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ABSTRACT

Heterogeneous architectures are vastly used in various high performance computing systems from IoT-based embedded architec-

tures to edge and cloud systems. Although heterogeneous architectures with cooperation of CPUs and GPUs and unified address

space are increasingly used, there are still a lot of open questions and challenges regarding the design of these architectures. For
evaluation, validation and exploration of next generation of heterogeneous CPU-GPU architectures, it is essential to use unified
heterogeneous simulators for analyzing the execution of CPU-GPU workloads. This article presents a systematic review on chal-
lenges of heterogeneous CPU-GPU architectures with covering a diverse set of literatures on each challenge. The main considered
challenges are shared resource management, network interconnections, task scheduling, energy consumption, and programming

model. In addition, in this article, the state-of-the-art of heterogeneous CPU-GPU simulation platforms is reviewed. The structure

and characteristics of five cycle-accurate heterogeneous CPU-GPU simulators are described and compared. We perform compre-
hensive discussions on the methodologies and challenges of designing high performance heterogeneous architectures. Moreover,
for developing efficient heterogeneous CPU-GPU simulators, some recommendations are presented.

1 | Introduction

High performance computing systems, such as intelligent
and IoT-based systems and cloud computing systems typ-
ically use heterogeneous architectures to exploit data-level,
instruction-level and thread-level parallelism at the same time
[1]. Heterogeneous architectures combine processing cores, such
as CPUs and GPUs, with different characteristics and different
instruction set architectures (ISAs) [2-6]. These heterogeneous
architectures are evolving towards tighter integration to improve
speed and throughput and also to reduce power consumption.
The advancements in VLSI design and semiconductor manu-
facturing technologies allow multiple heterogeneous cores to be
integrated in a single chip. Various algorithms such as artifi-
cial intelligent and machine learning algorithms [7-12], edge

and cloud computing [13-16], neural and biological networks
[17-20], robotics and signal processing [21-31], and query pro-
cessing [32, 33] were presented for executing on heterogeneous
architectures.

CPUs and GPUs have their specific characteristics and strengths;
therefore, cooperation of CPU and GPU cores provides efficient
parallel computing at different granularities. In heterogeneous
architectures with off-chip GPUs (discrete GPUs), CPU and GPU
cores have been interconnected through a PCI Express bus. This
kind of data transferring inflicts considerable performance over-
heads. For reducing the communication costs, improving per-
formance and programmability of emerging architectures, CPUs
and GPUs have been integrated on the same die with shared
last level caches (LLCs), off-chip memory controllers (MCs),
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and on-chip network structure. Compared to discrete GPUs, the
on-chip integration GPUs enables close collaboration between
cores, better utilization of shared resources, and the elimina-
tion of costly data transfers between core and various mem-
ory modules. In shared memory systems, such as heterogeneous
CPU-GPU architectures, on-chip interconnections are essential
[34]. Nevertheless, single-die CPU-GPU architectures face vari-
ous challenges because of heterogeneity, limited area and differ-
ent memory requirements.

These challenges have motivated many researchers to investi-
gate on various aspects of heterogeneous computing architec-
tures for improving performance and removing restrictions. For
instance, Mittal et al. [4] presented a survey on different aspects
of heterogeneous computing techniques such as fused computing
approaches in algorithms, programming models, compilers, and
workload partitioning. Raju et al. [35] reviewed the various tech-
niques for high performance and energy-efficient heterogeneous
CPU-GPU architectures. A survey on software techniques for
emulating heterogeneous memory systems in high performance
computing was presented in [36]. A systematic review on mem-
ory management techniques in heterogeneous CPU-GPU archi-
tectures was presented in [37].

With emerging heterogeneous processors, it is necessary to
develop cycle-accurate simulators which are able to emulate
and evaluate the heterogeneous designs [34]. It is impera-
tive to explore modern heterogeneous CPU-GPU architectures
and understand any associated issues with designing these
emerging many-core systems. Hence, full-system heterogeneous
CPU-GPU simulators are essential to explore the behavior of
the whole system by running various heterogeneous applications,
considering the interconnection networks and the other shared
resources [38-42].

This article concentrates on the challenges of heterogeneous
CPU-GPU architectures and the structures of their simulation
platforms. The main challenges include shared resource man-
agement, network interconnections, task scheduling, energy con-
sumption, and programming model. For each challenge, the
recent related works are reviewed and discussed. Then, this arti-
cle presents a comprehensive review on various aspects of het-
erogeneous CPU-GPU simulation platforms. The structure and
characteristics of the main examples of these simulators are
reviewed and compared.

The main contributions of this article can be summarized as
follows:

1. We classify and describe the main challenges in heteroge-
neous CPU-GPU architectures and cover a diverse set of
literatures on each challenge.

2. The state-of-the-art of heterogeneous CPU-GPU simula-
tors is reviewed. Then, the structure and the main aspects
of five cycle-accurate heterogeneous simulation platforms
are described.

3. We discuss the main issues on designing high performance
heterogeneous CPU-GPU architectures and the method-
ologies and techniques for developing their simulators.

4. Considering the challenges and discussions, some recom-
mendations are provided for developing effective heteroge-
neous CPU-GPU simulators.

The rest of this article is organized as follows. The GPU archi-
tecture and its simulators are briefly explained in Section 2.
The heterogeneous CPU-GPU architectures are described in
Section 3. Then, Section 4 presents challenges of heterogeneous
CPU-GPU architectures. Heterogeneous CPU-GPU simulators
are described in Section 5. Section 6 contains the descriptions of
structure and features of the main examples of heterogeneous
CPU-GPU simulators. Section 7 is dedicated to recommenda-
tions for developing efficient heterogeneous simulators. Finally,
Section 8 presents the conclusions.

2 | Background: Graphics Processing Units

As technology has advanced, graphics processors went from
being special-purpose, high-cost, and separated co-processors
to becoming smaller and more affordable accelerators attached
to CPUs. GPUs become general-purpose and energy-efficient
many-core systems that provide high performance computing
[43-51]. In GPUs, hundreds to thousands of threads can compute
concurrently at data-level parallelism. GPUs contain an array
of processing elements called stream multi-processors (SMs) in
NVIDIA or compute units in AMD documents. Inside each SM,
there are several stream processors (SPs) for arithmetic opera-
tions, which share caches and control logic in their SM. The num-
ber of SPs is different in each generation of GPUs. Figure 1 shows
overall structure of NVIDIA GPUs. All SMs of a GPU share a
DRAM memory. The SMs are connected to the DRAM controllers
through a bus.

The bandwidth from SMs to DRAM is high, but for high com-
puting applications, this bandwidth is still finite for thousands of
threads accessing memory simultaneously. The main memory of
GPUs is separated from the main memory of CPUs, and direct
system calls are required for transferring data between these
modules through the PCI Express bus [47, 49]. GPUs include
an L1 data cache in each SM, and a global L2 cache that is
shared between all SMs. In addition, a shared memory is embed-
ded and controlled by software and can be tuned by program-
mers [36, 37, 43-56]. GPUs utilize large groups of data threads
(called warps) for executing the same instruction on an array.
Warp processing is similar to vector processing, but much more
flexible and efficient, and does not have vector processing limi-
tations. The main limitations of vector processing are fixed and
pre-defined length and consecutive memory locations of vec-
tor elements [57-61]. SMs of the modern GPUs include sev-
eral schedulers, execution units, and register file banks; hence,
for decreasing area and energy-consumption, SMs are divided
into sub-cores. Each sub-core includes a distinct warp scheduler
and register file [57]. A lookup table within each SM cluster be
used [52] to capture replicated cache requests and to alleviate
congestion problems of the network interconnection. A system-
atic survey on the approaches for optimizing GPU performance
was presented in [44]. Moreover, hardware GPU multitasking
methods, including temporal, spatial, and simultaneous was
reviewed in [62].
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FIGURE1 | General structure of NVIDIA GPU architectures.

