lldb. This behavior stems from source-line stepping being
mostly dependent on the information present in the DWARF line table, which is created entirely by the compiler,
while the debugger is only responsible to parse such information. Since LI is the invariant that is more likely to find
misaligned or wrong line information, most of LI violations come from compiler bugs. PI and SI find bugs in both
components of the toolchain since they both assess the ability of the compiler to generate a correct DWARF table
(see bug https://bugs.LLVM.org/show bug.cgi?id=45923) and the ability of the debugger to correctly parse it (see
bug https://bugs.LLVM.org/show bug.cgi?id=46181). Interestingly, most of the BI bugs are in the debugger. This is
sensible as the debugger does the majority of work to build a reliable stack trace using its unwinder. Nevertheless, we
also found a BI bug in clang (see bug https://bugs.llvm.org/show bug.cgi?id=45883). Apart from the bugs above, we
also reported 4 additional bugs that are duplicated (i.e., on the 27 bugs that we reported 23 had not been marked as
duplicate). This low rate of duplicates is encouraging, as it shows that violation triaging works well when it is possible
to identify the optimization pass that triggers the violation.
Affected versions – We tested for the presence of the 16 clang bugs on different versions of LLVM. Figure 2 presents
a histogram of bugs per LLVM version. As shown in the figure, most of the bugs we found have been latent for years:
for example, roughly half of the clang bugs also affect LLVM version 5.0, which was released in 2017.
Affected optimization passes and levels – As shown in Figure 2, most of the bugs plague optimization levels -Og and
-O1. This can be explainable by the fact that those are the levels that drop less debug information. From our analysis,
we found that -Og and -O1 share the same set of bugs (i.e., the 11 reported bugs are exactly the same) and the majority
of these bugs are not present in -O[2, 3, s, z]. This is not surprising since, after some investigation, we found that, in

3Whenever a bug triggered multiple invariants, we selected only one.
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Figure 2: Affected versions and optimization levels for reported bugs assigned to clang.

Table 3: LLVM bugs by affected optimization passes.
Optimization Pass # bugs
Loop Strength Reduction 1
Machine Common Subexpression Elimination 1
Loop Invariant Code Motion 2
CodeGen Prepare 1
Stack Slot Coloring 1
Control Flow Optimizer 2
Simplify the CFG 3
X86 DAG ->DAG Instruction Selection 1
Branch Probability Basic Block Placement 3
Rotate Loops 1

LLVM, -Og is just an alias for -O1 [1]. Table 3 presents a breakdown of the 16 clang bugs by the affected optimization
pass. Interestingly, the more affected passes are the ones that either move instructions across the blocks of the CFG
or that change the structure of the CFG. We speculate that is due to the difficulty of forecasting the effect of such
transformations on debug information and due to the lack of specific guidelines on how to preserve debug information
during these passes (more details are in §7).
Other toolchains
Our analysis on LLVM has answered RQ 2. In this section, we report on the experiments we ran on other toolchains
to answer RQ 3.
GNU toolchain – We performed the same experiments on the GNU toolchain (GCC and gdb). For this toolchain, we
reported a total of 8 bugs, 2 of which have been confirmed (Table 4). Interestingly, we could not found a bug that
generates a SI. We tested the bugs on versions 5, 6, 7, 8, 9, 10, trunk, and found that the bugs affect only version 8 and
more recent versions. This is probably due to a major change in the generation of DWARF debug information. On the
trunk version, the breakdown by optimization level is 6 bugs for -Og and 4 bugs for -O[1, 2, 3, fast]. This confirms

Table 4: Breakdown by invariant of reported bugs for GNU.
Triggered Invariant Unconfirmed Confirmed Patched Total
Lines Invariant (LI) 4 1 0 5
Backtrace Invariant (BI) 1 1 0 2
Scope Invariant (SI) 0 0 0 0
Parameters Invariant (PI) 1 0 0 1
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Unique fingerprints (total violations)
-Og -O3

Csmith 4 (5) 13 (20)
yarpgen 11 (264) 14 (349)
MUSIC-Csmith 2 (5) 8 (13)
MUSIC-yarpgen 11 (251) 13 (331)

Table 5: Median number of fingerprints found per tool (N=20).

