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Abstract
In this poster we present Luthier [7], the first open-source dynamic
binary instrumentation framework targeting AMD GPUs. We high-
light key features of our framework, including example use cases
and runtime overhead comparison with NVIDIA’s NVBit. We also
go over some major enhancements under development in the latest
version of Luthier that support more of the growing family of AMD
GPUs and additional instrumentation scenarios.
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1 Introduction
In recent years, AMDGPUs have experienced rapidly growing adop-
tion in data centers and supercomputers for accelerating large-scale
scientific computing and AI applications. This trend is highlighted
by the emergence of Frontier and El Capitan at the top of the
TOP500 supercomputers list [9]. To ensure these powerful GPUs
are utilized to their full potential, effective profiling tools for ROCm
applications are needed.

Currently, ROCm profiling tools rely primarily on services pro-
vided by ROCm’s ropcrofiler-sdk, such as reading GPU hard-
ware counters and Program Counter (PC) sampling [1]. Recent
efforts have focused on introducing binary instrumentation capabil-
ities targeting the device code of ROCm applications [4, 7, 8, 10].
Instrumentation is a valuable profiling technique. Compared to
services provided by rocprofiler-sdk, instrumentation can pin-
point the exact location of hotspots inside the kernel code, though
at the cost of patching and running additional code alongside the
kernel [2].

In this poster, we present Luthier [7], the first open-source dy-
namic binary instrumentation framework for instrumenting the
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device code of ROCm applications. We also provide details on on-
going development work on the framework.

2 Luthier’s Instrumentation Process
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Figure 1: High-level overview of Luthier’s instrumentation
process.

Figures 1 and 2 show a high-level overview of Luthier’s instru-
mentation and code generation process. Luthier tools are shared
object libraries written in HIP loaded via LD_PRELOAD. When a ker-
nel is launched, the tool can request the kernel’s relocatable LLVM
Machine IR (MIR) view called a lifted representation (figure 2-b). The
lifted representation can be inspected by the tool and modified via
a mutator function. Direct modifications of the target instructions,
and injection of calls to instrumentation functions are supported
by the mutator (figure 2-a).

In step 8.1 of figure 2, the lifted representation (figure 1-b), the
mutator function (figure 1-a), and the tool’s embedded device bit-
code (figure 1-d) are used to create and optimize the instrumentation
IR logic that will be injected before target instructions (figure 1-d).

In steps 8.2 and 8.3, the LLVM instruction selection and backend
passes, plus a set of custom Luthier passes are applied to obtain the
MIR of the instrumentation logic. It is then patched into the lifted
representation to obtain the instrumented kernel (figure 2-f).
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# Machine code for function _Z16vector_incrementPi: 
bb.0:
 successors: %bb.1(50.00%), %bb.2(50.00%)
 $sgpr0_sgpr1 = S_LOAD_DWORDX2_IMM $sgpr4_sgpr5, 0, 0
 S_WAITCNT 49279
 $sgpr2 = S_LOAD_DWORD_IMM $sgpr0_sgpr1, 0, 0
 S_WAITCNT 49279
 S_CMP_LT_I32 $sgpr2, 2
 S_CBRANCH_SCC1 %bb.2
bb.1:
; predecessors: %bb.0 
 successors: %bb.2(100.00%)
 $sgpr2 = S_ADD_I32 $sgpr2, 1
 $vgpr0 = V_MOV_B32_e32 0
 $vgpr1 = V_MOV_B32_e32 $sgpr2
 GLOBAL_STORE_DWORD_SADDR $vgpr0, $vgpr1, $sgpr0_sgpr1, 0 
bb.2:
; predecessors: %bb.1, %bb.0
 S_ENDPGM 0 
# End machine code for function _Z16vector_incrementPi. 

(b) Kernel’s Relocatable Lifted Representation (LLVM MIR)

target triple = "amdgcn-amd-amdhsa“

@Counter = external addrspace(1) externally_initialized 
global i64, align 8
; Function Attrs: alwaysinline convergent mustprogress 
nounwind
define internal void @countInstructionsScalar() #5 { 
  %1 = tail call noundef i64 
@"luthier::sAtomicAdd.i64.ptr.i64"(ptr noundef 
addrspacecast (ptr addrspace(1) @Counter to ptr), i64 
noundef 1) #7
  ret void
} 
; Function Attrs: convergent mustprogress noinline 
nounwind
declare dso_local noundef i64 
@"luthier::sAtomicAdd.i64.ptr.i64"(ptr noundef, i64 
noundef) #6 