OpenCL (open computing language) [63] and CUDA (compute
unified device architecture) [64] are the most famous GPU pro-
gramming models. OpenCL applications are usually executed on
heterogeneous architectures [65]. CUDA programs include sev-
eral kernels that are launched, and run concurrently on a large
number of GPU threads [45, 46, 48, 66, 67]. By the programmer,
the threads can be grouped into blocks and grids of blocks. The
blocks are dynamically dedicated to SMs according to the existing
registers and shared memory spaces.

Researchers have developed several simulation frameworks
for modeling and analysis of GPU architectures [68-82].
For instance, Qsilver [69], Attila [70] and MIAOW [71]
are cycle-accurate and execution-driven GPU simulators for
OpenGL-based applications. Barra [72] and Multi2Sim Kepler
[73] are functional GPU simulators for CUDA programs. Another
functional GPU simulator is Ocelot [74], which is a dynamic
compiler working at a virtual ISA level. GpuTejas [75] is a
java-based, trace-driven GPU simulator. GPGPU-Sim is the
most famous GPU simulator, which emulates various GPU
micro-architectures in functional and timing modes. Accel-Sim
[76] is a configurable industrial GPU simulation tool and is based
on GPGPU-Sim. Daisen [77] is a framework that supports data
collection from GPU simulators and provides visualization of
the simulator-generated GPU execution traces. MGPUSim [78]
was presented for performance analysis and optimization of
multi-GPU with a customized multi-GPU memory management
system. A tool for modeling performance and power consump-
tion of GPU applications using static and dynamic analysis was
presented in [79, 80]. PPT-GPU [81] is a scalable performance
prediction toolkit for GPUs that presents a comprehensive
report of GPU performance metrics. FLAME GPU2 [82] is an
agent-based GPU simulators.

3 | Heterogeneous CPU-GPU Architectures

Heterogeneous CPU-GPU architectures, consisting of
multi-core CPUs and many-core GPUs, have been popular in
various environment from IoT-based embedded systems to grid
processing and cloud computing environments to provide high
performance and energy-efficient architectures [2-11, 13-18,
21-27, 83]. They take advantages of two different processors,

provide low manufacturing cost and high performance architec-
tures, and furthermore, reduce the limitations of CPUs and GPUs
[3,4]. CPUs and GPUs are able to cooperate to effectively execute
both data-parallel applications and control-intensive workloads.
CPUs, as the hosts, assign massive data-parallel tasks, that pre-
defined by programmers, to GPUs, as the devices. For this, the
CPU copies corresponding data and instructions from its main
memory to the device memory. Then, the same instruction is exe-
cuted by multiple threads with distinct data sets per GPU core.
GPUs process large data sets concurrently, and return the results
to CPUs [4]. Comparing with CPU architectures, GPUs have
many more fine-grained processing units, larger memory buses,
and specific operations for fast computations. Typically, the inte-
grated heterogeneous cores share address spaces of the memory
modules (e.g., cache-coherent memory hierarchy and shared
LLCs), and need an on-chip interconnection structure [84].
Figure 2 shows a simple die map of an on-chip heterogeneous
CPU-GPU processor.

Modern multi-core CPUs typically include superscalar and
multi-instruction issue cores in out-of-order form, with vari-
ous speculative and prediction mechanisms. In addition, CPUs
use large caches, while GPUs employ a large number of
in-order cores with smaller-sized caches. Thus, CPUs are suit-
able for latency-critical workloads, and GPUs are appropriate for
throughput-critical workloads.

Heterogeneous CPU-GPU architectures can be discrete on
separated chips (i.e., off-chip) or integrated on the same chip
(i.e., on-chip). On-chip integrated CPU-GPU systems offer high
performance heterogeneous computing systems because they
replace the cost of PCI Express data transmission by efficient
network-on-chip (NoC) architecture [85-101]. Low overhead of
CPU-GPU data transmission is the most important advantage of
on-chip heterogeneous architectures, and consumes less energy
than discrete GPUs attached to CPUs [90]. Furthermore, placing
CPU and GPU cores on an integrated platform and sharing
the common network resources can decrease the data transfer
latency.

Figure 3 presents two heterogeneous systems, one is dis-
crete CPU-GPU architecture (Figure 3a), and the other is
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FIGURE2 | A simple die map of an on-chip heterogeneous CPU-GPU processor.
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FIGURE3 | Heterogeneous CPU and GPU architectures (a) discrete, (b) on-chip integrated structures.

an on-chip integrated heterogeneous CPU-GPU architecture
(Figure 3b). Each CPU core contains its own private instruc-
tion and data caches (L1-I and L1-D) while an L2 cache is
shared by all cores. In discrete heterogeneous architectures,
CPUs and GPUs are placed on separated chips and need
distinct memory spaces communicating through PCI Express
link with limited bandwidth. Off-chip interconnections increase
delay and power consumption considerably. This problem is
highly alleviated by integrating CPUs and GPUs on the same
chip using an efficient heterogeneous network infrastructure
(Figure 3b).

The memory structure of almost all heterogeneous CPU-GPU
architectures is similar to the AMD Fusion architectures; the

main memory address space is separated into two partitions:
one partition is the host memory and controlled by the oper-
ating system, and the device memory is managed by GPU
kernels. Due to shared memory space, contentions between
CPUs and GPUs in heterogeneous systems result penalties. The
main contention penalties are delay and power consumption
[102]. These penalties are considerably mitigated by an effi-
cient run-time task scheduler [14, 103-109]. Heterogeneous
CPU-GPU architectures face several challenges particularly
because of the limited shared resources and chip area, and also,
because of scheduling a large number of parallel tasks that
should be concurrently executed. The main challenges of hetero-
geneous CPU-GPU architectures are discussed in the following
section.
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4 | Challenges of Heterogeneous CPU-GPU
Architectures

This section concentrates on the main challenges of cooper-
ating of CPU and GPU cores. We have classified these chal-
lenges by reviewing related literatures on heterogeneous com-
puting and architectures. The challenges of designing heteroge-
neous CPU-GPU architectures and consequently, the challenges
of designing their simulators originate from inherent differences
of CPUs and GPUs.

The main challenges of heterogeneous CPU-GPU architectures
are as follows:

1. Shared resources management;

2. Network interconnection;

3. Task management and scheduling;
4. Energy consumption;

5. Programming model.

4.1 | Shared Resources Management

Data movements between the CPUs and GPUs and on-chip or
off-chip memory impose a major bottleneck in overall perfor-
mance. Shared memory modules reduce data transfer overheads
but due to different memory access patterns of heterogeneous
cores, contention and load balancing issues are increased [37,
102, 110]. One important challenge of heterogeneous CPU-GPU
architectures is optimal utilizing of various on-chip or off-chip
shared resources, mainly memories, without hindering the per-
formance [12, 32, 36, 50, 53, 57, 111]. Cache accesses of CPU
workloads are inherently different from GPU applications. GPU
computing needs a huge amount of memory requests and
high memory bandwidth, because GPU applications have huge
amount of data-parallelism. On the other hand, the CPUs with
high-capacity caches at different levels require strong coherency
and consistency. Most CPU cores only have a few concurrent
threads so they do not create a lot of memory requests simul-
taneously. As a result, integrating CPUs and GPUs, with dif-
ferent memory access requirements, introduces special memory
management policies. Recent heterogeneous CPU-GPU proces-
sors provide hardware CPU-GPU shared virtual memory, atomic
operations, and memory coherency for efficient management
of shared resources, synchronization and coherency [36, 54, 56,
112-116].

