
 

 

Instituto Tecnológico  

y de Estudios Superiores de Occidente 

Reconocimiento de validez oficial de estudios de nivel superior según acuerdo secretarial 
15018, publicado en el Diario Oficial de la Federación del 29 de noviembre de 1976. 

 

Departamento de Electrónica, Sistemas e Informática  

Maestría en Diseño Electrónico 
 

 

 
 

Re-Decode: A General-Purpose CPU architecture 

model for extensive FU usage 

 
 

TESIS que para obtener el GRADO de 
MAESTRO EN DISEÑO ELECTRÓNICO 

 
Presenta: JORGE ALBERTO PADILLA GUTIÉRREZ  

 
Director CARLOS HUMBERTO VÁZQUEZ TELLO  

 
Tlaquepaque, Jalisco. 19 de septiembre de 2025. 



 

 ii 

 
 

 

 

 

 

 



 

 iii 

The idea, development, and completion of this work would not be possible without the constant 

help of my parents, whose love and affection were present every day without hesitation, and also, 

whose support has always been present throughout my career. This thesis is a reflection of 

everything my parents have taught me and their efforts in guiding me to accomplish my dreams. 

Thanks for being my main inspiration and for believing in me, even when I doubt myself. This 

work is theirs as much as mine.  

 

I would also like to include the great direction and help from Carlos Vazquez, the advisor of this 

work, for his constant support and patience through this process. Whose impact in academia and 

the industry makes a high impact, and whose guidance was more than enough for this project to 

be completed. His wisdom and involvement with my academic development were fundamental to 

achieving this objective. Thanks for taking the time to bring me your wise tips and for guiding me 

on every aspect of my academic career. Without his trust and orientation, this achievement would 

not be possible. 

 

Gratitude is in debt to all my fellow coworkers and classmates in my master's, as well as professors 

and directors of the Instituto Tecnológico y de Estudios Superiores de Occidente, who brought the 

tools and opportunities required for my academic development. This program not only inspired 

me, but it also inspired many engineers in the country to be involved in the Pre-Silicon and CPU 

design and architecture world.  

 

And lastly, I would like to thank my partner and love Itzel Vera, for being my constant support 

during this trip; thanks for your patience, your understanding, and for being by my side on every 

step of the way, even in the toughest moments. This work is not only the culmination of my efforts, 

but also of your unconditional support and the strength you give me to keep moving forward and 

never give up. I dedicate every single one of my achievements to you, because without you, 

nothing would have been possible. 

 

 

 

 

 





 

 v 

Abstract 

In the nature of current CPU architectures, the full utilization of the Functional Units (FUs) is not 

always accomplished, generating a negative impact on Instructions per Cycle (IPC). In order to 

get the best performance out of the FUs, the Re-Decode algorithm is implemented as an 

architectural model in the Gem5 architectural simulator; this model redirects the instructions in 

queue into similar instructions, mainly scalar or vector instructions, that will take advantage of 

unused FUs slots without changing the final result of the program. This architectural model takes 

advantage of the instructions affinity, defined as the capability of some instructions to obtain the 

same result value; the instructions with high affinity are pairs of General-Purpose operations and 

their respective Scalar operation for vector registers, as well as the Scalar operations with their 

respective Vector operations, meaning that regardless of being a General-Purpose Register (GPR) 

or a vector register with a Scalar value, the result of their execution will always be the same for 

an independent set of input values. This aims to distribute the instructions more efficiently between 

every FU, concluding with a higher IPC. The Re-Decode architectural model was able to increase 

up to 9% the IPC on a threaded workflow and reduce the number of instructions waiting for an 

FU by a factor of 52 times by being Re-Decoded. 
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Introduction 

Nowadays General-Purpose CPUs are made of a collection of complex blocks of 

combinational and sequential logic which are individually set to accomplish small tasks with a 

specific arrangement of data, this design approach brings the possibility to encapsulate the 

instructions that the CPU decodes and executes in different Pipeline stages and furthermore 

process them independently in each stage, where also multiple other instructions are being 

executed in parallel, this is part of the called Instruction Level Parallelism (ILP) and It is 

fundamental in CPU architecture since current CPUs exploit this capability [1]. Another way to 

increase the number of instructions that are executed in parallel on the CPU comes from the 

introduction of multiple Functional Blocks (FBs) in each stage of the Pipeline, enabling multiple 

instructions to be on the same stage while other instructions are on different stages. 

