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Abstract—As more and more computers are used, power efficiency is a growing concern, for both mobile devices and large-scale
server deployments. Batteries must last enough to be of practical use, and large-scale computing consumes large quantities of energy.
As current scaling benefits in power efficiency are increasingly difficult to leverage, focusing on alternative lines of improvement can be
fruitful. However, prototyping hardware is costly and morose. Unlike hardware, software is very maleable, so we can use it to explore
the design space before moving onto costlier prototyping. To this end, we extend the Multi2Sim simulator to address some of its
shortcomings. Multi2Sim emulates, among others, the AMD Southern Islands microarchitecture. In this work, we imbue Multi2Sim with
the ability to compile new software and significantly speed-up execution ancillary to GPU emulation.
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1 INTRODUCTION

With the widespread use of battery-powered devices and
large-scale computing environments, energy efficiency is
more important than ever, both to increase battery lifespan
and reduce electricity costs [1]. We can improve efficiency at
the software level in several ways, such as better scheduling
[2], [3] and leveraging the cache [4], [5]. This is because there
has been no general-purpose solution to fine-grained hard-
ware power management. Coarse-grained solutions exists,
such as dynamic voltage and frequency scaling (DVFS), but
they cannot be applied in real-time due to timing constraints
[6].

Improving hardware efficiency has traditionally been
a by-product of die scaling because, at each die shrink,
transistors require less voltage to switch and thus consume
less energy. This continuous improvement has been named
Dennard scaling [7], but it has reached its limit due to
thermal limitations. This has led to lesser and lesser usage
of the available silicon, a problem known as dark silicon
[8]. There are several ways to address this problem, such
as specializing hardware [9]–[11] and improving the archi-
tecture. One area that would benefit much is the memory
architecture, because memory speeds have not kept up
with central processing unit (CPU) speeds, leading to the
memory wall [12]. It is also possible that a breakthrough
in semiconductors can enable us to continue scaling down
chips.

Because hardware is difficult to prototype, software sim-
ulators have been developed to estimate circuit behavior.
Software simulators have additional advantages due to their
maleability, as the simulation can be at any level of detail. In
this work we focus on simulation at the architecture level,
and in particular, on an early member of the Graphics Core
Next (GCN) family, Southern Islands. This architecture has
been in use in AMD’s general-purpose graphics processing
units (sGPGPUs), so it is “industry-tested”. That makes
it a good candidate for research, because it is recent and
has enough use in the wild. Additionaly, an open-source

register-transfer language (RTL) implementation of its com-
pute units exists, MIAOW [13], with an included field-
programmable gate array (FPGA) implementation, dubbed
Neko.

The only simulator that targets the Southern Islands
instruction set architecture (ISA) is Multi2Sim. Unfortu-
nately, Multi2Sim currently has a few problems. Though it
implements an OpenCL [14] runtime, used to run kernels
in a simulated Southern Islands (SI) GPGPU, users cannot
run their own kernels since the provided runtime cannot
compile them, thus limits users to run already existing appli-
cations provided in binary form. With this work, we aim to
extend the Multi2Sim runtime to support new applications,
by leveraging existing compiler technology.

Our main contributions are as follows. We extended
Multi2Sim’s OpenCL runtime implementation to allow
users to compile kernels in their applications, using the
normal OpenCL application programming interface (API).
If the application can run natively, Multi2Sim can execute
the application’s host code over 100× faster than it was
previously possible.

2 BACKGROUND

In this section we cover a popular programming API that
targets many accelerator devices, OpenCL. OpenCL is the
interface that allows applications to interact with the emu-
lated Southern Islands GPU in Multi2Sim. We will then take
a tour of Multi2Sim’s architecture and simulation facilities,
and we will conclude with a short description of LLVM, a
compiler toolchain of which we will make use later, when
addressing some of Multi2Sim’s shortcomings.

2.1 OpenCL
OpenCL is a standard for data and task parallel pro-
gramming on heterogeneous devices [14]. Unlike CUDA,
OpenCL is an open standard, and is designed to work with
GPUs and other devices, such as domain-specific accelera-
tors and CPUs. The standard specifies an API, a language, a
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platform, and a low-level hardware abstraction. An OpenCL
platform comprises two parts, the host platform and at least
one device. Applications are run on the host and are subject
to its requirements. Through the OpenCL API, applications
can leverage the devices to accelerate their code.

Devices are specified to contain at least one compute
unit, with each compute unit having at least one processing
element. Computations are specified using kernels, that is,
functions that instantiated and run per each point in an
index-space. To these instances we call work-items, and to
the index-space that is specified by the application we call
NDRange.

The space is a one- to three-dimensional “box”. An
NDRange is defined per dimension with an offset F and
an extent D. For the ith dimension, a work-item must
have its respective coordinate in [Fi, Fi +Di[. As the point
globally identifies the work-item, it is also called the global
ID. Work-items are grouped into work-groups. Work-groups
are likewise uniquely identified by a work-group ID as part
of a space akin to an NDRange, but with a fixed zero
offset. The work-group extents should evenly divide the
NDRange extents. Within a work-group, its work-items are
uniquely identified by a local ID, making it possible to refer
to a particular work-item either by their global ID or by a
combination of its local ID and work-group ID. Work-items
and work-groups map to processing elements and compute
units, respectively.

Global memory is shared across all compute units and
can be read from and written to by both the host and
the kernels running on the device. Constant memory is
writeable by the host but not by the kernels, and is used
to set-up read-only data. Private and local memory cannot
be accessed by the host.

OpenCL kernels are written in OpenCL C, a language
based on the C99 standard [15], with a few extensions and
restrictions. As an example, in OpenCL 1.1 the double data
type is not required to be supported, being instead available
by means of an official cl_khr_fp64 extension on some
platforms. Available extensions can be queried using the
standard OpenCL API and are enabled via a #pragma
directive in the kernel source code.