In heterogeneous CPU-GPU architectures, cores share large
LLCs, and hence, it is important to improve the efficiency of LLC.
Without carefully design of LLC management, data transmis-
sions between CPUs and GPUs cause considerable performance
loss [53, 55, 56]. The problem of shared LLC can be mitigated
using non-volatile memories such as spin-transfer torque RAM
that offer higher cache capacity and near-zero leakage power con-
sumption [117]. A systematic review on memory management
techniques in heterogeneous CPU-GPU architectures was pre-
sented in [37]. The survey includes an analysis of various DRAM
architectures, different memory-centric heterogeneous architec-
tures and processing-in-memory systems.

4.2 | Network Interconnection

The interconnection structure, for connecting various on-chip or
off-chip cores and shared memory modules, is the most impor-
tant issue in designing heterogeneous CPU-GPU architectures,
and consequently, in designing their simulators. Obviously, effi-
cient and well-designed network interconnection significantly
affects the performance metrics such as latency, power consump-
tion, dependability, reliability, throughput, and cost of heteroge-
neous architectures [87-94, 118-125].

Traditional interconnection structure of system-on-chip architec-
tures (SoCs), such as point-to-point and buses, are not scalable
and efficient for many-core heterogeneous systems. As the num-
ber of cores increases, point-to-point interconnections impose
a large amount of cost and overhead to the architecture. A
bus-based network for connecting various cores, due to the par-
asitic capacitance and arbitration complexity, has severe limita-
tions [126]. Instead of these communication fabrics, NoCs are
much more efficient for interconnecting CPUs, GPU cores and
shared memory modules [87-94, 118-124]. Figure 4 shows a
mesh-based 2D NoC configuration of heterogeneous CPU-GPU
architectures. The circles, labeled with R, are NoC routers. The
processing and storage cores including CPUs, GPUs, memory
controllers and LLCs are connected to their adjacent routers. The
routers communicate with each other through links that can be
wired, wireless or photonic lines.

Wired 2D NoC architectures have constrains including long
transmission latency, high power consumption, and low band-
width, especially for collective communications. Therefore, alter-
native approaches such as photonic interconnections, wireless
network-on-chips (WNoCs) and 3D NoCs were presented to
reduce latency and power dissipation, and to increase through-
put [93, 98, 99, 124, 127-134]. Photonic interconnections pro-
vide high bandwidth, low latency, and energy-efficient archi-
tectures but with high implementation costs [93, 128]. WNoCs
provide high transmission performance and low-power architec-
tures; therefore, hybrid wired/wireless NoCs have the potential
of being customized for various heterogeneous CPU-GPU archi-
tectures [21, 98, 99, 129-134].

‘MC‘ ‘GPU‘ ’CPU‘ ’GPU‘ ’LLCI

FIGURE4 | An instance configuration
CPU-GPU architecture with a mesh NoC.

of a heterogeneous
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NoC topology can be 2D or 3D structures in form of mesh, torus,
ring, tree, honeycomb, and custom-designed configurations. Tra-
ditionally, mesh topology is simple, scalable, and regular, there-
fore mesh-based NoCs provide higher performance [87-91, 95,
96, 120-124, 131, 135, 136] rather than other 2D topologies. Off
course, it has been demonstrated that NoCs with honeycomb
topology [132-134, 137] outperform mesh-based NoCs in terms
of throughput, latency, and energy consumption. Furthermore,
the amount of hardware resources of NoC affects the perfor-
mance of heterogeneous CPU-GPU architectures [87, 88, 134].

In addition to topology, the routing algorithm and the
router structure have direct effect on the NoC performance
[87, 88, 121-123, 129]. Various adaptive and semi-adaptive
congestion-aware routing algorithms have been proposed [87, 88,
121-123, 132-134, 137]. The NoC routing algorithms based on
fuzzy-logic [121, 123, 137] and metaheuristic methods [132-134]
present high performance and low-power interconnection struc-
ture for heterogeneous architectures. Moreover, configurable,
distributed and hardware-efficient microarchitecture of NoC
routers provides low-power and high performance NoC archi-
tectures [87, 121, 122, 130, 134]. HiFMP [87], is a multicrossbar
prioritized NoC router that provides configurable low-cost and
low-power NoC architecture for efficient implementing on ASIC
and FPGA devices.

Different techniques were presented to reduce NoC power con-
sumption [87, 88, 129, 130, 132-134, 137]. Power-gating is the
most efficient strategy for reducing the power consumption of
NoCs. Using this strategy, according to the NoC state and packet
distribution, idle modules are put into sleep mode. Slept mod-
ules are turned on when it is required. Most of the recent works
focus on configurability and versatility of NoCs in order to design
high performance heterogeneous communication infrastructure.
Moreover, in heterogeneous NoC architectures, using adaptive
and dynamic components is effective to exploit all the comput-
ing resources for impressive processing of data-intensive appli-
cations. In adaptive NoCs, voltage level, frequency and energy
consumption are managed according to the network load and
activity of components [87-91, 102, 120, 130, 135, 138].

4.3 | Task Management and Scheduling

Although heterogeneous architectures, with architecturally
different processing cores, provide high performance and
energy-efficient architectures, scheduling and task allocating on
appropriate cores are very challenging. The reasons are different
features and capabilities of heterogeneous cores, various work-
load characteristics, and also, large amount of parallel tasks,
with different memory access patterns, that should be executed
concurrently [2, 14, 27, 103-109, 139-154]. Task schedulers are
software or software/hardware run-time modules attached to
heterogeneous CPU-GPU architectures. These modules dynam-
ically cooperate with the operating systems, compilers and also
with the simulators.

Executing multiple tasks targeted CPUs or GPUs in unpre-
dictable environments has leaded to self-adaptive and config-
urable systems that dynamically reorganize the optimal use of
resources. The topic of task management and scheduling in

heterogeneous CPU-GPU architectures has been explored in
various research works. Summary of instances are presented
here. These research works tackle the problems of run-time
resource management for a wide range of heterogeneous sys-
tems and applications. AIRA [141] is a compiler and run-time
for dynamic heterogeneous task mapping and flexible execut-
ing of applications. A specialized run-time system for acceler-
ating data analytics on heterogeneous CPU-GPU architectures
was presented in [142]. A contention-aware scheduling system
for integrated CPU-GPU systems was explored in [143], which
incorporates instrumentation-driven optimizations to improve
the throughput. A self-synchronizing heterogeneous task sched-
uler was presented in [150]. SnuCL [151] is a framework for
executing OpenCL kernels in heterogeneous clusters. A theoreti-
cal framework using StarPU for task mapping on heterogeneous
CPU-GPU was presented in [152]. Nanos++, the run-time sys-
tem of OmpSs programming model, is a framework for managing
CPUs and GPUs by composing GPU kernels into a task graph.
The scheduler of OmpSs can be implemented in hardware that
provides less latency and less power consumption than the soft-
ware run-time scheduler [155, 156].