1 int k = 0, a;
2 int *b = &a;
3 int c = 2;
4 short d = 2;
5 void e() { --d; }
6 int *f() {
7 if (a)
8 e();
9 else

10 return b;
11 }
12 int main() {
13 f();
14 f();
15 }

Snippet 6: lldb bug 46398

our hypothesis that optimization levels preserving more debug information are more vulnerable. Interestingly, we
found the same set of bugs for levels -O[2, 3, fast] even if the optimization strategy differs among these levels.
Rust toolchain – We used the latest rustc nightly build (1.46.09) for the compiler and lldb as debugger. We compiled
each sample in our dataset with the -g flag and optimization levels -O[1, 3]. We used each optimized binary as input to
our trace consistency subsystem along with the non-optimized one. We manually analyzed a selected set of violations,
identifying and reporting 3 bugs from 3 invariant violations: 1 LI, 1 SI, and 1 PI.

5.3 Other program generators
As noted earlier, the program generation component of Debug2 is interchangeable by design. We show how changing
the program generation component impacts the number of violations we can find, while at the same time confirming
our Debug2 framework is extensible by swapping components.

To this end, we ran the whole pipeline again (as described in §5), but replaced the default Csmith generator
with 3 alternative approaches to program generation. We also targeted a more recent clang/LLVM version (commit
94e4e37d5564), in which numerous bugs that we reported had been fixed.

Table 5 shows the median number of unique fingerprints and violations for 20 runs of 12 hours per code generation
tool. We highlight statistically significant values (Mann-Whitney p < 0.05), as compared to the Csmith baseline.
As shows in the table, yarpgen is capable of finding a large number of new invariant violations not previously found
by Debug2 using Csmith as the default program generation component. We also show how a simple code mutation-
based approach based on MUSIC [18] fares against the generation-based approach taken by Csmith and yarpgen. The
mutation-based approach applies a number of (randomly selected) mutation operators on 5,000 initial seeds generated
by Csmith and yarpgen. While our results suggest that a generation-based approach outperforms this simple mutation-
based approach, this experiment does show Debug2 generalizes to different classes of program generators.

6 Detailed analysis of discovered bugs
In this section, we detail some of the most interesting bugs we reported.
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1 short a = 1;
2 int b, c;
3 void(d)() {}
4 int main() {
5 int *p_5 = &c;
6 for (; a <= 0; a = d)
7 if ((*p_5))
8 break;
9 b = *p_5;

10 }

Snippet 8: clang bug 46008

1 static int a, c, d, e;
2 static void dm() {
3 int b = 0;
4 for (; b < 56; b++)
5 a = b;
6 }
7 int main() {
8 int k;
9 dm();

10 d = 0;
11 for (; d != 38; d = d + 1)
12 e = 0;
13 for (; e < 3; e++)
14 for (k = 0; k < 4; k++)
15 printf("", c);
16 }

Snippet 9: GCC bug 95077

lldb bug 46398 (Snippet 6) At line 10, lldb shows two incoherent backtraces when the analyzed binary is compiled
with -Og and -O0. Specifically, it shows that variable k is a function in the stack trace.

The unwinder is the subsystem in lldb responsible for reconstructing the stack chains when stopped at a given
address. The debugger implements unwinding as a series of plans which kick in one after another until one is successful
(or the stack cannot be reconstructed, throwing an error). The wrong backtrace was caused by a bug in the unwind
choosing strategy, which did not take into account the availability of additional information to pick the best strategy.

lldb bug 46456 (Snippet 7) presents a bug in the DWARF parsing and interpretation logic of lldb. This bug was
discovered performing a “mix and match” testing using GCC as the compiler and lldb as the debugger. lldb shows a
flow where it incorrectly appears that the function b() is called twice.

1 int a;
2 void b() { printf("%X\n");

}
3 int main() {
4 a = 1;
5 b();
6 }

Snippet 7: lldb bug 46456

The degradation is caused by the debugger not correctly parsing a DWARF attribute,
namely DW LNS negate stmt. This class of bugs justifies and motivates the impor-
tance of performing further mixed consumer/producer testing. As the set of people
working on lldb and clang are sometimes overlapping, as well as the set of people
working on GCC and GDB, having multiple implementations of the standard tested
reveals holes like the one outlined above.

clang bug 46008 (Snippet 8) When stepping through optimized code, lldb steps on a source line that is dead (cannot
be executed). In this case it shows the execution of line 7. This is due to the SimplifyCFG optimization pass in LLVM,
which performs peephole optimizations of the control flow graph, like flattening or block merging, sometimes without
proper updates to line information while applying the transformations. In this specific case, the pass tries to fold a
dead block into a live one, wrongly dropping the location. As a result, the debug information points to a “dead” line.

GCC bug 95077 (Snippet 9) In this case, at line 14 GDB shows that the top frame of the stack trace is function
dm, despite line 14 being in the main. This bug stems from how GCC handles debug information of inlined functions.
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During the optimization passes, function dm is inlined; the mapping between inlined assembly instructions and the dm
symbol is kept by DWARF using a table that associates ranges of assembly instructions to inlined functions.

