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Introduction: Decompilers are useful tools for software analysis and support in the absence of source code. They are available 
for many hardware architectures and programming languages. However, none of the existing decompilers support modern AMD 
GPU architectures such as AMD GCN and RDNA. Purpose: We aim at developing the first assembly decompiler tool for a modern 
AMD GPU architecture that generates code in the OpenCL language, which is widely used for programming GPGPUs. Results: We 
developed the algorithms for the following operations: preprocessing assembly code, searching data accesses, extracting system 
values, decompiling arithmetic operations and recovering data types. We also developed templates for decompilation of branching 
operations. Practical relevance: We implemented the presented algorithms in Python as a tool called OpenCLDecompiler, which 
supports a large subset of AMD GCN instructions. This tool automatically converts disassembled GPGPU code into the equivalent 
OpenCL code, which reduces the effort required to analyze assembly code. 
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Introduction

OpenCL [1] is a widespread standard for high 
performance computing. It is supported by all of the 
modern graphics processing unit (GPU) and central 
processing unit (CPU) vendors in contrast to ven-
dor locked Compute Unified Device Architecture 
(CUDA) [2]. In particular, both Nvidia and AMD 
GPU support OpenCL. There are great gener-
al-purpose computing on graphics processing units 
(GPGPU) development tools in the Nvidia ecosys-
tem, but AMD development tools have fallen behind 
the Nvidia ecosystem. Sometimes developers need 
to analyze assembly code for implementing better 
optimizations or reverse engineering. Nevertheless, 
there is no public decompilation tool for AMD GPU 
assembly. Decompiler also allows supporting pro-
grams without source code and checking for undoc-
umented functions and backdoors. [3, 4]

OpenCL is designed to unleash the power of 
massively parallel processors. The OpenCL plat-
form consist of a host (typically a CPU) and a set of 
compute devices (or, simply, devices). In this paper, 
devices are AMD GPUs. To avoid confusion, we de-
note by program the code executed on the host and 
by kernel, the code executed on the device. Each 
compute device consists of a set of compute units. 
Each compute unit consists of a set of processing el-
ements.

Massive parallelism means a large number 
of launched processes. The process index space 
could be one-, two-, or three-dimensional. The set 
of launched process indices is called NDRange [5]. 

NDRange is divided by equal-sized work-groups 
(Fig. 1). NDRange size must be divisible by work-
group size on each dimension. Otherwise NDRange 
size is automatically increased on each dimension 
to fulfill this requirement. The single process is 
called work-item. Each work-item has a unique iden-
tifier (ID) in NDRange index space (global id) and 
a unique ID in its work-group (local id). Each work-
group also has a unique ID (work-group ID).

OpenCL defines four types of memory:
— global memory — a memory accessible to 

read and write to host and all work-items in the 
NDRange space;

— constant memory — a region of host-allocat-
ed global memory that is not changed during kernel 
execution;

— local memory — a memory accessible to work-
items in a single work-group;

— private memory — a memory accessible to a 
single work-item.

The AMD GCN architecture

The AMD GCN architecture [6] is related to 
OpenCL platform model. A GPU device consists 
of several compute units. Each compute unit has 
four single instruction, multiple data (SIMD) 
Vector Units for computing and one SIMD Scalar 
Unit for flow control. Each SIMD Unit has 16 pro-
cessing elements. One processing element con-
tains one arithmetic logic unit (ALU) and can 
execute a single OpenCL work-item. Thus, one 
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compute unit contains 64 ALU. Compute units 
work independently. 

GCN devices have two-level data cache hierar-
chy. Each compute unit has L1 data cache and an 
entire GPU device has L2 data cache. Also they 
have 32 KiB instruction cache. If kernel does not 
fit in instruction cache, it has significant per-
formance decrease. This fact encourages GPGPU 
developers to decompose a compute task between 
small kernels.