4.4 | Energy Consumption

In heterogeneous CPU-GPU architectures, energy-efficiency is
a key design goal because it affects the cost, dependability, main-
tainability, and fault tolerance of the whole devices for utilizing
in diverse embedded systems such as IoT-based and distributed
wireless systems [43, 47, 102, 129, 146, 148, 149, 157-161].
GPU cores utilize many fine-grained processing elements to con-
currently execute on multiple data sets in an energy-efficient
approach. With larger data bus, the energy consumption of the
heterogeneous architectures decreases because of better exploita-
tion of the GPU data-parallel resources. There are few works
concentrating on reducing energy consumption of heterogeneous
CPU-GPU architectures such as controlling task sizes and reduc-
ing redundant data transfer between CPU and GPU core [12,
20, 35, 146, 148, 162-165]. A survey on the various techniques
for high performance and energy-efficient CPU-GPU coopera-
tive computing was presented in [35]. A comprehensive energy
management framework for heterogeneous CPU-GPU archi-
tectures was developed in [162]. An low-power AES algorithm
for parallel executing on heterogeneous CPU-GPU architecture
was presented in [165]. Power saving techniques for WNoCs
was systematically analyzed in [129]; these techniques are appli-
cable in designing energy-efficient heterogeneous CPU-GPU
architectures.

4.5 | Programming Model

The programming model of heterogeneous applications is a chal-
lenge due to different kinds of ISAs and execution models of
GPUs and CPUs [31, 166-168]. Basically, execution of GPU pro-
gramming models, such as OpenCL, CUDA and HIP [169], is
very different from the execution of CPU parallel programming
models, such as OpenMP [170] and OmpSs. Moreover, in design-
ing heterogeneous CPU-GPU architectures and their schedulers,
workload features such as amount and levels of parallelism,
presence of branch divergence, data dependency analysis are
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important [3, 51, 115, 168, 171-174]. Most of the applications
for executing in heterogeneous systems are C-based, combining
CUDA or OpenCL with one of the parallel programming mod-
els such as OpenMP, MPI or OmpSs. In addition, SYCL [175]
is a standard and portable code for every type of heterogeneous
system especially for heterogeneous CPU-GPU architectures
including Intel GPU, NVIDIA and AMD architectures, using the
same syntax and the same compiler. Fang et al. [168] presented
a comprehensive review on heterogeneous parallel programming
models and the compiling techniques of improving programma-
bility and portability for minimizing the communicating over-
head. AutoNUSC [31] is a heterogeneous parallel programming
model and runtime framework for task scheduling, data division,
node communication, and fault-tolerant recovery.

4.6 | Discussions

CPU and GPU cores have their own specific characteristics and
strengths; hence, cooperation of these cores provides high per-
formance architectures. In designing heterogeneous CPU-GPU
architectures and their simulators, it is important to consider
constrains and limitations of processing units such as band-
width and levels of memory modules, number of GPU threads
and number of CPU cores. Furthermore, number of cycles and
amount of data blocks that are read from or written to mem-
ory modules by CPUs or GPUs are not equal and not coherent
with respect to each other. Consequently, CPU and GPU cores in
heterogeneous architectures, possess diametrically opposite net-
work demands. Therefore, several critical challenges such as task
allocation, shared resource management, on-chip interconnec-
tion, dependability, and energy consumption optimization still
require to be further investigated. Addressing each of these chal-
lenges will help to improve overall performance of heteroge-
neous CPU-GPU architectures. Table 1 presents the solutions
for improvement the performance and functionality of heteroge-
neous CPU-GPU architectures for each challenge.

5 | Heterogeneous CPU-GPU Simulation
Frameworks

To explore and validate the efficiency of different aspects
of heterogeneous CPU-GPU architectures, researchers have
developed several simulating frameworks. Cycle-accurate sim-
ulators are essential for computer architects and researchers to
evaluate and optimize their designs at functional and architec-
tural levels. Moreover, the simulators are used for workload char-
acterizations and design space exploration of hardware/software
co-design. Heterogeneous simulators include various units with
different inherent characteristics that work cooperatively to exe-
cute a heterogeneous application effectively. These simulators
usually integrate one of the existing CPU simulation frameworks
with one of the existing GPU simulators.

Figure 5 illustrates the main modules of heterogeneous
CPU-GPU simulators. Heterogeneous CPU-GPU simula-
tors should be able to emulate different modules for modeling,
analyzing and exploring various aspects of emerging hetero-
geneous architectures. These modules include multi-core CPU
simulator, many-core GPU simulator, reconfigurable network

TABLE1 | Challenges and the solutions for improvement.

Shared resources management

« Using hardware shared virtual memory, atomic operations,
and memory coherency for efficient management of shared
resources, synchronization and cache coherency [36, 53-56,
112-116].

« Using non-volatile memories such as spin-transfer torque
RAM for offering higher cache capacity and near-zero
leakage power consumption [117].

Network interconnection

« Efficient topologies such as mesh [87-94, 118-124] or
honeycomb [132-134, 137].

« Photonic interconnections [93, 128] or WNoCs (hybrid
wireless/wired NoCs) [21, 98, 99, 129-134].

» Reducing the amount of hardware resources of NoC
[87, 88, 134].

« Efficient adaptive congestion-aware routing algorithms and
configurable routers [87, 88, 121-123, 129, 132-134, 137].

« Using fuzzy-logic [121, 123, 137] and metaheuristic methods
[132-134].

« Configurable NoC Architectures [87-91, 102, 120-122, 130,
134,135, 138].

Task management and scheduling

« Dynamic and self-synchronizing heterogeneous task
mapping and allocation [141, 142, 151, 152].

« Contention-aware scheduling [143].

« Software run-time scheduler such as Nanos++
[12, 155, 156].

Energy consumption

« Using scheduling and allocation algorithms for small tasks,
controlling the size of tasks and also reducing redundant
data transferring between CPU and GPU core [12, 20, 35,
146, 148, 162-165].

« Different techniques such as power-gating, voltage and
frequency scaling, clock-gating for reducing NoC power
consumption [87, 88, 129, 130, 132-134, 137].

Programming model

« Combining CUDA or OpenCL with one of the parallel
programming models such as OpenMP, MPI or OmpSs.

« Using SYCL as a standard and portable code for every
type of heterogeneous system.

interconnection simulator, task scheduling system, simulator
for off-chip memory accesses, cache memory hierarchy mod-
els, coherency protocols, and energy consumption analyzer
and profiler. The heterogeneous CPU-GPU simulators were
developed in one of the following forms: a single and unified
CPU-GPU cycle-accurate simulator; or an integration of GPU
simulators and CPU simulators along with network simulators
and energy consumption models. Many CPU simulators as well
as a lot of GPU simulators have been developed and employed
by researchers, but just a few cycle-accurate heterogeneous
CPU-GPU simulators have been presented.
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Main instances of heterogeneous CPU-GPU simulators are as
follows. Gem5-GPU [38] and FusionSim [39, 176] both inte-
grate GPGPU-Sim with a cycle-accurate CPU simulator. Mac-
Sim [41] is another timing model and trace driven cycle-level
simulator of heterogeneous architectures which can simulate
x86 and NVIDIA PTX traces simultaneously. MCMG [40] is
a CPU-GPU simulator integrates Attila and GemS5 simulation
frameworks. Multi2Sim [42] is an open-source simulator that
supports ISA-level simulation of an x86 CPU and an AMD Ever-
green GPU. Multi2Sim is a unified CPU-GPU cycle accurate sim-
ulator which does not integrate any existing simulation frame-
works. An analysis of Gem5-GPU and Multi2Sim compared with
Gem5 was presented in [177].