In this case, GCC wrongly includes an assembly instruction of the loop at line 14 in such ranges. Therefore, when
GDB parses this information, it wrongly shows that line 14 belongs to inlined function dm.

7 Discussion
In this sections, we discuss the insights that we learned during our study, as well as the limitations of our work.

The need for shared guidelines
During our investigation (see §5.2 and §6) we reported several bugs that lead to interesting discussions among the
toolchains developers. During this process we realized that there has never been an effort to precisely define how to
preserve debug information during the optimization passes of production compilers (we are not aware of guidelines in
this sense). Therefore, several of our bugs required non-trivial fixes decided after lengthy discussions among toolchains
developers.

A prototypical example is the bug reported in the Snippet 10, where the code compiled with clang and optimization
level -Oz shows a step on line 2. If we look at the source code, it is apparent that line 2 is never executed; and so it
is in the unoptimized program. However, in the optimized binary, due to a loop rotation optimization kicking in [12],
line 2 is indeed speculatively executed before reaching the end of the loop. One could argue either against or in favor
of showing the step at line 2.

1 int add(int ui1, int ui2) {
2 return ui1 + ui2;
3 }
4 int g_8 ;
5 int a = 4 ;
6 int c;
7 int main() {
8 for (g_8 = 0; (g_8 < 49); g_8 = add(g_8, 9)) {
9 for (; c ; c++)

10 ;
11 if (a)
12 break;
13 }
14 }

Snippet 10: LSI violation in clang when compiled with -Oz. Line 2 appears to be executed.

On the one hand, one could follow the general principle of optimization transparency pioneered by Hennessy [9]:
showing the step could mislead a developer, that would see a step over a location that should not be executed, this
could be extremely confusing on large and complex software. On the other hand, it could be reasonable to show what
is precisely happening without masking the optimization (following the line of Brooks et al. [5]): line 2 is executed
even if this is done speculatively and without observable side effects.

In this specific case, clang developers finally decided that such behavior is indeed a bug and that the step at line 2
should have not been shown.

Similar design choices should derive from a broader discussion on the semantics of optimized debug information,
since case by case fixes, in the long term, are likely to lead to inconsistent behaviors. Hence, our investigation is
a precursor of a more in-depth process that should systematically study how to preserve debug information during
optimization passes, taking specifically into account standards for debug information (such as DWARF as we will
discuss in the next section).

During the production of this paper, the LLVM developers published a document containing a set of basic rules
to update debug information during certain optimization passes [13]. The content of this document has clearly been
influenced by the bugs we reported, and it is a first step in the direction of defining shared guidelines.

DWARF shortcomings
During our analysis, we encountered some bugs that highlighted a shortcoming of the DWARF standard that severely
limits its expressivity, and impacts either the correctness or the completeness of the debug experience. In the following,
we will show two examples, one for GCC and the other for clang, showcasing this problem.
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1 int g_4 = 3, a;
2 int *b() {
3 if (g_4)
4 return &g_4;
5 a = 0;
6 return &g_4;
7 }
8 int main() { b(); }

Snippet 11: GCC bug 95865

GCC bug 95865 (Snippet 11) In this example GDB steps on dead code: it executes line 6 instead of 4. The culprit is
an optimization pass that modifies the CFG; in this case line 4 and line 6 are lowered into a single assembly instruction
while the instruction a=0 becomes guarded by the condition g 4==0. In DWARF, each assembly instruction is
mapped to at most single line of source code; hence, this case imposes a choice: the compiler may map the instruction
to line 4 or line 6 (in this case a bug arises depending on the value of g 4), or completely drop the source code location
on the return (impacting the amount of information shown). Therefore, we have an unavoidable tradeoff between
correctness (dropping the line) and completeness (picking a line and accepting a bug in some runs).

1 volatile int a, b, c;
2 int g_3[2];
3 int main() {
4 for (; b > -9; b--)
5 ;
6 for (; c <= 5; c++) {
7 g_3[1] = 0;
8 if (b)
9 ;

10 else {
11 char l_1

[3][4][3]={0};
12 g_3[1] = l_1

[2][3][2];
13 }
14 }
15 }

Snippet 12: clang bug
45523

clang bug 45523 (Snippet 12) shows a case where lldb hits the body of a dead
branch, stepping on line 12 despite the condition in the if statement is true. The loop
invariant code motion pass in LLVM tries to sink load/store instructions outside of the
loop, and when there are several that have different locations, just picks an arbitrary one
(in general, incorrect).