2.2 Southern Islands

Southern Islands is a subfamily of the GCN architecture,
using a single instruction multiple data (SIMD) instruction
set. The general structure of a GCN GPGPU is shown in
fig. 1. As can be seen, the GPGPU contains several compute
units, all of them connected to a dispatcher and the L2 cache.

A compute unit (CU) can be seen as a small SIMD core. It
has 4 SIMDs, each 16 lanes wide, for a total of 64 SIMD lanes
available per compute unit. Work-groups are scheduled
in sets of 64 work-items at a time, called a wavefront. A
wavefront executes in a single SIMD unit, 16 work-items at
a time. The scalar unit, shared amongst all wavefronts, has
access to the scalar and vector condition codes, and is used
to direct control flow and mask vector execution. The 8KiB
scalar register file is evenly split across the SIMD units, with
512 32-bit words being available per SIMD unit. The vector
register file is also split, with a total of 256KiB. 64-bit values
are supported by merging two adjacent registers.

Figure 1: Broad overview of the GCN architecture for com-
pute, from [13].

A 32KiB instruction cache is shared per group of up to 4
compute units. It is 4-way associative, with a 64B cache line,
and least-recently used (LRU) replacement policy, being
capable of fetching 32B of instructions per cycle. Each group
also shares a scalar 16KiB L1 read-only data cache. It is read-
only since the scalar unit is mainly used for control-flow and
masking operations, whose results need not be written to
memory. The L1 vector data cache is per compute unit, with
16KiB storage and LRU replacement. It is coherent within a
work-group, with some instructions available in the ISA to
ensure global coherency. The last stop in the cache hierarchy
is the L2 cache, which is shared among all compute units.
It is 16-way associative, with 64B cache lines and LRU
replacement. It is partitioned into slices, each dedicated to a
memory channel, with all slices and caches being connected
via a crossbar.

Additional memory exists for communication between
wavefronts, called the local data share (LDS). It allows
fast synchronization, atomics, and swizzling, that is, vector
accesses with re-arrangement. Each pair of SIMD units can
send 16 lanes per cycle, with bank conflicts handled by the
hardware. If the LDS can coalesce lanes from the SIMD units,
it can process 32 elements per cycle, or two wavefronts every
four cycles. The LDS can suppy a value as operand to the
arithmetic and logic units (sALUs), with the value being
broadcast to all lanes.

2.3 LLVM

LLVM [16], [17] is an open-source compiler infrastructure,
comprising several libraries and tools. It has a very permis-
sive software license, meaning it has few restrictions in how
it can be used. This is one of the reasons for its widespread
adoption, since you are not forced to release your software’s
source code. In contrast with other compiler toolchains, such
as GCC, it has been designed as a set of libraries instead of
as a monolithic compiler, being easier to integrate into other
applications. LLVM can generate code for AMD GPUs, and
in particular, for the Southern Islands architecture. It also
implements many of the OpenCL C’s built-ins, under the
umbrella of the libclc project [18].
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Figure 2: Overview of using LLVM.

To interface with LLVM, a language called LLVM inter-
mediate representation (IR) is used. This is the sole interface
to LLVM and one of its output formats, the others being
machine code in text and binary format, as can be seen
in fig. 2. This means LLVM does not actually understand
most programming languages; instead, a front-end is used to
compile from any given language down to LLVM IR. Part
of the LLVM project is a front-end for languages derived
from C, such as C++, Objective-C, and OpenCL C, called
Clang. Since it supports OpenCL C, we will make use of
it and, by extension, LLVM, to make Multi2Sim a more
complete simulation platform. LLVM IR is completely self-
contained, containing all relevant metadata, such as debug
metadata. IR code is organized around modules, which are
loosely equivalent of a translation unit in C/C++, that is,
the source after full pre-processing, suitable for immediate
compilation.

3 MULTI2SIM

Multi2Sim [19], [20] is a tool for CPU, GPU, memory and
network research. It supports several CPU and GPU archi-
tectures, comprising functional simulators (or emulators),
timing simulators (or simulators), drivers, runtimes, and a
network and memory stack. It provides guest applications
with a Linux environment, as well as a selection of runtimes
for the applications to link with, allowing them to commu-
nicate with the emulated GPU devices.

3.1 Overall architecture

Though Multi2Sim has several components, for architecture
purposes it can be thought of as three: the simulators, the
drivers, and the runtimes. Figure 3 shows the simulation
architecture. On the simulation side, the top-most notion
is that of the architecture pool, or ArchPool. It is a sin-
gleton where all architectures register their disassemblers,
emulators, and simulators. Every supported architecture
must have a disassembler and an emulator, with all other
components being optional.

The concept that is most central to Multi2Sim is that
of the Emulator. The emulators orchestrating the different
parts of Multi2Sim’s support for that particular architecture.
A good metaphor for the emulator is the kernel scheduler.
Emulators deal with Contexts, which correspond to an
application thread. A context contains all the relevant state
of a process, such as its registers, its memory space, its
open files, etc. As each context keeps track of its memory,
memory must also be modelled. In Multi2Sim, Memory is
implemented using a map from a page number to a fixed-
size array, i.e. a page.

ArchPool Arch

Disassembler

Context

Timing

Driver

Emulator

Memory

0..1

*

*

Figure 3: Multi2Sim’s simulation architecture.

The Disassembler, in tandem with the contexts, must
understand the target architecture, albeit in different mea-
sures. The disassembler understands the architecture’s ISA,
unpacking the instructions into an easy-to-use format for
the contexts to execute. The disassembler must also be able
to display the instructions in human-readable format, which
is useful for debugging.

To further understand how an application is behaving
performance-wise, it is necessary to simulate the application
in great detail. That is the purpose the Timing classes.
The simulators do not actually perform any work—instead,
simulators work at the functional unit, simulating the time
it takes the functional units to do their work.