In order to fully optimize the usage of the FBs in charge of executing instructions, a new 

core hardware architectural model is proposed, with the objective of maximizing the utilization of 

these FBs and reducing the number of idle cycles that impact the Instructions Per Cycle (IPC) of 

the processor. While there are multiple strategies on the state-of-the-art of CPU Design that focus 

on IPC increments, this brand-new architectural model is defined to take advantage of these 

strategies and formulates an extension of the most efficient architecture features. This new 

architectural model not only extends the FBs present on these strategies but also implements new 

logic that maximizes the number of executed instructions and thus provides an IPC increment. 

On state-of-the-art CPU Design, the main division of FBs is composed of two clusters: the 

first one consist of the logic in charge of getting the next instruction pointer with branch prediction, 

fetching instructions and decoding them, which form a cluster called Front End; the second one is 

the logic in charge of executing these instructions and bring them to the registers or back to 

memory, this cluster is called Back End. 

The resources of both Front End and Back End are bounded by timing and area limits, 

causing them to be in a sweet spot that manages good performance, timing and area; but uncore 

factors such as memory frequency generate multiple tradeoffs that limit this sweet spot. It has been 
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proven in CPU architectures that in order to tolerate the gap between processor and memory 

speeds, the size of the critical resources must be increased dramatically to impractical sizes [2]. 

While Front End improvement efforts include tuning on predictions and latency, as well as 

hierarchy of decoding, it is nontrivial to keep the Back End Functional Units (FUs) at 100% 

utilization; the Back End itself contains some of the FBs that limit the utilization of the FUs, one 

of such being the Reservation Stations, also known as Instruction Queues (IQs). The IQs are a set 

of queues where instructions are allocated prior to execution, and these instructions may be either 

waiting for the values to be ready in the registers used or waiting for an FU to be available to 

execute the instruction.  

On the IQs, the impact of lower IPC can be seen by having them either empty or full. While 

the IQ is empty, the instruction flow of the program is set to use other FUs different from the one 

this IQs uses, thus the FU is unused; while the IQ is full, the queue no longer accepts more 

instructions to be fed in until the FU has space to execute, meaning that the Front End may stall 

instructions, and thus, these instructions last longer to execute. It has been proven that VLIW 

architectures with 8 ALUs, where all 8 FUs are executing at the same time, have a negligible 

program execution time, and most FUs work in parallel on the benchmarks, where only 5 run at 

0.74% of the time in parallel [3]. 

The FUs also have a relevant role in the search for their full usage. On current architectures, 

CPUs not only work with integer values, but also with floating point values, the registers are not 

only independent for single values, since there are also Vector registers and Vector FUs, but while 

this technology is not new, these are not always fully used during the execution time. Some studies 

found that Vector FUs are used approximately 30% on the execution time of common programs, 

and less than 40% of their usage includes the whole vector size [4]. This has led to the creation of 

multiple extensions to the most used Instruction Set Architectures (ISAs) that include lots of 

functionalities to these FUs. 

On the back end of the processor, where the FUs lie, the most known strategy for IPC 

improvement is the Tomasulo Algorithm, this is the base component of the Out-of-Order (OOO) 

architecture where the instructions are not necessarily executed in program order and instead the 

instructions are executed when their data is available, also the order will not modify the expected 

result of the program; the Tomasulo Algorithm is in charge of re-naming the registers of the 
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instructions and setting them ready when their data is available, and it keeps their real order stored, 

at the end of execution the data is updated but is only committed back on program order [5]. 

With all things considered, the Re-Decode architectural model is proposed. The Re-Decode 

architectural model consists of the addition of a second decoding stage during instruction 

allocation in the IQs, where it is reviewed if the instruction has similarities with another instruction. 