This bug was fixed collecting all the locations, and merging them in a single one, to
be shown in the debugger, as long as they agree. In case there are different locations,
the final location of the sunk instructions is dropped. For the reasons explained in the
previous bug, this fix is inherently an approximation of the best behavior.

A possible future proposal for DWARF is to allow a single instruction to be mapped
to multiple locations, letting the consumers (e.g., the debugger) decide the policy to
adopt.

8 Limitations, and threats to validity
In our system, we have to generate programs that are free from undefined behaviors to avoid spurious violations of
an invariant. The presence of undefined behavior could result in a non-deterministic program artificially inflating the
number of violations. We use CompCert to filter programs with undefined behavior. While this is not provably perfect
and does not rule out the possibility that undefined behavior is still present, we have never observed one during our
tests.

Whenever a violation is found, we must manually check if the root cause is a bug. While Debug2 does not yet
provide full automatic triaging, we found that our triaging module significantly speeds up the analysis of violations.

Similarly to all previous works using differential testing, Debug2 cannot detect a bug that is present in both ana-
lyzed traces. This issue could be solved by designing invariants that work on a single trace, based on assumptions on
the code behavior to detect inconsistencies. Future work could investigate this aspect.

9 Related Work
The investigation on the correctness of debug information started with the work of Yuanbo Li et al. [17]. The paper
focuses on validating the correctness of the values of the variables shown by a debugger for optimized code for
statically compiled languages. Their idea is to derive from a certain source code a modified program, built with
optimizations, in which a debugger can stop at a predetermined line and print the value of a specific variable without
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triggering undefined behavior. Once stopped, they compare this value to the one printed, at the same program point,
by an unoptimized binary.

Our work generalizes their: they are only looking at one aspect of debug information, consistency of variables
information, while they neglect other aspects (e.g., they assume line information to be correct). Apart from [17], the
majority of the other works in this area look at loosely related problems, and they can mainly be partitioned in the
works on improving the experience of debugging optimized binaries, the ones that focus on testing the correctness of
debuggers, and the massive amount of work devoted to compilers testing.

Debugging of optimized binaries Generating debug information for optimized binaries is a long-studied problem.
The seminal work of Hennessy [9] proposed a categorization of the effect of optimizations on the variables of a
program. It also introduced an algorithm to identify endangered variables (variables whose values are possibly not
correct in the optimized program). The main idea behind his approach was to make optimizations transparent and
provide the user with the expected behavior. Building on top of [9], [24, 3] proposed better approaches for identifying
endangered variables.

Conversely, from [9], Brooks et al. [5] proposed an alternative principle to follow: try to depict what is happening
in the optimized code, without striving for the illusion of transparency. To reach this goal, they aim to provide the user
with visual-feedback highlighting pieces of source code during interactive debugging. Finally, to identify possible
bugs in optimized code, Jaramillo et al. [10], proposed comparison-checking between unoptimized and optimized
code after executing them under the same input. We remark that they are interested in finding miscompiles introduced
by the optimization passes, and not in wrong debug information.

Testing of debuggers Several works investigate the problem of finding debugger bugs. A differential testing ap-
proach was taken by Lehmann et al. [15]; they proposed to record debug traces for multiple debuggers and compare
them to identify bugs. Such an approach can be used only when multiple mature debuggers are available. Considering
a non-differential approach, Tolksdorf et al. [23] showed how it is possible to identify bugs in Chromium debugger
using metamorphic testing. We point out that none of the aforementioned works is able to find bugs in the compiler.

Compilers testing The problem of compiler testing received a lot of attention in the past decade [25, 14, 22] and it
mainly focused on finding miscompiles in optimizing compilers. For a recent survey on compiler testing techniques,
see Chen et al. [6]. This research line is complementary to our since it is devoted to test the correctness of machine
code generated by the compiler without caring about debug information.

10 Conclusions
This paper introduced Debug2, a framework to expose debug information bugs in production toolchains. Debug2 fills
an important gap in the literature, where little attention has been devoted to scrutinizing the full debug information
lifecycle for bugs. This is particularly problematic when debugging happens on production software, where binaries
have been heavily optimized, and debug information bugs may hinder post-deployment debugging efforts. Debug2

relies on trace invariants to perform differential analysis on debug traces of optimized and unoptimized programs, and
expose inconsistencies whose root cause may be a bug in the compiler or in the debugger. We evaluated Debug2 on
three different toolchains (namely LLVM, GNU, and Rust), finding 34 new bugs. Most bugs have already been fixed
by the developers. Furthermore, our findings have already sparked an interesting discussion among developers and
fostered further investigation on the semantics of debug information for optimized programs.
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