Drivers are quite different from the other classes, be-
cause they are not associated with any particular architec-
ture. Drivers are used whenever an operation on a virtual
device is invoked. They expose themselves to applications
via the file system. Paired with drivers are the runtimes. The
runtimes are not implemented in the Multi2Sim executable,
being instead separate libraries. These libraries implement
a programming API, such as OpenCL or CUDA, that is
meant to be linked to the guest applications. Underneath,
the libraries open and communicate with the Multi2Sim
devices exposed by the drivers.

3.2 Loading Linux programs
Guest applications are supported in the Executable and
Linkable Format (ELF) file format. In order to run a program,
though, it must be first loaded. As shown in fig. 4, an
ELF file is composed of an ELF header, a table of program
headers, and a table of section headers. The ELF header
describes what kind of ELF file it is: what ELF version it
is, what operating system is it meant for, what application
binary interface (ABI) it uses, what kind of file it is, etc.
It also describes where in the file the program and section
headers reside. The “unit” of data is the section. A section
header describes what kind of data it contains.

The sections by themselves are not enough to build a pro-
cess image. For that, the program segments were created. A
program segment is essentially a block of sections together
with some metadata about how and where the segments
should be mapped. For example, debug information is not
useful in a running process, so it is placed in a segment
which is not mapped.

To run a static executable, that is, an executable that
can run standalone, all segments that must be loaded are
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Figure 4: The structure of an ELF file.

mapped into memory. Dynamic executables, however, are
not complete: they must, at runtime, load and link their
dependencies. Instead, a regular program, called the dy-
namic linker or interpreter, is loaded and executed by the
kernel. It is the dynamic linker that loads dependencies and
maps segments. Before the program can be run, though,
the stack and heap must be set up. The stack is placed at
a high address and typically grows downwards, whereas
the heap is placed at a low address and grows upwards.
Finally, execution is handed off to the address specified in
the executable’s header.

3.3 Emulating an application

All contexts make progress by executing one instruction.
Executing an instruction entails decoding it, which is the
disassembler’s job. Decoding an instruction can be simple
or complicated, depending on the architecture. For example,
the Southern Islands ISA is simple to decode, while the x86
ISA is very complicated1. The context begins by fetching
an instruction. Then, the disassembler is called to decode
the instruction. The instruction’s operands are fetched and
used in the computation; the result is then written to its
destination. Overall, emulating Southern Islands code is
relatively straightforward. Fill the memory with the kernel
code, allocate and fill buffers in global memory, initialize
the register files with the required data, and most code
will work. There is no notion of environment, files, locks,
system calls, context switching, etc. An x86 emulator, on the
other hand, must handle these facets of a general-purpose
system. The instruction emulation loop is very similar, with
the additional detail of handling system calls, as shown in
fig. 5.

System calls in Multi2Sim are implemented using a
dispatch table. In x86, system calls are invoked using the
int $x80 instruction. Each system call handler reads the
registers from the context to access its arguments, but re-
turns the result instead of writing it to the result register.
The dispatcher then writes the result into its proper place.
Open files are kept in a file table. This table is shared

1. In fact, many x86 instructions are emulated using themselves: val-
ues are placed into registers and inline assembly is used to implement
the instruction. This does mean that the x86 emulator will only work
on x86 processors.

Figure 5: The Multi2Sim emulation loop. Though it depicts
x86, the idea is applicable to all architectures. Taken from
the Multi2Sim 4.2 guide [21].

between contexts, since Multi2Sim has little support for mul-
tiple running processes, having implemented just enough
to run the forking part of the system C library call. Thus,
Multi2Sim really only supports threads, which (usually)
share file tables and virtual address space.

The file tables are quite simple, being just a dynamic
array of file descriptors. File descriptors contain a host file
descriptor and a guest file descriptor. The reason for this
data structure’s existence if three-fold. First, it must support
drivers, which are exposed through the virtual file system
and thus require a virtual file descriptor. Second, it must
keep track of the flags per open file, in order to implement
proper semantics. Third, some files must be virtualized, as is
the case of those under the virtual /proc/self file system.

Since guest applications do not perform I/O by them-
selves, it follows that the simulator must perform them on
their behalf. As most I/O calls block, so that the emulator
does not halt, blocking calls are issued in a newly-spawned
thread, suspending the context until it completes.

3.4 Offloading computation to another device

Emulating just the host portion of a guest application is
useful, but the most proeminent feature is to also emulate
the accelerated portion of the application. Multi2Sim meets
this requirement using two components, drivers and run-
times. When programming an application which uses ac-
celerator devices, programmers target the runtimes, which
implement a dedicated API. They then link with the pro-
vided runtime binaries and run the application under the
simulator.

On the simulator side, the emulated device is exposed
to the architectures through a driver. A driver exposes itself
via the virtual file system under the /dev directory. Drivers
register themselves in a driver pool, which is checked
whenever a file is opened. Operations on these file de-
scriptors are then forwarded to the respective driver. These
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Figure 6: The structure of the implementation-specific exe-
cutable generated by AMD’s proprietary driver.

virtual devices do not support the usual I/O operations,
communicating instead through the ioctl system call. The
ioctl interface is very generic, taking a file descriptor, a
device-dependent request, and an unspecified number of
arguments, dependent on the request. Drivers are given
access to the context wherein they are called, so they have
access to registers and memory. Currently, no drivers make
use of the registers, taking a single pointer argument per
request, with all arguments packed behind it.