Besides the aforementioned heterogeneous simulators, there are
some other heterogeneous CPU-GPU platforms [5, 28, 36, 84,
178-185] which are not vastly used, or are not as mature and
complete as the above mentioned simulators. For instance, SCHP
[180] integrates Gem5 for modeling CPUs, and GPGPU-Sim
for emulating GPUs. The CPU and GPU simulators of SCHP
are concurrently executing on independent threads. GLTraceSim
[181] is a memory tracing framework for studying the behav-
ior of graphics workloads in heterogeneous CPU-GPU systems.
In addition, Wang et al. [182] presented a full system hetero-
geneous CPU-GPU simulator. Gera et al. [84] presented an
open-source microarchitectural simulator with trace generation
for Intel’s integrated GPUs. Furthermore, a full-system simula-
tor for mobile heterogeneous CPU-GPU architectures was devel-
oped in [183] which enables users to run a complete and unmod-
ified OpenCL programs of mobile ARM CPU and Mali-G71
GPU powered device. An approach for heterogeneous parallel
Simulink models of image processing algorithm was presented
in [28]. HEROV2 [184] is an open-source FPGA-based heteroge-
neous CPU-GPU simulator that includes a configurable NoC, a
unified heterogeneous programming interface, and a mixed-ISA
heterogeneous compiler based on LLVM. Guo et al. [185] pre-
sented an efficient static timing analysis engine for heteroge-
neous CPU-GPU computing by developing high-performance
GPU kernels and data structures. A heterogeneous computing
platform was presented in [5] for non-experts to deploy, run, and
evaluate high-computational-demand algorithms. Simeuro [19]
is a system-level heterogeneous CPU-GPU simulator for neuro-
morphic chips for accelerating the simulations of DNNs on huge

simulation frameworks

e.g., GPGPU-Sim, Attila, |
Ocelot, Barra

Overall view of a heterogeneous CPU-GPU simulation framework.

datasets. Simeuro consists of two major sections: the neurosynap-
tic core simulator executing on GPUs and the NoC simulator runs
on CPU cores.

6 | Examples of Heterogeneous CPU-GPU
Simulators

In this section, the structure and features of the main instances of
heterogeneous CPU-GPU simulators are described. These simu-
lators are able to emulate the overall heterogeneous CPU-GPU
architectures including CPUs, GPUs, various memory modules,
NoCs and power consumption models. Then, in Section 6.6,
different characteristics of these simulation frameworks are
compared.

6.1 | Fusionsim

FusionSim [39, 176] is a heterogeneous cycle-accurate simula-
tion framework for concurrently modeling of both GPUs and
%x86-based out-of-order CPUs. FusionSim is built on PTLsim and
GPGPU-Sim simulators. In addition, in FusionSim, the cache
hierarchy is simulated by a configurable cache system called
MARSSx86 [186] and the heterogeneous NoC infrastructure is
simulated by Intersim tool [187]. FusionSim models ordering
of memory accesses, overlaps synchronous and asynchronous
operations, manages memory transfers and processing concur-
rent tasks. For communicating between CPU and GPU cores, the
global address space of GPUs is placed in the memory address
space of CPUs.

FusionSim has two modes: (1) discrete mode where CPUs and
GPUs connect as disjoint units via traditional PCI Express bus for
simulating discrete heterogeneous architectures (see Figure 6a);
and (2) fused mode where one CPU and several GPUs are inte-
grated on the same die (see Figure 6b). In the fused mode, one
of the processing clusters of GPGPU-Sim is substituted with the
PTLsim CPU core and its cache memories; hence, only one CPU
can be used. This feature limits heterogeneous system architec-
tural exploration. FusionSim has been used for modeling and
analysis heterogeneous architectures in some researches [84,
188-190].

8 of 23

Concurrency and Computation: Practice and Experience, 2025

Downloaded for personal academic use. All rights reserved. https://papernode.online/


https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9

PTLSIim PTLSIim GPGPU- GPGPU- GPGPU- GPGPU-
Core Core Sim1 Sim2 Sim1 Sim2
L1 (1+D)$ [ | L1 (1+D)$ L1 L1s$ L1$ L1s
I I I I I I
| L2$ | | 125 | I Network on Chip
I I I I I I
I 13$ I [os [ ws [ s |[ s |
DRAM PCI Express DRAM
(@
PTLSim GPGPU- GPGPU- GPGPU-
Core Sim2 Sim1 Sim2
L1 (I+D)$ 11$ L1s L1$
I I I I
I Network on Chip I
I I I I
[os ([ s [ s [ s |
| DRAM |
(b)
FIGURE 6 | (a)Discrete FusionSim, (b) fused FusionSim.
< Gems | [ GPUPU Sin>
CPU CPU -m cu |
Core Core ik : Fetch/Decode cu
Cu |\ (Compute Unit)
LI L1
L2 | L1 | CU |\ | Register file |
=] [= o« (Oooo,
\ anes S 3
HRE oo &
L1 L1 ‘\ Coalescer
CPU CPU “\ To L1 Cache
core | |_core
Off-chip Memory
FIGURE7 | GemS5-GPU block diagram.

6.2 | Gem5-GPU

Gem5-GPU [38] is a heterogeneous CPU-GPU simulation
framework according to Gem5 and GPGPU-Sim platforms. It has

been developed by the same researchers that provided Gem5. The
structure of Gem5-GPU is illustrated in Figure 7.

Figure 8 illustrates the Gem5-GPU software architecture includ-
ing the logical copy engine for transferring data from CPU to GPU
memories in a split virtual memory mode. Similar to Gem5 sim-
ulator, Gem5-GPU manages its configurable memory accesses

using Ruby. Gem5-GPU emulates shared and/or discrete virtual
address spaces between CPU and GPU cores in order to simulate
diverse system configurations such as systems with single vir-
tual address space and systems with separated GPU and CPU real
address spaces. In Gem5-GPU, the number of CPUs, the number

of GPUs, memory organization and interconnections are com-
pletely configurable.

Several performance analysis of heterogeneous architectures
using Gem5-GPU platform have been done [97, 100, 114,

120, 191-198]. For instance, using this simulator, Choi et al.
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[100] explored an energy-efficient and specialized heterogeneous
CPU-GPU many-core architecture for training convolutional
neural networks. Gao et al. [114] presented a dynamic cache
replacement and migration policy for heterogeneous CPU-GPU
architectures. While, by default, Gem5-GPU execute the CUDA
applications, Wang et al. [192] presented an extension for
Gem5-GPU to support OpenCL programming model. In [120],
heuristic-based optimization approaches were developed and
explored using Gem5-GPU to obtain a near-optimal low power
heterogeneous NoC architecture. A specialized heterogeneous
CPU-GPU system for energy-efficient training of CNNs using
Gem5-GPU was presented in [100].

6.3 | MacSim

MacSim [41] is a heterogeneous trace-driven and cycle-accurate
simulator. It models different architectural behaviors, including
in-order and out-of-order architectures, multi-threading, cache
and memory structures, memory controller and NoC infrastruc-
ture. Figure 9 illustrates the structure of MacSim. This simu-
lator is able to simulate homogeneous and heterogeneous ISA
architectures. Multiple MacSim simulators can run concurrently.
This framework uses x86 traces created by Pin and PTX GPU
traces generated by Ocelot. MacSim implements a five-stage pro-
cessor including fetch, decode, schedule, execute and retire. In
MacSim, the GPU includes various streaming multi-processors
(SMs), each including multiple scalar processors (SPs) and spe-
cific function units (SFUs), and also, a multi-threaded fetch and
issue unit, a cache memory for constants, and a shared memory.
The hierarchical memory structure of MacSim is very flexible and
configurable.