These similarities are considered valid if and only if the result of the execution is the same in both 

instructions, then the instruction is temporally changed to this other instruction moving to a 

different FU to be executed, and after its execution it is brought back to the original instruction 

form to be correctly retired by the OOO logic. 

The IPC improvement of the Re-Decode Architectural Model comes from the utilization 

of Vector FUs when the workload is mainly on General Purpose Registers (GPRs); since Vector 

FUs are generally less used and GPR FUs are mainly full [4], some instructions will then be moved 

to the Vector FUs, thus, more instructions will be executed at the same time. 

The Re-Decode Architectural Model was implemented in Gem5, an Open-Source 

architectural simulator for investigation in the field of CPU Architecture and Microarchitecture. It 

is one of the most flexible and widely used simulators in academia and research simulators [6]. In 

[7], Akram and Sawalha named this simulator as the best based on flexibility, configurability and 

precision; it is highly precise at calculating the IPC, and it is the most flexible due to the capabilities 

it brings to the architect. 

Gem5 is based on both C++ and Python, where Python defines the top-level classes and 

the simulation scripts, while C++ defines the pure internal behavior of the classes. It also uses the 

Linux library SCons to execute. The simulation scripts instantiate every component required in the 

simulation, which includes the System, Clock Domain, Memory, CPU, Bus, Cache, Controllers 

and Ports. 

The availability of multiple CPUs in Gem5 is a key part on its flexibility, since it can 

simulate Alpha, ARM, SPARC, MIPS, POWER, RISC-V and x86 ISAs both In-Order and Out-

of-Order; it also has a direct execution simulation mode where it does not simulate pipelines and 

instead simulates only executions in 1 cycle [6]. Gem5 also counts with a simple results log, where 

every statistic is shown for ease of usage; it includes every defined statistic in the source code and 

every self-implemented statistic. 
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In this document, first the objectives and research goals are presented, followed by the 

Theoretical Framework, where the state-of-the-art regarding the topic that involves the Re-Decode 

architectural model is defined, including FUs, IQs, Instruction and Data types. Followed by the 

method, where every new concept, algorithm and methodology required for the Re-Decode 

architectural model is proposed, as well as the modifications for Gem5. After that, the experiments 

are included, where the benchmarks used and the metrics evaluated are shown. The final chapters 

include the results, where the benchmarks selected are evaluated with our metrics, future work 

where the things that were not included but can be implemented as improvements are redacted, 

and lastly our conclusions. 
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1. Objectives 

The main objective of this Thesis is to propose the Re-Decode Architectural Model and 

show how its implementation would cause an increment in the IPC of a General-Purpose CPU 

architecture. The Re-Decode Architectural Model modifies the program instructions into similar 

instructions that can be executed on a different FU without changing the result of its execution. 

To show these capabilities, the Re-Decode Architectural Model must be defined, modeled, 

implemented and tested. This document presents and expands on each of these model elaboration 

steps. 

The specific objectives of the definition, implementation and result measurements of the 

Re-Decode Architectural Model are as follows: 

• Identify the scenarios in which the instructions can be manipulated without 

changing their execution result, and while doing so, getting executed on a different 

FU. 

• Formulate an Algorithm that defines how instructions with the found similarities 

can be changed, and therefore, are changed to be executed on a different FU. 

• Elaborate the proposed algorithm on Gem5, the selected architecture simulator. 

• Run simulations of different flows and benchmarks in both the proposed model and 

a reference model with no changes. 

• Compare metrics obtained in the simulations, and show the IPC increment of the 

proposed model. 
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2. Theoretical Framework 

There are some elements on the state-of-the-art of CPU architecture that form a key part 

on the concept of Re-Decode: 

1. Instruction types 

2. FU types 

3. Instruction Queues 

4. Data Type 

5. Registers 

First, Re-Decode takes advantage of multiple instruction types and FU types, here the 

instruction types are segmented by their data type, while the FU type is segmented by the registers 

in which it works. While the FUs are only present on the execution stage of the instruction, other 

functional blocks, like the Instruction Queues, are relevant to the construction of the Re-Decode 

Algorithm. 