AMD GCN devices have an equivalent to each 
type of OpenCL memory. Global and constant mem-
ories from OpenCL are represented by video ran-
dom access memory (VRAM). The equivalent of 
OpenCL local memory is Local Data Share (LDS). 
Data access in LDS is orders of magnitude faster 
than that of a VRAM. Private memory is stored 
in registers. Data access in registers is orders of 
magnitude faster than LDS. If there are not enough 
registers, a region in VRAM is allocated for private 
memory. These additional “registers” are named 
scratch registers. Usually scratch registers are in 
data cache and decrease performance by not real-
ly much. Registers are 32-bit but they can be com-
bined into pairs for 64-bit instructions. Registers 
are the most expensive and valuable memory re-
source. Each work item can have at most 256 vector 
registers (VGPR) and 104 scalar registers (SGPR). 
Moreover, a compute unit has only 2048 registers 
for 64 ALU.

The lowest group of work-items that flow control 
can affect is named wavefront. This means that all 
the work-items in a single wavefront have the same 
program counter. All the work-items in a wavefront 
execute all branching paths (with the exception of a 
case when all the work-items choose the same condi-
tional jump). Irrelevant branch paths are executed 
without any effect. Each SIMD Vector Unit can run 
from one to ten wavefronts depending on the used 
VGPRs, SGPRs and LDS.

AMD GCN has two different application bina-
ry interfaces (ABI) [7]. The first one comes with 
Windows Adrenaline or Linux AMDGPU-Pro driv-
er. The second one comes with Linux-only ROCm 
driver. In this paper the first one is considered. 
ABI defines data and kernel parameters’ location 
in memory. Some parameters are stored in regis-
ters, others are in VRAM. More detailed location 
of parameters will be considered in the next sec-
tions.

Statement of the problem 

The purpose of this work is to create a decom-
piler for GCN assembly. It takes a disassembled 
file as input and translates it into its equivalent in 
OpenCL. Since there are no OpenCL decompilers for 

AMD GPUs, the following state-of-the-art theoreti-
cal [8–18] and instrumental [19, 20] solutions for C 
and C++ were considered as a basis:

— Ida Pro (Hex-Rays plugin): Intel x86 / x64, 
ARM;

— GHIDRA: Intel x86, ARM, AVR, MIPS, PIC, 
PowerPC;

— RetDec: Intel x86 / x64, ARM, MIPS, PIC32, 
PowerPC;

— Hopper: Intel x86 / x64, ARM, PowerPC;
— Snowman: Intel x86, AMD64, ARM.
As a result of research to achieve this goal, the 

following tasks were formulated:
1) extraction of the body of the program and da-

ta of the CPU module;
2) search for memory accesses;
3) search for control structures;
4) data type recovery.
The result of solving these tasks is a translation 

assembly code to an OpenCL code. Out method con-
sists of the following steps:

1. Separation of program body, configuration 
part and kernel name.

2. Initialization of registers and kernel parame-
ters using application binary interface.

3. Assembly instructions processing: control 
flow graph construction and determination of 
stored in registers data types.

4. Transformation control flow graph into re-
gion graph and its further processing (determina-
tion of flow-control instructions).

5. OpenCL code generation using processed re-
gion graph.

The body extraction 

Extracting the body of the program is a small, 
but quite important task, serving as a preparatory 
stage for further decompilation. In addition, here 
we parse config section with work group size, num-
ber of index range dimensions, and other kernel 
properties. An example of the structure of the pro-
gram body is shown in Listing 1.

Listing 1. An example of the structure of the 
program body
.kernel [kernel name]
      .config
 dims xyz
 .cws 8, 8, 2 
  [other kernel configuration]
       .text
  [program body]
  s_endpgm <- end of program

This config means 3D index range with work-
group size 8 8 2 (128 threads in total).
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The algorithm of body extraction is presented in 
listing 2. 