(c) Instrumentation Module Embedded Inside Tool’s Device Code

__attribute__((device)) uint64_t Counter; 
MARK_LUTHIER_DEVICE_MODULE 

LUTHIER_HOOK_ANNOTATE countInstructionsScalar() { 
  (void)luthier::sAtomicAdd(&Counter, 1UL); 
}
LUTHIER_EXPORT_HOOK_HANDLE(countInstructionsScalar); 

llvm::Error instrumentationLoop(
  luthier::InstrumentationTask &IT, 
  luthier::LiftedRepresentation &LR) { 
  // Instrument the first instruction if it’s scalar
  const auto &MI = LR.getKernelMF().begin()->begin(); 
  if (luthier::isScalar(MI)) {
    LUTHIER_RETURN_ON_ERROR(
      IT.insertHookBefore(MI,
      LUTHIER_GET_HOOK_HANDLE(countInstructionsScalar))); 
  } 
  return llvm::Error::success();
} 

(a) Luthier Tool Logic in HIP

# Machine code for function $sgpr0_sgpr1 = 
S_LOAD_DWORDX2_IMM $sgpr4_sgpr5, 0, 0, MMB ID: 0: IsSSA, 
TracksLiveness 
bb.0 (%ir-block.0):
 liveins: $vgpr2, $sgpr4, $sgpr5
 %6:sreg_32 = COPY killed $sgpr4
 %7:sreg_32 = COPY killed $sgpr5
 %3:sreg_64 = SI_PC_ADD_REL_OFFSET target-flags(amdgpu-
gotprel32-lo) @Counter, target-flags(amdgpu-gotprel32-hi) 
@Counter, implicit-def dead $scc
 %4:sreg_64_xexec = S_LOAD_DWORDX2_IMM killed %3:sreg_64, 
0, 0 :: (dereferenceable invariant load (s64) from got, 
addrspace 4)
 %5:sreg_64 = S_MOV_B64 1
 %1:sgpr_64 = COPY %4:sreg_64_xexec
 %2:sgpr_64 = COPY %5:sreg_64
 %0:sgpr_64 = S_ATOMIC_ADD_X2_IMM_RTN %2:sgpr_64(tied-def 
0), %1:sgpr_64, 0, 0
 $sgpr4 = COPY killed %6:sreg_32
 $sgpr5 = COPY killed %7:sreg_32
 SI_RETURN implicit $vgpr2, implicit $sgpr4, implicit 
$sgpr5
# End machine code for function MI: $sgpr0_sgpr1 = 
S_LOAD_DWORDX2_IMM $sgpr4_sgpr5, 0, 0, MMB ID: 0. 

(e) Instrumentation Module’s LLVM MIR in SSA Form

(8.1) Apply task to LR, run 
LLVM IR Optimization 

Pipeline

(8.2) Select instructions, lower Luthier intrinsics, 
preserve live registers, allocate “state value 

array” storage and load positions, and run pre- 
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(8.3) Run register allocation passes, Luthier’s custom frame 
lowering, and the rest of  the LLVM codegen pipeline. Patch-

in the instrumentation code into the lifted representation

; Function Attrs: naked
define void @"$sgpr0_sgpr1 = S_LOAD_DWORDX2_IMM 
$sgpr4_sgpr5, 0, 0, MMB ID: 0"() #1 {
 %1 = tail call noundef i64 
@"luthier::sAtomicAdd.i64.ptr.i64"(
     ptr noundef addrspacecast (ptr addrspace(1) @Counter 
to ptr),
     i64 noundef 1 )
 #2 ret void
}

(d) Optimized Instrumentation Module

_Z16vector_incrementPi:
 s_branch .LBB0_4
.LBB0_0:
 s_load_dwordx2 s[0:1], s[4:5], 0x0
 s_waitcnt lgkmcnt(0)
 s_load_dword s2, s[0:1], 0x0
 s_waitcnt lgkmcnt(0)
 s_cmp_lt_i32 s2, 2 
 s_cbranch_scc1 .LBB0_2
 s_add_i32 s2, s2, 1
 v_mov_b32_e32 v0, 0
 v_mov_b32_e32 v1, s2
 global_store_dword v0, v1, s[0:1]
.LBB0_2:
 s_endpgm
.LBB0_4:
 s_waitcnt vmcnt(0) expcnt(0) lgkmcnt(0)
 s_getpc_b64 s[6:7]
 s_add_u32 s6, s6, Counter@gotpcrel32@lo+4
 s_addc_u32 s7, s7, Counter@gotpcrel32@hi+12
 s_load_dwordx2 s[6:7], s[6:7], 0x0
 s_mov_b64 s[8:9], 1
 s_waitcnt lgkmcnt(0)
 s_atomic_add_x2 s[8:9], s[6:7], 0x0
 s_waitcnt lgkmcnt(0)
 buffer_wbinvl1_vol
 s_branch .LBB0_0 