4 COMPILING OPENCL KERNELS AT RUNTIME

Guest applications, through the runtimes, launch kernels
that are executed in simulated devices. Since Multi2Sim
simulates binary code, kernels must be in a binary format
to be executed. However, Multi2Sim provides no facilities
to compile one’s own kernels, depending instead on pre-
compiled binaries. It did provide, in version 4.2, a separate
OpenCL compiler called m2c, but it was removed in 5.0 for
reasons unknown. As a consequence, there is no way for
researchers to run new programs under simulation, stiffling
research.

In OpenCL it is not so simple to load application kernels.
To run a kernel in OpenCL, one must either create a program
from source using clCreateProgramWithSource and
dynamically compile the kernels, or one can load an already
compiled program using clCreateProgramWithBinary.
Programs in source form are specified in the OpenCL C
language, but nothing is specified about the format of pro-
gram binaries other than it may contain either one or both
of(a) device-specific executables and (b) an implementation-
specific IR which will be converted to the device-specific
executables.

This means that if an application wants to save the
program binaries for use later, it must build the kernels and
use the clGetProgramInfo API to extract the program
binaries. At the time, the chosen OpenCL implementation
was AMD’s as part of their AMD Accelerated Parallel
Processing (APP) software development kit (SDK) 2.5. It
just so happens that both the runtime and the driver are
proprietary software and hence not easy to examine and/or
interface with.

In fig. 6 we see the process and result of compiling
OpenCL code using the AMD proprietary driver. It turns out
that on Linux the program binary is an ELF file containing
both the intermediate code in the form of LLVM IR, in the
.llvmir section, and device-specific code, in the .text
section. In the .text section we can see that it contains
several ELF files, each corresponding to one and only one
kernel in the input code.

;ARGSTART:__OpenCL_binarySearch_kernel
;version:3:1:104
;device:tahiti
;uniqueid:1024
;memory:uavprivate:0
;memory:hwregion:0
;memory:hwlocal:0
;pointer:outputArray:u32:1:1:0:uav:10:16:RW:0:0
;pointer:sortedArray:u32:1:1:16:uav:11:4:RO:0:0
;constarg:1:sortedArray
;value:findMe:u32:1:1:32
;value:globalLowerBound:u32:1:1:48
;value:globalUpperBound:u32:1:1:64
;value:subdivSize:u32:1:1:80
;function:1:1027
;privateid:8
;reflection:0:uint4*
;reflection:1:uint*
;reflection:2:uint
;reflection:3:uint
;reflection:4:uint
;reflection:5:uint
;ARGEND:__OpenCL_binarySearch_kernel

Figure 7: Example CAL metadata for the BinarySearch ker-
nel in AMD APP SDK 2.5.

The .symtab section, the symbol table, contains three
symbols for each kernel, one for metadata, one for a header,
and one for the device-specific program binary. The size
and offset into the .text section of a kernel is given by
the symbol table. The metadata and header are held in the
.rodata section. The data in the header symbol have no
discernible purpose.

The metadata contains in a textual format kernel meta-
data, most importantly: (a) its parameters and its parame-
ters’ types, (b) what device it is targeting, (c) what driver
version compiled the code, (d) what memory resources
does this kernel use, and (e) where are the arguments
mapped. These metadata are not described in any public
AMD documentation, but are present in Multi2Sim’s source
code, which means they either have access to internal AMD
documentation or reverse-engineered the format. An exam-
ple is given in fig. 7. A short reference of the most important
tags follows.

• version : major : minor : patch — The version of the
driver that compiled this kernel.

• device : device — The device for which this binary
object is compiled.

• memory : type : size — Memory requirements. hwlocal
reserves that number of bytes in the LDS for a particular
work-group. The other types, hwregion and uavprivate,
are not documented or used in Multi2Sim. The size is
usually 0 because the LDS size is either dynamically
allocated or is specified in the Compute Abstraction
Layer (CAL) notes.

• value : name : base-type : count : cbuf : offset — Declares
a parameter name of base type base-type. The count field
denotes scalarity. For example, a parameter of type
uint has a count of 1, whereas one of type uint4 as
a count of 4. The cbuf and offset fields indicate what
constant buffer and with what offset the argument is
passed in.

• pointer : name : base-type : count : cbuf : offset : scope :
buffer-num : alignment : access-type : unknown : unknown
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Figure 8: The structure of an encoding dictionary within a
kernel executable.

— Declares a pointer parameter named name with base
type base-type. Pointer parameters seem to have a count
of 1 regardless of whether they point to vectors. Point-
ers are passed at offset offset in constant buffer cbuf.
However, the memory they point to is held by buffer
buffer-num, with access-type being one of RO, for read-
only accesses, or RW, for read-write accesses. There are
several scopes for a buffer, but the most relevant are
hwlocal (goes to the LDS) and uav (goes to global
memory). Oddly, the exact access size is not specified;
instead, its alignment is. The last two fields serve an
unknown purpose.

• constarg : integer : name — Although a pointer already
specifies whether the memory it points to is constant or
not, this is present.

• reflection : index : type — Declares a parameter and
at which index it occurs in the kernel signature. It also
specifies its OpenCL type.

Each binary contains multiple segments: one encod-
ing dictionary, marked by the special segment type
PT_LOPROC+2, and n pairs of note and loadable segments,
each corresponding to a specific device described in the
encoding dictionary. The encoding dictionary thus extends
the program header table by specifying to what device type
each segment pertains. PT_LOPROC is a constant defined
by the ELF specification that, when used as a program
header type, denotes the lowest bound for processor-specific
semantics.

Each entry in the encoding dictionary specifies a device
type, an offset into the file, and a size. It represents a “meta-
segment” of code and metadata for a specific device. There
are usually two entries in the encoding dictionary. The first
one, of machine type 1916, seems to be unused and contains
no useful information for emulation. The second entry is
the actual device data, and has had several machine types
for the same kernel across different driver versions.