For simulating accesses to DRAM, DRAMSim is incorporated to
MacSim. Three different configurations of connection between
MacSim and DRAMSim are shown in Figure 10. As the figure
shows, different network configurations based on IRIS [199]
model such as point-to-point, bus and NoC structure are possi-
ble to configure the interconnection between DRAMSim and one
or more MacSim. IRIS is a portable framework for cross-platform
heterogeneous architectures. Using shared virtual memory and
automatic resizing tasks, IRIS manage various resources and dif-
ferent programming models at the same time for efficient execu-
tion on heterogeneous architectures.

An example of using MacSim is the research of [89] which is a
design space exploration of NoCs in heterogeneous CPU-GPU
architectures. Another example is an exploration on interconnec-
tions with MacSim was done in [118]. Another research that has
used MacSim is an approach for a heterogeneous 3D NoC archi-
tecture [124]. In [200], using MacSim, an analysis of LLC and
memory controller in heterogeneous CPU-GPU architecture was
presented.

64 | MCMG

MCMG [40] is a framework for simulating heterogeneous
CPU-GPU systems. It integrates Attila GPU simulator [70] with
Gem5 CPU simulator. Figure 11 shows the general structure of
MCMG framework. In this framework, the number of CPU and
GPU cores and also levels of cache hierarchy are configurable.
The heterogeneous cores and LLC are connected by a bus inter-
connection. The LLC is connected to off-chip DRAM module.
MCMG is a Linux-based platform that runs OpenGL applications,
and offers many instrumentation features for analyzing work-
loads and hardware characteristics. In MCMG, the GPUs run
independently from CPUs, and communicate with the other parts
through a bus adapter that includes two agencies reside in Attila
for GPUs and Gem5 in CPUs.

6.5 | Multi2Sim

Multi2Sim [42] is a heterogeneous CPU-GPU simulator
at ISA-level. This project was started as an open-source,
cycle-accurate CPU simulator in 2007 [201]. Then, in 2012 it
was extended as cycle-accurate heterogeneous CPU-GPU simu-
lation platform. Multi2Sim supports simulation of different CPUs
such as ARM, x86 and MIPS, and various GPUs like NVIDIA
Fermi and Kepler, AMD Evergreen, and Southern Islands. When
an application is started to be executed on this simulator, the
host parts of the application are executed on the CPU simulation
modules. When CUDA or OpenCL API calls are met, the GPU
simulator starts to execute the kernels. Figure 12 shows the
comparison of running a program on Multi2Sim simulator and a
native AMD heterogeneous system.

The CPU simulation part of Multi2Sim is composed of the func-
tional and the architectural simulators. The functional part is
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similar to the execution of a program on a native X86 proces-
sor. The architectural part gets x86 traces from the functional
part, and tracks execution cycle-by-cycle. The x86 CPU model
of Multi2Sim is a customizable architecture and is not accord-
ing to any of the existing architectures. It is highly configurable
for simulating different heterogeneous CPU-GPU architectures.
It is capable to run OpenCL and CUDA applications, without

any source code modifications, by launching host and device
binaries. M2S-Visual is a visual extension tool of Multi2Sim that
provides the visual presentation of running instructions and the
states of CPU and GPU entities, memory hierarchy and also
interconnection entities. M2S-Visual tool consists of plots that
reveal the activities of various modules, memory access pat-
terns and the network traffic according to static and dynamic
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features of the running kernels after the application execution is
complete.

An emulated approach for on-chip and off-chip GPU memory
modules using Multi2Sim was proposed in [202]. A memory
analyzer for heterogeneous architectures was presented in [178],
which was designed based on Multi2Sim. M2S-CGM [203, 204]
is an architectural simulator for coherent CPU-GPU systems
that designed based on Multi2Sim with a custom-built mem-
ory system model. A wireless NoC to provide energy-efficient,
high-performance communication for CPU-GPU heteroge-
neous multi-chip systems was presented in [205] and was
analyzed with Multi2Sim. A research on cache optimization for
CPU-GPU heterogeneous architectures using Multi2Sim was
presented in [206].

6.6 | Comparison

In this section, the described CPU-GPU simulators are com-
pared from different aspects. General information of the hetero-
geneous CPU-GPU simulators are presented in Table 2. All the
simulators have been developed since year 2012, and their source
codes are available. The user/product supports for Gem5-GPU
are very high while they are low for FusionSim and MCMG.
All of the simulators accept binary files for input except Mac-
Sim. In addition to binary file and traces, Gem5-GPU accepts
unmodified CUDA or OpenCL source code without modifica-
tions. As the table shows, all of these simulators are able to exe-
cute CUDA and OpenCL applications in the form of binary exe-
cutable or traces. The only exception is MCMG which supports
OpenGL APIs.

6.6.1 | Capabilities

Table 3 presents a comparison of the heterogeneous CPU-GPU
simulators. The table shows the CPU and GPU simulators
that used for forming the heterogeneous simulation platforms.
FusionSim, Gem5-GPU and MCMG were developed by inte-
grating two existing frameworks, one CPU simulator and one
GPU simulator. MacSim is basically a trace-driven simulator, and
obtains the traces from two existing tools: Pin for X86 traces
and Ocelot for PTX traces. In MacSim, CPU and GPU traces are
executed simultaneously under control of a common scheduler.

[ OpenCL host program )

OpenCL function call
A4

[ Multi25im OpenCL Library ]

(libm2s- opencl.so)

>

h

Custom system

calls
v

Muti2Sim  Simulated code

Running a program on a native AMD heterogeneous system (left) compared to Multi2Sim simulator (right).

Multi2Sim is the only unified heterogeneous framework which
is not an integration of any existing frameworks and is highly
configurable. Therefore, we used customizable terms for this sim-
ulator in the table.

MacSim simulates an integrated CPU-GPU architecture with
shared LLC by executing the CPU and GPU traces separately.
FusionSim replaces one of the processing clusters in the GPU
(GPGPU-Sim) with a CPU core (PTLsim). Multi2Sim models X86
CPU cores and AMD Evergreen GPUs at ISA level with OpenCL
supports. However, it cannot execute CPU and GPU applica-
tions concurrently. Multi2Sim is an ISA-level CPU-GPU hetero-
geneous framework simulator. In this simulator, when executing
OpenCL programs, the host (i.e., CPU) portions of the program
are run using the CPU simulation modules. When OpenCL API
calls are encountered, they are intercepted and used to setup or
begin GPU simulation. Multiple concurrent executions mode of
Gem5-GPU and also MacSim frameworks is possible. In most of
these frameworks, such as Gem5-GPU and FusionSim, CPU and
GPU modules run concurrently, but the simulation processes in
Multi2Sim are sequential.

The table presents the CPU and GPU architectures that the plat-
forms can modeled. If their default models are not the existing
architecture, it is mentioned as custom. In addition, the table
states the type of input entries, memory model, network model
and power consumption analyzer of each simulator.