Listing 2. The algorithm of body extraction
parse_status = “start”
instruction_set = []
config_set = []
program_name = “”
for current_row in bode_of_file:
   if current_row contains “.kernel”
        if parse_status == “instruction”:
 parse_status = “kernel”
 process_data(program_name, config_set, 
instruction_set)
 instruction_set = []
 config_set = []
         program_name = current_row.split()[1] // take the 
second word.
   if current_row == “.config”:
 parse_status = “config
   elif current_row == “.text”:
 parse_status = “instruction”
   elif current_row == “instruction”:
 instruction_set += current_row
   elif current_row == “config”:
 config_set += current_row
   else:
 continue
process_data(program_name, config_set, instruction_set)

The program body consists of a sequence of as-
sembly instructions. Most of GCN assembly in-
struction names consist of three parts delimited by 
symbol “_”. In this paper they are called prefix, root 
and suffix. 

Prefix means one of the following instruction 
types:

— Scalar instructions. Operands are mostly 
SGPRs. These instructions are used to control flow 
instructions, VRAM access, thread synchroniza-
tion, atomic operations and others. The prefix is 
“s”.

— Vector instructions. Operands are mostly 
VGPRs. These instructions are used for computing. 
The prefix is “v”.

— Data share operations. Instructions for ma-
nipulating with LDS. The prefix is “ds”.

— FLAT instructions. Operands are mostly 
pairs of VGPRs that hold 64-bit address. These in-
structions are used to access to VRAM, LDS and 
scratch buffer. The prefix is “flat”.

Suffix (if present) means data type and size. 
Supported data types are indicated by the following 
suffixes:

i — signed integer;
u — unsigned integer;
f — floating-point;

b — binary (for bitwise operations).
The data type size can be 8, 16, 24, 32 and 64. 

Some instructions contain double suffix. For exam-
ple, V_MUL_HI instruction family (V_MUL_HI_
I32_I24, V_MUL_HI_U32_U24).

The rest of command name defines the oper-
ation. Some operations do not have direct equiva-
lents in OpenCL. Such operations are decompiled 
to several OpenCL instructions. Otherwise, some 
assembly instructions are grouped and decompiled 
into a single OpenCL instruction.

AMD GCN devices do not have a call stack. 
Consequently, all the function calls are inlined 
into a kernel. Therefore, assembly code does not 
have any information about functions. We can on-
ly guess that there was a function if we discovered 
identical code fragments (ignore register renam-
ing). But such an analysis is not considered in this 
paper.

Search for memory accesses 

Assembly instructions processing starts from 
searching for memory accesses. The basic data 
structure used in the following algorithms is called 
Register. It holds the information about a single 
register and contains the following fields: version, 
type, integrity. Integrity can hold one of these val-
ues: {entire, high_part, low_part}. Entire means 
the register holds the whole 32 (or less) bit varia-
ble. Other values mean the register holds a part of 
64 bit variable.

AMD ABI documentation contains description 
for OpenCL work-item built-in functions.

At this stage, the following functions are sup-
ported:

get_global_id(uint dimindx);
get_global_offset(uint dimindx);
get_local_id(uint dimindx);
get_global_size(uint dimindx);
get_local_size(uint dimindx);
get_group_id(uint dimindx);
get_num_groups(uint dimindx);
get_work_dim().
The result of these functions is stored to specific 

addresses. Therefore, if such an address is loaded 
into a register, then further access to that register 
means a call to this function. 

The get_global_id(dim) function returns a global 
thread identifier that is unique in the entire task 
space. dim can take possible values of   0, 1 or 2. 
Since the thread numbering can be shifted in ker-
nels, in order to get a thread index starting from 
zero, there is the following idiom: 

uint idx0 = get_global_id(0) – 
get_global_offset(0); 
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This thread index is often used to refer to an ar-
ray. We parse this index and get_global_id in the 
following steps:

In the first step, we detect get_global_offset(uint 
dimindx). The value of this function is stored 
in global memory by address s[4:5]. So instruc-
tion s_load_dwordx2 s[2:3] s[4:5] 0x0 means 
get_global_offset(0) stored in register pair s2, s3.