The note segment is where the metadata lives. Each
note begins with a header that specifies its type, how big
is the note, and a mandatory 8-byte signature that must
contain the C string AMD CAL. The data for a note come
just after the header. This structure is properly documented
in AMD’s document about the CAL platform. However, the
exact values for the notes are not in the document or in any

public documentation. The documentation indicates that not
all notes must be present in the binary, but does not say
which are mandatory and which are optional.

A list of addresses and their names can be found in
Multi2Sim’s source code. A short description of the more
interesting ones:

• Inputs, Outputs, SamplerMap—sparse lists of tex-
ture inputs, color buffer outputs, and samplers. These
are used to specify shaders for graphics applications
but can also be used for general image processing.

• ConstantBuffers—a list of buffers to be mapped
into memory. The size of a buffer is given in number
of vec4f constants, that is, four single-precision floats
(i.e. 4×32 bits), and hence constant buffers have sizes
that are multiples of 16 bytes.

• ProgramInfo—device addresses to configure. Each
entry is a pair (address, value). A few interesting ad-
dresses:
– [8000100016:8000104016]—user elements. A

user element is a mapping from a resource to a block
of scalar general-purpose registers (sSGPRs). SGPRs
are set before the kernel begins execution.

– 8000008216—LDS size in bytes.
– 00002e1316—COMPUTE_PGM_RSRC2. This is a 32-

bit bit-field describing flags and sizes used by the
kernel, such as whether it uses scratch memory, what
dimensions are enabled, how many LDS blocks are
used, etc. The size of an LDS block varies from device
to device but in SI it is 256 bytes.

Having described the executable format, we now de-
scribe the calling convention. vector general-purpose reg-
ister (VGPR) 0 always contains the local thread ID for the
first dimension of the NDRange. If further dimensions are
enabled, VGPRs 1 and 2 contain their local thread ids. No
further VGPRs are used. The first SGPRs are configured
using the addresses in the ProgramInfo note, starting
from SGPR 2, since the SGPR pair [0:1] contains a 64-
bit address pointing to the kernel arguments. Arguments
are 16-byte aligned because they are passed in a constant
buffer, where all entries are 16 bytes. These SGPRs are
collectively called user SGPRs and all work-groups share the
same initial values. The number of user SGPRs must match
the value indicated in COMPUTE_PGM_RSRC2. Following the
user SGPRs are the system SGPRs, that contain in order
the work-group ID for each dimension, if enabled. The first
dimension is always present.

It so happens that LLVM is not fully compatible with this
calling convention. The main problem is that LLVM expects
the arguments to be aligned to their natural alignment
(e.g. 4 for int, 8 for double) and offset by 36 bytes. In
addition, work-group metadata is also not passed to the
kernel through different registers, as it is present at offset
24 in the kernel arguments buffer. We modified Multi2Sim
to use LLVM’s conventions, to match modern OpenCL
implementations.

We can use LLVM only as a middle-end optimizer and
use a custom machine code generator to generate binary
code, or use LLVM’s AMDGPU back-end. Making a code
generator is a big undertaking, so we used LLVM’s, though
it does not generate binaries in the CAL format. Instead, it
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generates object files, which usually contain machine code
but are incomplete, and need to be passed to a linker to fi-
nalize the executable. Although possible, OpenCL programs
are typically not spread across several files that are compiled
independently, being instead in a single file. This means that
kernel object files are, in principle, standalone, so we can just
copy their .text section and package it in the CAL format.
As a bonus, LLVM generates the COMPUTE_PGM_RSRC2
constant that we need for the program notes.

To generate the CAL metadata, we look at the kernels’
signatures. The first four tags are immediately appended,
as they are constant for our use-case. We then go through
the function signature, generating a tag for each parameter.
Mapping LLVM types to CAL types is straightforward, since
they share the same type names. Support for structures has
not been implemented.

Using the LLVM compiler was otherwise straightfor-
ward. We used Clang to compile the kernel sources from
OpenCL C down to LLVM IR, resulting in a module. As
noted before, a module is essentially a representation of a
translation unit. We then link this translation unit with the
OpenCL built-ins, implemented by libclc. As shown before,
each kernel is separate from the others, so we make copy
of the module per each kernel. A specially devised pass is
then run on each module, hiding all functions and kernels,
except one “main” kernel, in a process called internalization.
The LLVM optimizer removes unused functions and inlines
the rest into the kernel. These modules, containing a sole
kernel, are then compiled to machine code. The instruction
stream is extracted and placed in a new ELF file. This binary
is structured as shown in fig. 6 and fig. 8.

In total, 54 AMDGPU instructions were added/fixed to
account for the fact that LLVM generates quite different code
from what Multi2Sim expected. Unfortunately, the Southern
Islands reference manual is vague in its ISA description.
Whilst running the x86 simulation, 12 new x86 instructions
had to be implemented as well. This was easy because most
instructions are implemented using themselves and there is
a wealth of information about x86.

5 ACCELERATING CPU EXECUTION

Adding LLVM to the runtimes exposed an unfortunate fact
of simulation: it is slow. In addition, while working on the
simulator, it is useful to run the benchmarks in verification
mode to check whether the CPU and GPU implementations
agree. While this is not strictly needed, it is very useful while
working on the simulator since changes impacting execution
results are seen sooner. Thus, running CPU code at native
speed would turn the costly verification into a quick check,
and in fact, eliminate the need to implement and debug
CPU architectures while researching a GPU architecture.
A mitigation is to pre-compile the kernels and load them
whenever needed. While this will indeed avoid running the
compiler every execution, it is not a panacea, as it does not
support iterative development. Additionally, as we will see,
running the compiler every time will often be faster than
emulating with a pre-compiled kernel.