6.6.2 | Configurability Features

Configurability is an important feature for a simulation frame-
work. As it was described in Section 5, heterogeneous CPU-GPU
simulators include several components with different capabil-
ities. These components should be flexible and configurable
in diverse aspects for effective simulation and analysis. Num-
ber of CPU and GPU cores, cache hierarchy (number of cache
levels, capacities, bandwidth and etc.), memory structure and
accesses (number of cycles for reading, writing and waiting,
width and depth of memory modules and etc.), NoC and other
interconnection structures should be configurable (bandwidth,
bit rate, buffer size, number of router ports, topology, rout-
ing algorithm and etc.). In Table 3 configurable components
of each simulator are listed. Gem5-GPU and Multi2Sim are
more configurable than the others. These frameworks provide
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many options for simulating and analyzing various features of
£ § O + incoming heterogeneous CPU-GPU architectures.
g 25 T & £8 o
2 g =8 —ED s = '2 _*a 6.6.3 | Speed Capabilities
SIS T E § 23
= § E > g 2 E The simulators cannot be compared in terms of speed because
= = E 8 L% their capabilities and configurability features are different.
M Hence, the speed comparison does not present any performance
information. Some of these simulators should run more than two
powerful and configurable simulation frameworks. Management
simultaneous execution, memory management, scheduling, syn-
g0 g chronization and data transfers between frameworks have effects
= S 5 “ g on the speed of the more powerful and configurable simulators.
i - g S ﬁ 6‘ —‘6 Moreover, trace-driven and functional simulators are faster than
Sl = = § % 2 g g the execution-driven full-system simulators due to the amount
E o g) £ - E OQ“ g of processes and details that should be handled. Furthermore,
p= & E m ég) the more configurable and more flexible NoC and memory sim-
RS = ulation frameworks present more information on simulation but
consume more time than a simple and static simulator that does
not consider the details.
g £
_ 5 g p £ 3 6.64 | Usability
5| 28 28 2 8
gl k= E <, § g5 2 = In this section, the usability of the intended heterogeneous sim-
'@ ST § g E E g g $ ulators by considering the number of citations of the main refer-
g § ;& E g <Qt E‘ ence(s) of are discussed. Table 4 presents the citation details of the
= % O K ) main reference(s) extracting from the valid research databases:
- :;‘% T_ © Researchgate, IEEE Xplore, ACM Digital Library and SEMAN-
TICscholar. In addition to total citations, SEMANTICscholar
presents highly influential, background, methods and results
" citations. Since the main reference of MacSim is a user guide and
_ g % | + there is not any published conference or journal article about
3 E B P % g MacSim, only Researchgate provides the number of citations to
E . é & —ED E ” & é % the user guide.
= N . O k= IS
g 2 ] %0 gﬁ 5 § £ e .§ § The usability raw in Table 4 presents the percentages of usage
% g &= o é § = of each simulator for analyzing heterogeneous CPU-GPU archi-
£ © = E 8 s tectures among the references of this article. As the table shows
2 A Gem5-GPU and Multi2Sim have been cited more than the oth-
S ers. Gem5-GPU is a comprehensive configurable simulator and
é has been used in a large number of researches for analysis the
E,), § 2 g behaviors of the memory structure and accesses, cache hierarchy,
3 _ .g, £ 7 network interconnection and core architectures of CPU-GPU
% 2 225 3 a heterogeneous architectures. Multi2Sim has been used vastly
Eﬂ :- E g g % é % for analysis NoC and network architectures of CPU-GPU het-
§ ah) I g g E . o o '2 erogeneous architectures. Compared to Gem5-GPU, Multi2Sim
2 E § [ Q R E 'c% S is simpler for usage and analysis. Also it is a unified con-
= g ED g3 E < 2 figurable framework for simulating diverse CPU and GPU
g = =7 8 g 5 architectures.
S| E| EEF ©
g = é 3 For both of these simulators, code available to all researchers
£ o= without restrictions. Gem5-GPU is a fully system framework that
g - executes both the kernel-level and user-level instructions and
g.) g emulates a complete system (i.e., OS, devices, exceptions, inter-
] - o rupts and I/O devices). Unlike Gem5-GPU, Multi2Sim has a func-
a gn ‘g " - g‘% % tional simulator. Both of them can accept binary file or traces
= E B § § 2 5 5 ;% = E from various CUDA and OpenCL applications. Both of them are
Rl2ElSEZ g & E g E 9 execution- and trace- driven. In addition, Gem5-GPU can run
< |T@|> O a = O S %» .
) un-modified source code.
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TABLE 4 | Citations details.
Heterogeneous simulator FusionSim [39,176] Gem5-GPU [38] MacSim [41] MCMG [40] Multi2Sim [42]
Researchgate citations 23 204 66 8 373
IEEE Xplore citations 10 149 — 8 26
ACM Digital Library citations 10 32 — 3 393
SEMANTICscholar total 20+ 10 229 — 9 464
citations
SEMANTICscholar highly 2+1 14 — — 54
influential citations
SEMANTICscholar 543 74 — 2 111
background citations
SEMANTICscholar methods 10+ 5 119 — 2 261
citations
SEMANTICscholar result 14+0 — — — 4
citations
Usability 13% 43% 15% 0% 29%

6.6.5 | Limitations flexible simulation frameworks are needed. As heterogeneous

In this section, the limitations of the intended simulators are
presented. Unlike the other simulators, FusionSim cannot run
more than one CPU simulator, therefore it simulates only one
CPU with several GPUs. MacSim, FusionSim, Multi2Sim and
MCMG are able to run un-modified source code of the appli-
cations. Moreover, MacSim cannot run binary files as input.
MCMG only supports OpenGL programs; it cannot run CUDA
and OpenCL applications. Only FusionSim can simulate both
fused and discrete CPU-GPU architectures, the others can simu-
late only fused architecture. Unlike the others, the configuration
features of MCMG are very limited. The network interconnection
and memory structure of MCMG are very simple compared with
the others. As Gem5-GPU is a comprehensive framework, com-
pared with the other intended simulators, it is more difficult to
learn and configure this simulator.

7 | Recommendations

In this section, recommendations for designing high perfor-
mance heterogeneous architectures and also for developing
efficient and flexible heterogeneous CPU-GPU simulators are
presented. Based on the challenges of heterogeneous CPU-GPU
architectures, and also, according to various proposals and
researches, the following recommendations are presented for
designing flexible and efficient heterogeneous CPU-GPU simu-
lators. These recommendations are in the direction of designing
full-system, dependable and cycle-accurate simulators that
cover all the architectural aspects of heterogeneous CPU-GPU
architectures.

Researchers tend to use micro-architectural simulators for
deep analysis, modeling, and simulating different aspects
of their proposals. In order to address the challenges and
to determine the requirements of future on-chip heteroge-
neous CPU-GPU architectures, parameterizable, reliable and

CPU-GPU architectures are growing more complex; their
simulators should become more configurable and more flexible
than the existing ones. Further researches and explorations on
developing heterogeneous CPU-GPU simulators are required to
be performed.

There are two approaches for developing a heterogeneous sim-
ulator. In the first approach, two or more existing simulators,
one for CPU and one for GPU along with a network simulator,
shared memory simulator and energy consumption analyzer are
integrated. Most of the existing heterogeneous CPU-GPU simu-
lators such as Gem5-GPU were designed based on this approach.
In the other approach, a heterogeneous CPU-GPU simulator is
designed from scratch as a standalone framework. Multi2Sim is
the main instance of this approach.

The simulation methodology affects speed and amount of over-
head caused during emulating, profiling and logging processes.
Furthermore, the simulation approach influences precision,
fidelity, accuracy and validity of simulation process. The key
issue is providing parameterizable and configurable platforms
with low run-time overheads. In designing a heterogeneous sim-
ulator, the methodology should be efficient, reproducible, reli-
able, extensible and deterministic. In addition, the simulation
methodology should be able to utilize the capabilities of the real
computing systems. It is recommended to use various strate-
gies such as dynamic binary translation and parallel simulation
in order to improve the speed and the efficiency of simulation
procedure.