The second step is determining the local ID: get_
local_id(0). Local ID is stored in register v0 before 
the program starts executing, and in case of 2D or 
3D index range get_local_id(1) and get_local_id(2)
are stored in v1 and v2, respectively. Therefore 
the field type of these registers data is filled be-
fore the instruction processing (it corresponds to 
get_local_id(uint dimindx)). 

The third step is identifying the work-group ID: 
get_group_id(uint dimindx) . The result of calling 
this function is also compile-time constant and 
stored before the program execution. If “useargs”
is used by the kernel in the configuration, 
get_group_id(0) is stored in register s6, and (in 
case of 2D and 3D index range) get_group_id(1) and 
get_group_id(2), are stored in s7 and s8, respective-
ly. This instruction is processed like the previous 
one. The registers fields type are filled with corre-
sponding values before the instruction processing. 

The fourth step is discovering the work-group 
size. In OpenCL this value can be retrieved using 
get_local_size function. It is impossible to deter-
mine the call to this function from the assembly 
code. This is because the value of this function call 
is replaced by numeric constant. Therefore, we have 
no semantic information about this number in the 
assembly code. However, we have obtained work-
group size in the previous section.

The last step is multiplying the work-group ID by 
the work-group size, and then the local thread ID.

Function get_global_id(uint dimindx)is decon-
structed in similar way but with the addition of the 
offset value.

The result of a function that returns the 
size of the workspace in a given dimension, 
get_global_size(uint dimindx), is stored in glob-
al memory by address s[4:5]+ 0xc, 0x10 or 0x14
depending on the dimension. Processing of this 
instruction is same with get_global_offset: da-
ta type inference is done using instruction 
s_load_dword with offsets (0xc, 0x10, 0x14). 

Next, consider a function that returns the num-
ber of work-groups that will run the kernel for a 
given dimension, get_num_groups(uint dimindx). 
The value is obtained by dividing the size of the 
workspace by the size of the work-group for a given 
dimension.

The last function to consider is get_work_dim(). 
It returns the number of dimensions used. The val-
ue is obtained when dword is loaded from the reg-

isters storing a pointer to kernel settings — s[4:5], 
with an offset of 0x20010. Processing of this in-
struction is the same with get_global_offset и 
get_global_size. 

The result of matching with the presented tem-
plates is a restoration of work-item built-in func-
tions.

Also, calls to array elements and simple arith-
metic operations were supported.

Search for control structures 

The decompiler was implemented using an al-
gorithm based on structural analysis [21]. At first 
step, we construct the control flow graph [22]. After 
that, we transform it to region graph. Initially, each 
instruction represents one region. 

The analysis process in based on depth-first 
search. Each node is checked whether it is a header 
of one of known templates. If the template is deter-
mined, all the nodes corresponding to this template 
are merged into a single node. This process is iter-
ated until the single node remains.

Our decompiler supports the if construction. The 
template presented for it in Fig. 2, corresponds to 
the one described in theoretical solutions, and does 
not require any additional transformations for de-
tection and decompilation.

The region graph processing algorithm is illus-
trated by the example shown in Fig. 3. The algo-
rithm consists of the following steps:

1. Regions ##1–3 are not beginning of any 
known templates. Region #4 in conjunction with 
regions #5 and #6 constitute an if template. 
However, region #6 is connected with another re-
gions. So, we merge only regions #4 and #5 into a 
new region #7.

2. Regions #1 and #2 are not beginning of any 
known templates. Regions #3 and #7 constitute a 
linear region. Merge them into a new region #8.

3. Region #1 is not beginning of any known tem-
plates. Regions #2, #8 and #6 constitute an if tem-
plate. Region #6 is connected with another region 
(region #1), so merge only regions #2 and #8 into a 
new region #9.

Checked 
condition

Label

Body if condition

 Fig. 2. Template for if statement
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4. Regions #1, #9 and #6 constitute an if tem-
plate. Merge them into a new region #10.