The idea to accelerate execution is simple: if we are
running e.g. on an x86 processor, we should directly use it
to run the x86 code in the guest application. This has several

running

exited

SIGKILL

syscall-enter-stop

syscall enter

signal-delivery-stop

signal

_exitevent-stop

ptrace event

syscall-exit-stop

syscall return

restart action

termination

_exit syscall restart action

restart action

Figure 9: The possible states a process is in once it is stopped
by ptrace.

advantages: (a) no chance to misemulate instructions—they
execute as the processor executes them, (b) it is a lot faster
to run native code than it is to emulate its behaviour, (c) we
can better focus on doing GPU research if we do not have
to care about the CPU. There are several ways to achieve
this. We can run our application as if it were a virtual
machine; however, creating a hypervisor is quite complex
and we do not need to virtualize the whole machine. It is
also possible to use dynamic binary translation, where we
examine guest code for privileged instructions and patch it
with a call to our code to service it. This is also very complex,
since we need to both understand the ISA and examine and
hotpatch a running executable, opening up the possibility of
concurrency bugs.

Alternatively, we can use ptrace, a mechanism by which
a process can observe and control another process. Processes
can be attached to, if the required conditions are met, or they
can request that they are to be traced by their parent. To use
ptrace, we begin by forking a child process. In the child
process, we invoke ptrace with the PTRACE_TRACEME
request. Since we are in a ptrace-stop, we can set useful
options, such as PTRACE_EXITKILL, to ensure all child
processes are killed when the simulator terminates. A state-
machine with all ptrace-stops is shown in fig. 9. Then the
child process uses the execve system call to execute the
target application. In the simulator, we must maintain the
ptrace state per context, that is, per process, identified by its
thread ID.

The simulator now enters a loop where it listens for
any child events using the waitpid system call. The wait
is done in non-blocking mode, so as not to stall other
ongoing simulations, such as GPGPU kernels. Once such
an event arrives, we must look at what kind of event it
is. A child may have exited, or have been terminated by
a signal, or have changed state. The kernel sends events
as a signal in the traced process. As a result, handling a
signal event is trickier, because it is not clear whether it is
due to ptrace or another process. Fortunately, there is an
option (PTRACE_O_TRACESYSGOOD) to send a signal with a
special number, with value SIGTRAP|0x80. Now we must
consider three different cases:
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virtual fd real fd driver

0 0
1 1
2 2
3 4
4 (si::Driver *)0x12345678
5
6 6

Table 1: An example of a virtual file table. The first three
descriptors correspond to the usual standard input, output,
and error, and point to the corresponding real file descrip-
tors. Virtual descriptor 5 has been closed, so its entry is
vacant. Virtual descriptor 4 corresponds to the Southern
Islands driver.

• If the process stopped due to a signal, we must remem-
ber what signal was sent, so we can resume the process
with the appropriate signal, otherwise the signal is
suppressed.

• If it stopped due to a system call, we must look up in
the associated context to know whether we are entering
or leaving a system call. We can inspect inspect the
registers to know what call it is and what its arguments
are. Not only can we inspect the arguments, we can
also modify them. If we want to edit the call’s result,
we must do so in the corresponding syscall-exit-stop.

• If the process received an event, such as when
using the clone system call, or one of its vari-
ants, such as fork. Events can only be generated
if their respective ptrace options are set. For exam-
ple, using the PTRACE_O_TRACEVFORK flag enables
the PTRACE_EVENT_VFORK event to occur when in-
voking the vfork system call. These process fork-
ing events must be enabled if new threads and pro-
cesses must be traced. Events carry one word of in-
formation, the message, which can be queried using
the PTRACE_GETEVENTMSG. In our use-case, the fork
events are useful because we can set-up the file table for
the process just before it starts, using the new process
ID contained in the message. Events occur after the
system call enters and before it exits.

The reason to virtualize file tables is that Multi2Sim and
its drivers expose themselves to the application using the
file system. As such, it must be possible to open/close/etc.
the simulator-specific files, and have the associated code run.
To do this, a custom file table is maintained per process. We
maintain a table from the virtual file descriptors to either a
real descriptor, or to a device driver, as shown on table 1.

To maintain this facade, we intercept all system calls that
handle file descriptors. If the involved file descriptor has an
associated real file descriptor, it is replaced just before the
system call is invoked, delegating the work to the kernel.
This is in contrast to the old Multi2Sim model, where the
simulator invoked the calls on behalf of the application.
Otherwise, if the descriptor points to a driver, we must
invoke the corresponding calls on the driver.

Another detail that must be handled in system calls
is pointers, and in particular, C strings. Pointers from the
simulator and the application do not share the same address
space, so a mechanism must exist to allow this kind of access.

This can be done with the ptrace API, using two requests,
PTRACE_PEEKDATA and PTRACE_POKEDATA, which read
from and write to, respectively, the supplied address. The
disadvantage is that it is only possible to operate on a single
word at a time. This is slow, since system calls have cost
associated with them, and transfering single words at a time
is inefficient.

A more efficient approach is to use the
process_vm_readv and process_vm_writev system
calls, which can read whole chunks of memory at a time.
They require a process ID and two arrays, one for the local
addresses, one for the remote addresses. Each element in
the arrays is a structure containing an address and a size,
describing a sized buffer, called a iovec. The arrays need
not be the same size, and are guaranteed by the kernel to be
filled fully and in order, that is, the n + 1th iovec is only
read/written after the nth iovec has been fully used.

C strings pose an additional problem, in that they are
not of a known size. A read crossing a page boundary into
an unmapped page could trigger a segmentation violation,
and if not, will definitely abort processing the current and
further iovecs. It is thus necessary to avoid spanning pages
when reading from and writing to the application. The
algorithm to read strings is, then, to issue a process read
call for a single iovec beginning at the string’s address,
sized just enough to reach the end of its page. If the NUL
terminator is found in that memory, halt, otherwise read the
next pages one-by-one until the terminator is found.