Also, the implementation of the Re-Decode Architectural Model takes advantage of the 

flexibility of Gem5; this architecture simulator has a small ramp-up process, and it has a user-

friendly metrics system. It also contains a clear C++ environment where the development of the 

features can be done. 

Another important feature of Gem5 is the variety of ISAs it can simulate. From multiple 

RISC architectures such as RISC-V and ARM, to also CISC like x86, the Re-Decode Architectural 

Model was implemented for x86, which is the ISA present on almost every Desktop and Laptop 

PC in the consumer market, it was developed by Intel first in 1978 and it is still being updated to 

this day. 

2.1. Characteristics of the Functional Blocks 

State-of-the-art CPU architectures are mainly Out-of-Order, i.e., the execution of the 

instructions is not necessary in the same order as the program. This architectural feature exists due 

to the independence of some of the instructions, as well as the time it takes to execute them. 
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Fig. 2-1 A diagram representation of both In-Order and out-of-Order pipelines with color 

distinction of Front End (green) Back End (red) and memory (blue) 



2.  THEORETICAL FRAMEWORK 

 9 

The Out-of-Order concept is also well known in academia, and in the book “Computer 

Architecture: A Quantitative Approach” it is used broadly [5]. Fig. 2-1 shows the typical diagram 

representation of both In-Order and Out-of-Order architectures, this representation includes some 

of the main pipeline stages present in both architectures, since this may vary depending on the 

architecture and microarchitecture of the processor. 

On these architectures multiple FBs are relevant in order to keep the correct track and flow 

of the instruction. Regularly the FUs are divided into different types of instructions that can be 

executed, and into the different latencies these instructions take to be completed. While multiple 

FUs are instantiated, many instructions execute at the same time. 

As Dolejsi Santos Et al. tested in “Functional units utilization in a multiple-instruction issue 

architecture,” [3] using a VLIW architecture, the ALUs implemented can be either instances of the 

same ALU that can execute the same types of instructions, completely different ALUs which each 

can execute independent types of instructions, or a mixture of both. Current commercial CPU 

architectures use both prioritizing the ALUs on which more instructions are executed. 

Considering the P-Core of the Intel Core Ultra series 200, the core architecture clusters 

ALUs in multiple groups, and the instructions can access these groups via ports; these groups are 

categorized by the instruction type it will execute such as Integer, Vector and Memory access. The 

most common ALUs are instantiated multiple times, one for each port that  can access to them, by 

having 6 ports that can access to a basic Integer ALU there are then 6 copies of that ALU, one for 

each port, while other instructions like Floating point division are only present in 2 ports of the 

Vector side, so there are only 2 instances of that FU [8]. 

Another relevant blocks present in Out-of-Order architectures are the Instruction Queues 

(IQs), where the instructions are stored while not being executed. Once an instruction gets to an 

IQ it first waits for its operands to be ready, i.e., waits for their data dependencies to be completed. 

Then, it waits for an FU of its data type to be empty, this is done so it can now execute. 

The IQs are a fundamental element of the Tomasulo algorithm, which is the base of the 

Out-Of-Order architecture, since it defines the flow of the instructions at the Back End in a way 

that they only progress in terms of their dependencies regardless of the order of the program. The 

IQs are the reservation stations of each ALU where these instructions are waiting for their 

dependencies; the instructions may only proceed to execute once no more data dependencies are 

pending, for simplicity, reservation stations are referred to as IQs in the remainder of this text. 
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While all of these happen to the instructions, a reorder logic keeps the original order of 

execution and retires the instructions if and only if the previous instructions are also retired. This 

reorder logic also helps to retrieve the state of the program if an event like an exception or an 

interrupt occurs. 

 

Fig. 2-2 A diagram of the Tomasulo algorithm present in Out-of-Order architectures. 
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The IQ's size is relevant to prevent stalling, and avoiding cycles being lost while the CPU 

waits for some event to happen. IQs will stall the CPU when full; this could happen in 2 different 

ways: 

1. If there are no FUs ready to execute the instructions on the IQ 

2. If every instruction on the IQ is waiting for its dependencies 

A possible solution could be to make sure that the FUs are retiring enough instructions for 

the queues to be both filling dependencies and executing them. 