(f) Instrumented Kernel

Figure 2: Luthier’s code generation process (step 8 of figure 1).

The instrumented kernel is then loaded on the device after being
linked.

3 Key Design Features
Instead of instrumenting the loaded kernel code in-place, Luthier
instruments and loads a copy. This design choice is made due to
the variable-length encoding of the AMD GPU instructions and the
limited range of the direct unconditional jump instruction [7].

Instead of inserting calls to a pre-compiled instrumentation func-
tion, Luthier uses Just-In-Time (JIT) compilation to generate and
patch in instrumentation code. JIT compilation unlocks plenty of
opportunities to optimize the register usage of the instrumented
kernel via static analysis on the target kernel. It can also make sure
that instrumentation functions are inlined for reduced overhead.

Luthier does not support inline assembly inside its tool device
logic. Instead, it provides a custom intrinsics binding and lowering
mechanism to express low-level logic, allowing for more aggressive

register usage optimization. Luthier does not rely on the presence
of a stack pointer inside the target kernel and instead uses the
state-value array (SVA) mechanism to maintain its own stack and
the kernel’s arguments [7]. The SVA ensures kernels not adhering
to calling conventions can be instrumented. SVA and Luthier’s
intrinsic lowering are also used to support calling complicated
routines including printf inside the instrumentation logic.

4 Example Luthier Use Cases

Luthier can be used to count the number of device instructions
executed throughout the program, as well as report an opcode
breakdown. Luthier’s instruction count tool was applied to bench-
marks from HeC Bench [5], which includes HIP, OpenMP, and
SYCL programming models, and run on an AMD Instinct MI100 [7].
Figure 3-a shows the results of the experiments, indicating that, on
average, OpenMP benchmarks execute more instructions compared
to their HIP and SYCL counterparts.

Luthier can also be used to detect bank conflicts inside kernels.
This tool can point out the exact instructions where the bank con-
flict occurred, which can then be correlated back to the source
code. The Luthier bank conflict tool was applied to entries in
HeC Bench [5] across HIP and SYCL and run on an AMD Instinct
MI100 [7]. Figure 3-b shows the number of bank conflicts detected
in select HeC benchmarks.

5 Other Use Cases of Luthier Under
Development

We plan on developing additional use cases for Luthier. Some exam-
ples include Causal profiling [3] to identify most impactful optimiza-
tion opportunities in the source code, Call Graph reconstruction to
identify functions called and their callers, and injecting software
faults into kernel code to study device code resilience.

6 Instrumented Kernel Runtime Overhead
We compared the overhead of running Luthier’s instruction count
tool (section 4) against its NVBit’s counterpart on the same bench-
mark entries as seen in figure 3-c [7]. The NVIDIA benchmarks
were run on an NVIDIA V100 attached to the same machine. On
average, Luthier incurs a 50X runtime overhead, which is 10 times
lower than NVBit, demonstrating the power of JIT compilation in
Luthier’s instrumentation process.

7 Current Focus of Development
We are expanding Luthier to instrument very large kernels with
calls to stripped device functions. Lack of symbol informationmakes
it difficult to identify functions due to their alignment. Usage of
function pointers makes this more challenging.We are also working
on instrumenting kernels written in assembly that might not con-
form to LLVM MIR conventions (e.g., overlapping function logic),
as outlined by [6]. Support for additional AMD CDNA and RDNA
GPUs is also being actively worked on.
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Figure 3: (a) Number of instructions executed by each thread for select HeC [5] benchmarks in HIP, OpenMP, and SYCL. (b)
Number of LDS instructions executed per wavefront and the number of bank conflicts, for select HeC [5] benchmarks. (c)
Kernel runtime overhead incurred when running the instrumented versions of benchmarks from the first use-case, calculated
as instrumented kernel runtime divided by un-instrumented kernel runtime.
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