5. There is a single region now. So, we extracted 
all flow-control information from the region graph 
and can now generate OpenCL code.

The main difference with CPU if-else template 
is the presence of a 64-bit mask, which is respon-
sible for the execution of threads. This is because 
64 threads have the same instruction pointer. AMD 
compiler generates if-else construction in several 
forms. We demote the most frequent form as the 
first form. The first form is shown in Fig. 4, a. For 
more convenient processing, this template was re-
duced to the form shown in Fig. 4, b (standard 
form). 

In this paper we also consider another two fre-
quent forms. We denote them as the second form
and the third form. The second form is shown in 
Fig. 5, a. The third form is shown in Fig. 5, b. The 
reduction the second form of if-else template to 
the standard form (see Fig. 4, b) consists of two 
steps:

1. Transformation to the first form of if-else tem-
plate.

2. Reduction to standard form.
The second form of if-else template looks like the 

if template. But the main difference is the second 
change exec mask and else condition body before 
restoration of exec mask. The main difference be-
tween the first form and the second form is a quan-
tity of “goto” labels.

The transformation of the second form to the 
first form is made by fake insertion of the second la-
bel after the else condition body and condition jump 
to the second label before it. The transformation of 
the third form is made similarly.

The processing of nested structures is the fol-
lowing. Firstly, the most nested structures are 
detected using control instruction templates. 
Detected structures are combined in the region 

graph. After that, the most nested of the remain-
ing structures can be detected. The processing is 
continued until the root structure is combined in 
the region graph.

When processing branches, it was taken into 
account that at a vertex that has several ances-
tors, the values of registers can be determined 
ambiguously. And if in the future some of these 
registers were used, then variables were created 
for them. In the implementation, this was done by 
assigning versions to registers and working with 
them [23, 24].

The last considered in this paper control struc-
ture is the ternary operator. It is represented in the 
assembly code of one instruction and does not re-
quire overlapping templates.

1

2

3

4

5

6

Step 1

1

2

3

7

6

Step 2

1

2

8

6

Step 3

1

9

6

Step 4 Step 5

10

 Fig. 3. Example of region graph handling

Check condition
in if part

Label

Body if 
condition

Body else 
condition

Change exec
mask

Check jump to 
label 1

Label 1

Body if condition

Check jump to 
label 2

Label 2

Body else
condition

Save and 
change exec

mask

Restore exec
mask

a)

b)

 Fig. 4. Templates for if-else conditions part 1: a — 
with two labels; b — standard form 



ИНФОРМАЦИОННО
УПРАВЛЯЮЩИЕ СИСТЕМЫ№ 2, 2021 39

ПРОГРАММНЫЕ И АППАРАТНЫЕ СРЕДСТВА

Data type recovery

Two ways of data type recovery were imple-
mented: from the .config section of kernel and 
using assembly instructions. The .config section 
contains data types for kernel arguments. For ex-
ample, the .config section of kernel with signature 
void copy(__global int *data, int x) is shown 
in Listing 2. As can be seen from Listing 2, 
data type for kernel arguments can be restored un-
ambiguously.

Listing 3. Kernel arguments

.kernel copy
   .config

      .dims x
      .cws 64, 1, 1
      .sgprsnum 13
      .vgprsnum 3
      .floatmode 0xc0
      .pgmrsrc1 0x00ac0040
      .pgmrsrc2 0x0000008c
      .dx10clamp
      .ieeemode
      .useargs
      .priority 0
      .arg_.global_offset_0, “size_t”, long
      .arg_.global_offset_1, “size_t”, long
      .arg_.global_offset_2, “size_t”, long
      .arg _.printf_buffer, “size_t”, void*, global, , rdonly
    .arg_.vqueue_pointer,”size_t”, long
    .arg_.aqlwrap_pointer,”size_t”, long

    .arg data, “int*”, int*, global, 
    .arg x, “int”, int

Data type determination using assembly in-
structions is based on instruction suffixes. For ex-
ample, instruction

s_add_u32 s0, s4, s0

means sum of two unsigned 32-bit integers.