Fig. 2-2 shows a representation of the Tomasulo algorithm, which is the base model used 

in Out-of-Order architectures. Here, the IQs are presented on the Tomasulo algorithm; there is an 

IQ for each ALU, which are the Int Queue, the Fp Queue, Vec Queue and Mem Queue, and they 

keep the instructions waiting for their dependencies. 

Referring to the FUs, there are FUs capable of executing multiple data at the same time 

called Vector Units. These Vector Units address the SIMD concept by executing individual 

instructions on a defined set of data. The amount of data executed depends on both the operand 

format and the size of the vector register itself. 

In recent years, the work on Vector Units has been focused on Vector Length Agnostic 

Architectures, where the concept of Agnostic Length refers to the capability of the hardware to 

interact with any defined vector length on the software size. This is done by changing the size of 

the vector from the specified on software to the one done on hardware while moving the data to 

one or many registers that fit the size of the physical registers [9]. 

Both Pohl Et al. in “A Performance Analysis of Vector Length Agnostic Code,” [9] and 

Kaddar et al in “Accelerating The Vvc Decoder For Vector Length Agnostic Simd Architectures,” 

[10] show how this technology can be an improvement over the current tendency of increasing the 

vector size for both software and hardware, since this tends to cause code portability issues. 

The trend of extending the instruction set for more vector instructions also shows the focus 

of current architectures on giving more utilization to the Vector FUs. Currently, the x86 ISA is 

expected to be expanded on the Vector FU utilization side by adding more instructions and 

compatibility of bigger vectors with the Advanced Vector Extensions 10 (AVX10), published by 

Intel in the white paper “Intel® Advanced Vector Extensions 10 (Intel® AVX10) Architecture 

Specification” [11] where the Vector functionalities of x86 are expected to be incremented on 

every Client and Server processor. 
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2.2. Hardware Simulation Models with Gem5 

The selected architecture simulator for the Re-Decode Architectural Model implementation 

is Gem5. This simulator requires two main components in order to run a simulation: the Event-

Driven Source Classes and the Simulation Scripts. Once a simulation is run, a set of outputs is 

returned, including the list file of the Objects present during the simulation, and the statistics log, 

which compiles every base and user-defined statistic measurement inside the code of the Source 

Classes. 

Gem5 also counts with a developer guide, which teaches how to use the simulator from the 

Linux requirements to the most advanced examples of both simulation scripts and Classes; the 

elaboration of an architectural model requires both Script creation and Class changes to accurately 

simulate the proposed architectural model. 
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Code 2-1 Example of a Simulation Script for gem5 where every important Class is instantiated. 

2.2.1 Simulation Scripts 

The simulation script is written in Python. It is in charge of instantiating the classes that 

take part in the simulated processor; it uses the tools of M5 and the Classes defined in the source 

code of the simulator. 
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An example of a Simulation script is shown on Code 2-1, where some of the classes 

required for a simulation to be executed correctly can be seen. At first, the System SimObject is 

present, which contains functional configurations like voltage domains and clock domains, 

followed by the instance of these configurations and their respective variables; the next instances 

include the CPU, which is the main class for this implementation and the one that also gem5 

provides with multiple different flavors. A deep explanation of the script is shown in Appendix A. 

After the definition of the CPU, other components such as memory buses, caches, 

controllers and ports are specified, lastly the binary of the code that will be simulated is included. 

All these elements are instantiated and executed in the same Python file. 

2.2.2 SimObjects 

The Source Classes of Gem5, referred internally as SimObjects, are every defined class in 

Gem5 that will take part in the simulation. These are defined at High Level on Python and specified 

at functional Low Level on C++. These SimObjects can be modified to accomplish the architecture 

proposal, as well as integrate new SimObjects into the simulation, if so, these should match the 

inputs and outputs of the SimObjects which they interact with. 