A final note on ptrace, regarding system call ABI. On
i3862 Linux, there is only one system call ABI. The argu-
ments are put into registers, with the system call number in
the %eax register, and the kernel is then invoked using the
int $0x80 instruction. On amd643, there are three system
call ABIs. Code running in 32-bit mode can only use the
i386 ABI, but code running in 64-bit mode can use either the
x32 or the amd64 ABI. Paralleling the i386 ABI, the call also
returns a result in the %rax register, but call is made using
the syscall instruction. It is also possible to use the x32
ABI, but it is seldom used.

The problem with all of these different ABIs is that,
when a thread enters syscall-stop, there is no certain
way to distinguish between them. It is possible to take
the instruction pointer, %rip, and disassemble the previous
instruction to know whether we are using int $0x80 or
syscall. However, unless all other threads in the process
are stopped before we enter the syscall-stop, there is
a race condition. It is possible that, by the time we inspect
the system call instructions, another thread has overwritten
the instruction stream. Due to complexity, we do not detect
the ABI, with the consequence that it will fail if amd64
applications are executed. This is a known problem of the
Linux ptrace API, and there have been some attempts to
fix it over the years. Only recently, in kernel 5.3, has a new
ptrace request to obtain information about the system call
been added. Alas, it was too recent to implement in time for
this document.

2. Also called x86 and IA-32. It means plain x86, with no 64-bit
extensions.

3. Also called x86-64 and x64, denoting the 64-bit extensions to the
IA-32 architecture.
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6 EXPERIMENTAL RESULTS

To show our improvements, we must demonstrate two
things. First, we must show that we can, indeed, run
programs that previously could not be run. Second, we
must show that we do indeed improve emulation speed.
On Multi2Sim’s GitHub page4, we can see several bench-
marks, notably the AMD APP SDK 2.5 benchmarks, which
are our baseline when comparing what code can be run.
Version 2.5 of the SDK is from around 2012, so it could
be that a newer version would contain new benchmarks.
Unfortunately, AMD has pulled their APP SDK software
(and samples) from their website. Somewhat fortunately,
what goes to the Internet seldom leaves it, so it is possible
to get the newer software from other sources. For your
convenience, the authors uploaded the OpenCL samples,
present in the more recent AMD APP SDK 3.0, to a Git
repository5. This newer version contains benchmarks that
were not present in version 2.5.

To evaluate our changes, we will use the AMD APP
SDK 2.5 OpenCL benchmarks. This suite comprises 36
benchmarks, using several features of the OpenCL standard.
We will evaluate our work using 22 of the 36 benchmarks,
because 14 of them use features our simulator does not
support, such as image buffers or scratch memory. Addi-
tionally, we will be using one benchmark from version 3.0
of the SDK, as it is the only one that currently runs in
Multi2Sim, barring the others that are common to both
versions. This benchmark was not previously available to
run, as there is no pre-compiled version as there is for the
other benchmarks.

All benchmarks were run on an Intel Core i5-6400,
clocked at 2.7GHz. Benchmarks are run with the -verify
flag, which checks whether the GPU implementation and a
reference CPU implementation agree in results. Pocl bench-
marks are run single-threaded.

We compare the runtimes when using ptrace versus
when emulating x86 code. Also presented is a new bench-
mark, not previously available to run on Multi2Sim, Tem-
plate. This benchmark is from version 3.0 of the AMD APP
SDK. All times are in seconds, with one standard deviation
presented. As seen in table 2, there are large speed-ups
in directly using the CPU when compared to emulating
instruction by instruction. This happens for several reasons.
In no particular order:

• The memory is also emulated. Setting up memory
pages, doing bounds and permission checks, etc. takes
time. In ptrace, memory is memory, as seen by the
processor;

• Contexts execute one at a time. Though Multi2Sim uses
threads to allow for some degree of parallelism, namely
when invoking blocking system calls, a single context
steps at a time. The ptrace “architecture” keeps all
contexts running in parallel. Only when they perform
some action that triggers interception do they stop,
waiting for the emulator to handle the event;

• As a consequence of the above two points, one instruc-
tion in the binary expands to several instructions when
emulated. This is speculation, as it was not measured,

4. Accessible at https://github.com/Multi2Sim.
5. Accessible at https://git.sr.ht/~rzl/amd-app-sdk-3.0-src.

Benchmark ptrace emulation Speedup

BinarySearch 0.622± 0.001 672.67± 0.21 1081.76
BinomialOption 2.281± 0.003† 768.18± 3.72† 336.75
BitonicSort 1.693± 0.003 681.76± 14.37 402.79
BlackScholes 2.492± 0.006 858.63± 2.48 344.56
DCT 0.660± 0.002§ 683.16± 2.47† 1035.11
DwtHaar1D 0.637± 0.002 677.65± 2.37 1064.63
FastWalshTransform 0.636± 0.002 686.25± 11.75 1078.98
FFT 0.919± 0.002 1098.54± 14.28 1194.97
FloydWarshall 21.903± 0.076 765.86± 1.43 34.97
Histogram 2.313± 0.001 2483.61± 8.73 1073.77
MatrixMultiplication 0.847± 0.002 1007.52± 3.97 1190.04
MatrixTranspose 0.626± 0.002 680.68± 1.44 1087.89
MemoryOptimizations 17.798± 0.021 919.50± 2.04 51.66
MersenneTwister 0.895± 0.002‡ 1174.74± 1.06‡ 1312.65
PrefixSum 0.633± 0.001 676.27± 1.48 1068.05
QuasiRandomSequence 0.812± 0.003† 782.16± 3.04† 962.68
RadixSort 0.889± 0.002 911.05± 3.71 1024.71
RecursiveGaussian 1.538± 0.003‡ 706.76± 1.59‡ 459.66
Reduction 0.627± 0.001 673.22± 0.19 1074.24
ScanLargeArrays 0.676± 0.002§ 600.69± 2.05§ 889.19
SimpleConvolution 0.663± 0.001 682.12± 1.09 1028.68
SobelFilter 1.033± 0.002† 712.96± 2.31† 690.18
Template 0.631± 0.001 667.66± 2.64 1058.61

Average 664.38

Table 2: Running times when using ptrace and when using
x86 emulation. The speed-up of ptrace over x86 emulation is
provided. † means the benchmark fails verification. § means
that pre-compiling yields a different result than when com-
piling under ptrace. ‡ means that the process crashes.

but from the simulation results it seems plausible that
that one instruction can end up taking hundreds of
instructions to emulate. This is not the case with ptrace,
as instructions execute at full speed.