Practical implementation

As a practical implementation of this research, 
the OpenCL Decompiler tool was developed. At this 
moment, it supports only a reduced set of AMD 
GCN ISA.

The OpenCL Decompiler was implemented in 
Python 3. It requires an assembly file compatible 
with CLRX Disassembler [25] output or CodeXL as-
sembly listing as input data.

The output of the OpenCL Decompiler is a valid 
OpenCL file. All decompiled kernels can be com-
piled and executed on AMD GPUs. The exception is 
case when the decompiler gets an unsupported in-
struction. In this case decompiler lefts unsupport-
ed assembly code as is in inline assembly (inline 
assembly is not supported by AMDGPU-Pro driver 
and cannot be compiled). 

The source code is available at https://
github.com/sudo-team-company/OpenCLDecom-
piler. 

Change exec 
mask

Check jump to 
label 1

Label 1

Body if condition

Body else 
condition
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Change exec 
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Body if condition
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Label 2

Body else 
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Save and 
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Restore exec 
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a) b)

 Fig. 5. Templates for if-else conditions part 2: a — with label in the if part; b — with label in the else part 
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The repository has about 931 synthetic tests and 
real free open-source kernels. Decompiler passes all 
the tests in the repository, which confirms correct-
ness described functionality.

The examples of the real kernels are mask_kernel 
and weighted_sum_kernel (https://github.com/ga-
nyc717/Darknet-On-OpenCL/blob/master/darknet_
cl/cl_kernels/blas_kernels_1.cl). The result of their 
decompilation is in folder real_tests (https://github.
com/sudo-team-company/OpenCLDecompiler/tree/
master/tests/real_kernels).

These tests confirm the compliance of the theo-
retical considerations and practical results.

Conclusion

In this paper, a decompiling method for AMD 
GPU assembly was described. It has an implementa-
tion called OpenCLDecompiler and was introduced 
into Sudo Ltd. The OpenCLDecompiler tool was 
demonstrated on real open-source projects. All of 
this reveals the practical applicability of described 
method.

The described method is based on standard tech-
niques for CPU decompilers but some techniques 
required significant modification for massive par-
allel architecture.

Decompiler works with any valid assembly code. 
However, restoration of some complicated loop con-
structions and some instructions is not implement-
ed. In this case all supported assembly instructions 
are decompiled into a pseudo-code in accordance 
with their documentation. Unsupported instruc-
tions are remained unchanged. This approach does 
not provide full-fledged OpenCL code but signifi-
cantly facilitate further manual code analysis.

It is further planned to extend the set of sup-
ported instructions and support the new RDNA ar-
chitecture [26] and processing of more complicated 
flow control instructions.
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Введение: декомпиляторы являются удобным инструментом для анализа и поддержки программ при отсутствии исходного ко-
да. Существуют декомпиляторы для многих архитектур и языков программирования, но для графических процессоров семейств 
AMD GCN и RDNA такого инструмента в настоящее время нет. Цель: разработать декомпилятор ассемблерного кода AMD GPU 
в язык программирования OpenCL, широко используемый для программирования на устройствах класса GPGPU. Результаты: 
определены алгоритмы первичной обработки ассемблерного кода: выделение названия программы, параметров и тела програм-
мы; поиска обращений к данным и к элементам массивов; извлечения системных значений; поиска и декомпиляции некоторых 
арифметических операций. Также выработан метод восстановления типов и для работы с локальной памятью. Разработаны ша-
блоны для определения управляющих конструкций. Практическая значимость: предложенные алгоритмы и метод реализованы 
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на языке Python в виде инструмента OpenCLDecompiler, поддерживающего достаточно большое подмножество команд архитек-
туры AMD GCN. Разработанный инструмент производит декомпиляцию ассемблерного кода, полученного в результате дизассем-
блирования исполняемого файла, в код на языке OpenCL, что позволяет сократить трудозатраты на анализ ассемблерного кода.
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