Gem5 works as an Event-Driven simulation instead of being determined by “only clock” 

cycles, which means that the SimObjects behave in terms of the events executed on certain data 

such as the instruction and its dependencies, these events could be defined by any number of 

expected cycles, as well as single cycle, which forms part of the flexibility of the simulator [6]. 

2.2.3 Statistics 

One last crucial element of Gem5 that brings flexibility and ease of use for this 

implementation is its statistics. The SimObject files usually include a Statistics class connected to 

it, in which variables are defined that keep track of events, values, counts and other features that 

can be measured. While gem5 includes a large number of statistical variables by default, it is 

flexible for the implementation of more Statistics classes that will also be included along with 

every default one in the Statistics Dump at the end of the simulation. 
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The dump file shows every measurement done on the simulation, which goes from the basic 

IPC and time of execution to more specific ones like the number of instructions, or the number of 

times an FU was busy and tried to be accessed by an instruction, among many others. Code 2-2 

shows an example of a statistics dump file with only the first metrics shown, since these files are 

longer; these first metrics are the most general, such as time, IPC, instructions and real time. Is in 

this file where the metrics will be obtained and evaluated. 

Gem5’s flexibility also allows that every user-defined statistic variable will be included in 

this dump file; since the Statistic classes are defined in conjunction with its SimObject, a hierarchy 

is shown where the metrics of each SimObject are grouped, this makes every default and user-

defined metric present along with other statistics of the same SimObject. 

 

Code 2-2 Example of a statistics dump file from a simulation on gem5 with only the first metrics. 
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2.3. Instruction Set Architectures 

The Instruction Set Architecture (ISA) of a Processor specifies the way the software and 

the hardware communicate; every processor has an ISA specified, and the software must speak in 

that ISA to run on the hardware. There are 2 main distinctions between the types of ISAs defined 

by the “complexity” of the instructions that the processor can execute, in conjunction with the way 

these instructions are stored in memory; at first, the Complex Instruction Set Computers (CISC) 

have the most complex instructions, and most CISC architectures will have a variable amount of 

bytes in memory, as an example, a CISC architecture may be able to have a single 2 bytes 

instruction that starts a virtualization process as well as a 5 bytes instruction that does a 

transformation in the Galois-Field on a Vector; in the other hand, a Reduced Instruction Set 

Computer (RISC) will only contain simple instructions with a fixed length, for example, it could 

only do additions, multiplications, jumps and memory accesses, and everything is always defined 

in a fixed amount of bytes. 

While RISC architectures such as ARM and RISC-V are widely used, the x86 CISC 

architecture, which is present in almost every desktop and laptop PC, will be the one in which the 

Re-Decode Architectural Model is implemented. Due to the considerable number of instructions 

that use Vector FUs, this ISA brings a complete and easier perspective on how this architectural 

model can be implemented. This implementation is not forced to be x86 only, since the ideas 

presented can be applied to other ISAs. 

The x86 ISA includes a large number of instructions in which the Re-Decode Architectural 

Model can be formulated, this comes from the way it manages data formats. x86 has different 

instructions for different data formats, and it does not require a continuous set of configuration 

operations that modify these on the fly. As an example, x86 can perform additions of 64-bit values 

followed by subtractions of 32-bit values without modifying the configuration registers. 

Another characteristic of x86 is the microcode. This concept refers to the internal 

conversion of regular x86 instructions into RISC-like microinstructions, which are the operations 

that the FUs can execute. Microinstructions bring the capability of forming long flows of reduced 

operations into a single complex instruction which is stored in less memory. 
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2.4. Types of Instructions 

As mentioned widely in this document, state-of-the-art processors will include Vector FUs 

capable of doing operations on vectors of multiple values. This brings the idea of segmenting the 

Instructions into different types according to the data or registers operated. For the Re-Decode 

Architectural Model, 4 different types of instructions are defined: Integer instructions, Floating-

Point Instructions, Scalar Instructions, Vector Instructions and Non-ALU Instructions. 

2.4.1 Integer Instructions 

The simplest of the set are the Integer Instructions. These, as the name implies, will execute 

Arithmetic and Logic operations on Integer Values (Ints), which are stored on the commonly 

known General-Purpose Registers (GPRs). These are well-known instructions and the ones that 

are present in every ISA’s main implementation. 