So as to refute the argument that pre-compilation is
enough, we thus present in table 3 the running times of our
ptrace-based approach when compared to x86 emulation
with a pre-compiled kernel. As can be seen, using ptrace still
consistently beats pre-compilation by a large margin. The
Template benchmark is not presented because it does not
implement loading and saving pre-compiled kernels. Using
the same kernel, the only way for pre-compilation to beat
a ptrace-based approach is if the kernel compilation is so
heavy when compared to the running time of the kernel,
that emulating the processor code hundreds of times faster
will not bridge the gap. Additionally, nothing prevents one
from pre-compiling the kernels under ptrace.

An longer explanation of the table symbols is due. expla-
nation is due. † means that the CPU and GPU implemen-
tations disagree. Alas, the simulator still does not correctly
implement the Southern Islands ISA. The reason is two-fold.
Multi2Sim was implemented with the instructions gener-
ated by the proprietary driver in mind. LLVM generates
very different code from what was previously Multi2Sim’s
target. For example, LLVM generates data tables for certain
instructions and places them next to the instruction stream.
This is incompatible with how Multi2Sim operates, as it
has separate memories for instructions and for data. This
breaks instruction pointer-relative addressing, as code and
(this) data are effectively in different address spaces. The
other reason is that the ISA manual is quite vague in what
the instructions actually do, making the task of correct
emulation more difficult.

https://github.com/Multi2Sim
https://git.sr.ht/~rzl/amd-app-sdk-3.0-src
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Benchmark ptrace emulation (pre) Speedup

BinarySearch 0.622± 0.001 25.322± 0.174 40.72
BinomialOption 2.281± 0.003† 66.589± 0.577† 29.19
BitonicSort 1.693± 0.003 27.103± 0.099 16.01
BlackScholes 2.492± 0.006 84.868± 0.169 34.06
DCT 0.660± 0.002§ 25.749± 0.032 39.01
DwtHaar1D 0.637± 0.002 28.282± 0.045 44.43
FastWalshTransform 0.636± 0.002 26.930± 0.014 42.34
FFT 0.919± 0.002 25.625± 0.292 27.87
FloydWarshall 21.903± 0.076 124.643± 0.202 5.69
Histogram 2.313± 0.001 50.349± 0.754 21.77
MatrixMultiplication 0.847± 0.002 38.671± 0.216 45.68
MatrixTranspose 0.626± 0.002 25.437± 0.010 40.65
MemoryOptimizations 17.798± 0.021 198.826± 0.535 11.17
MersenneTwister 0.895± 0.002‡ 30.175± 0.069‡ 33.72
PrefixSum 0.633± 0.001 26.102± 0.055 41.22
QuasiRandomSequence 0.812± 0.003† 57.548± 0.106† 70.83
RadixSort 0.889± 0.002 26.532± 0.058 29.84
RecursiveGaussian 1.538± 0.003‡ 26.329± 0.123‡ 17.12
Reduction 0.627± 0.001 25.424± 0.030 40.57
ScanLargeArrays 0.676± 0.002§ 27.444± 0.097 40.62
SimpleConvolution 0.663± 0.001 25.670± 0.113 38.71
SobelFilter 1.033± 0.002† 40.282± 0.106† 38.99

Average 30.42

Table 3: Running times when using ptrace execution and
when using x86 emulation (with a pre-compiled kernel). The
speed-up of ptrace over x86 emulation is provided. † means
the benchmark fails verification. § means that pre-compiling
yields a different result than when compiling under ptrace.
‡ means that the process crashes.

‡ is much simpler. It means that the benchmark crashes
because it accesses memory that is either unmapped, or
it has no permission to access, likely caused by wrong
emulation of some instructions.

Finally, § is a peculiar one. The OpenCL runtime cur-
rently does not support exporting the kernels, so these are
pre-compiled using an external tool. The only difference
between this tool and the runtime, is that the runtime is run
in i686 code whilst the tool is run in amd64 code. This means
that LLVM is generating different code when run in 32-bit
mode when compared to running in 64-bit mode, leading to
different results. This is yet to be investigated, but it makes
sense given that 32-bit code is less and less used in desktops,
and therefore less tested.

7 CONCLUSION

In this document we presented Multi2Sim, a simulator of
CPUs and GPUs. We have shown its architecture, how it op-
erates, and two shortcomings, which we addressed: (a) slow
emulation of native code, and (b) inability to run new
applications . We addressed these concerns using ptrace, a
UNIX debugging and tracing API, and LLVM, a compiler
toolchain. With this work, we hope to put Multi2Sim again
into a usable state for GPU systems research.

The highest priority is adding tests. Multi2Sim has few
tests, making it hard to ensure that changes do not break
something. Many benchmarks do not pass verification, al-
most certainly due to implementation errors in the simulator.
There’s no reason for Multi2Sim’s x86 emulator to be tied
to run on x86, due to its use of inline assembly, so imple-
menting its instructions in regular C++ would be beneficial.
And, to simplify, compatibility with AMD CAL should be
removed, as it is unsupported. Instead, efforts should go

into ROCm and Heterogeneous System Architecture (HSA)
support.
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