It is important to note that heterogeneous simulators should be
able to execute CPU and GPU parts simultaneously for indepen-
dent tasks. Moreover, they should be able to run several CPU
cores along with several various GPU cores. Scalability, depend-
ability and flexibility features of the simulator are also important
especially for evaluation of critical run-time systems. It is sig-
nificant to consider huge amount of state entities that should
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be saved and processed during simulation procedure. The state
of software entities includes work-groups, contexts, wave-fronts,
and work-items, and also the memory entities. Furthermore,
the network entities and the memory hierarchy states should be
considered. Because of the different nature of schedulers from
other modules of heterogeneous CPU-GPU architectures, the
functionality of these modules is not completely embedded in the
simulation frameworks. It is effective for heterogeneous simu-
lators to join to a configurable task scheduler for simultaneous
execution and synchronization.

7.1 | Recommendations for Shared Resources
Management

Fully configurable and parameterized memory modules
are essential for microarchitecture simulators especially for
heterogeneous CPU-GPU simulators. In addition, the heteroge-
neous simulators should have various options for diverse memory
structures. For instance, shared virtual memory, atomic opera-
tions, and memory coherency help to efficient manage different
shared resources, synchronization and cache coherency.

7.2 | Recommendations for Network
Interconnection

The most important challenge in designing and developing het-
erogeneous CPU-GPU simulators is modeling and managing
accesses to shared resources through a common, high-speed and
low-power network interconnection. The heterogeneous simu-
lators can be constructed by integrating two or more existing
simulators, or can be designed as a single unified heterogeneous
simulator.

NoC infrastructure deals with the functionality of all components
of the heterogeneous CPU-GPU architectures. NoCs directly
affect the performance parameters such as speed, energy con-
sumption, throughput, area, overhead, and even cost of the whole
heterogeneous CPU-GPU architectures [34, 91, 96, 102, 120].
NoC architectures need to be well-adapted to the application
requirements while providing high performance, dependable,
energy-efficient and sustainable interconnection infrastructure.
Therefore, simulating of NoC architectures is very important
especially with heterogeneous processing elements. The NoC
structure can be investigated using an adaptive and config-
urable NoC simulator as a part of a heterogeneous CPU-GPU
simulator.

An efficient NoC structure, embedded in a heterogeneous
CPU-GPU architecture, should dynamically balance the packet
distributions using congestion-optimized interconnections and
congestion-aware routing algorithms [24, 121, 123]. A reconfig-
urable network is effective when it is able to activate extra chan-
nels under high load and congestions, and also is able to shut
them off when the network is unloaded [87, 90, 130]. A hetero-
geneous NoC should operate at nominal-voltage and high fre-
quency under CPU-dominated low-load situations while under
high-load and complicated traffic patterns of GPU applications,
it should operate in near-threshold mode [90].

It has been demonstrated that most of the NoC architectures are
not able to manage both CPU and GPU communication require-
ments efficiently because of different memory access patterns
[100]. One solution is to divide the CPUs and GPU cores into two
(or more) clusters connecting through a common NoC. Cluster-
ing strategies are used to schedule effectively and also to balance
load and energy consumption to conserve the limited energy of
the nodes and chips. In designing a task scheduler for heteroge-
neous CPU-GPU architectures, it should be taken into account
that suitable applications for CPUs are very different from appli-
cations that be effectively executed on GPUs. In heterogeneous
architectures, we have the chance to employ the high compu-
tational GPU strength for regular workloads, and transforma-
tive and flexible execution of CPUs for irregular control flow
applications.

The NoC simulator in heterogeneous CPU-GPU simulators is a
key feature. As it was described, the interconnection structure
of the heterogeneous architectures exerts direct impact on per-
formance and power consumption of the whole system. If the
interconnection simulator is completely configurable and param-
eterized with many options, various circumstances would be pre-
pared to investigate and evaluate the influences of diverse new
proposals. For instance, it is highly effective that a NoC simu-
lator has options for selecting wired, wireless or 3D NoC con-
figurations, enabling power-gating mode, selecting buffer and
bufferless routers. The simulator should support several adap-
tive and semi-adaptive NoC routing algorisms for investigating
the NoC characteristics in order to find approaches for obtaining
better performance and higher throughput. Another capability
can be added to the heterogeneous simulator is machine learn-
ing approaches for bandwidth scaling and power supply scal-
ing at each router within a specified reservation window. There-
fore, the NoC model of a heterogeneous CPU-GPU simulator
should be completely parameterized and configurable providing
various options to investigate different aspects of heterogeneous
architectures.

7.3 | Recommendations for Energy
Consumption

In designing heterogeneous CPU-GPU architectures and devel-
oping their simulators, it is important to determine the most
energy-hungry modules that consume a large amount of energy
in heterogeneous CPU-GPU architectures. The simulator should
model these modules specifically; then, the designer would be
able to analyze them in details. The simulation framework should
present various options for management and control and also for
analysis the power consumption of different components of het-
erogeneous CPU-GPU architectures.

Determining a unified static and dynamic energy model, and
also a framework for profiling and analysis power consump-
tion of heterogeneous CPU-GPU architectures is very impor-
tant. This is expected that the energy model of a heteroge-
neous simulator be able to analysis the energy consumption of
the whole system including the energy consumption of CPUs,
GPU cores, memory modules, links and interconnections and
also run-time software/hardware scheduler system. It is notice-
able that the obtained results of joining two or more energy
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analysis tools may be incorrect or low accurate because each
individual tool has its own estimation approach according to
different energy models, different assumptions, and different
simplifications.

7.4 |
Model

Recommendations for Programming

In heterogeneous architectures, the programming model
challenge can be viewed from two points of view: (1) the
programming model of the applications that are allocated to
CPUs and GPUs, and (2) the source code of the simulation
platform. However, the programming model of heterogeneous
applications is not a critical challenge in designing a heteroge-
neous CPU-GPU simulator, because in the case of trace-driven
simulator, x86 traces and PTX traces are fed to the simulator
regardless to the source code programming languages of the
applications. In the cycle-accurate simulators that execute binary
files of the applications, the input binary files for CPU and GPU
are separately prepared before giving them to the simulator.
The choice of programming languages of the source code of
heterogeneous simulators is a key issue for software developers.
Most of the existing simulation frameworks have been written
with portable and flexible high-level languages such as C/C++.
In integrating two or more simulators, MPI APIs have the
capabilities to interface between GPU and CPU simulators by
introducing features such as shared virtual memory and memory
coherence [44, 45, 50].

8 | Conclusion

Heterogeneous CPU-GPU architectures provide low-latency and
energy-efficient systems; hence, they are widely used in high
performance emerging architectures, especially in critical and
IoT-based embedded systems. The main reason of efficiency
of these architectures is benefiting from the specific features
of GPUs, unified address space, and configurable on-chip net-
works. Due to high computing potential and energy-efficiency
of GPUs, they are vastly utilized as accelerators. Moreover, inte-
gration of GPUs and CPUs on one chip enables unified mem-
ory spaces including various memory modules communicating
through an efficient interconnection structure such as NoC archi-
tectures. Configurable NoCs are able to improve the performance
in terms of latency, throughput, fault tolerance, and energy
efficiency.

The main objectives of this research are classifying and dis-
cussing the challenges of design heterogeneous CPU-GPU archi-
tectures and their simulators. Heterogeneous multi-core archi-
tectures can be discrete with off-chip GPUs or integrated CPU
and GPU cores on the same chip. Off course, they are sep-
arated logically due to various programming models and dif-
ferent instruction sets. The significant conclusions of this arti-
cle are as follows. From the hardware point of view, network
interconnection for handling different data transferring between
heterogeneous cores is the main challenge of designing both
heterogeneous architectures and simulators. From the software
point of view, task mapping and scheduling policies for access-
ing to the shared resources are the main challenges in designing

heterogeneous CPU-GPU architectures. Usually, schedulers are
developed in software and attached to heterogeneous CPU-GPU
simulators.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.
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