Regardless of being a CISC or RISC architecture, the Integer Instructions will almost every 

time be RISC-like, this means that there is most likely no microcode conversion required in a CISC 

architecture, and these instructions are easy to understand and map on every ISA; some RISC 

architectures will only include these types of instructions as well as non-ALU instructions in their 

basic implementation. The formats in which Ints can be defined are length defined, which include 

8-bits (byte), 16-bits (word), 32-bits (doubleword), and 64-bits (quadword), and could be either 

signed with 2’s complement or unsigned. 

2.4.2 Floating-Point Instructions 

These instructions will also execute Arithmetic instructions in a set of values called 

Floating-Point Values (FPs). An FP refers to a real number, which includes natural numbers, 

rational numbers and irrational numbers. While the instructions are almost the same for floating-

point and integer sets, the algorithms for solving these operations are more complex. 

The formats for FP values are also defined by their length, some of them being used widely 

such as 64bits (double precision), 32-bits (single precision) 16-bits (half precision) and newer 

formats used mainly on GPUs such as 8-bits (fp8), 4-bits (fp4) and 128-bits (quadruple precision). 
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The format in which these instructions are represented changes between specific sizes, but 3 fields 

are shared among them: 

• Sign, which indicates whether it is positive or negative. 

• Exponent, which indicates the exponent part. 

• Mantissa, which indicated the decimal part of the number. 

Each field has a variable length depending on the format, except for the sign field which is 

always one bit. 

2.4.3 Vector Instructions 

This set of instructions includes both the Ints and the FPs formats with the addition of 

executing the same instruction on multiple different values. This means it executes the same 

Arithmetic or Logic instruction to a set of multiple Ints or multiple FPs at the same time. The 

reason this set includes instructions that operate on Ints and FPs is that both are stored on the same 

vector registers, and the instructions will determine the format of the values on those registers. 

A Vector Register is bigger than an Int or an FP register since it can store multiple of these 

at the same time, regular vector sizes include 128-bits, 256-bits and 512-bits; these sizes are always 

powers of 2 and the format of theirs values will be the same as the ones on regular Int and FP 

instructions, so the amount of values on a vector are determined by the size of the vector and the 

size of the operands, for example, by having a 128-bits vector and executing an add instruction 

with single precision values, 4 different operands fit in the vector, and thus, executes a single 

instruction with 4 values at the same time, this instruction would be VADDPS on x86. 

2.4.4 Scalar Instructions 

The Scalar instructions are a subset of Vector Instructions which are defined separately due 

to their relevance for the Re-Decode Architectural Model, these are vector instructions that will 

only execute on 1 singular operand, that is, regardless of the size of the vector register it will only 

execute on the lower part of it where the singular operand is present. 
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There are some scenarios in which a scalar operation is required, as the name implies 

physics and mathematics, a scalar can be multiplied by a matrix or vector. An example of an x86 

scalar instruction is VADDSD, which is a vector addition scalar in double precision values; x86 

has flexibility with scalar instructions, where the ‘S’ in the 2nd to last letter indicates it is “scalar”. 

The definition of scalar instructions is fundamental for Re-Decode, since their difference 

against Integer and Floating-Point instructions is the register in which they execute and thus also 

the FU in which it executes, the Scalar Instructions execute on single values placed at Vector 

Registers, so they also execute in Vector FUs. 

2.4.5 Non-ALU Instructions 

Lastly, a set of instructions called Non-ALU Instructions is defined, these include flow 

control and processor configurations; this mainly includes GPRs and can be executed on the Int 

FUs, but for the Re-Decode Architectural Model, Integer instructions are consider mainly the ALU 

operations that are based on the execution of an arithmetical or logical operation with input values 

that results on an output value. Since the Re-Decode Architectural Model works on Arithmetic and 

Logic Instructions. This set of instructions will be categorized aside.
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3. Method 

The Re-Decode Architectural Model is defined as an algorithm to be implemented in the 

simulator. To achieve it, a Re-Decode hierarchy and an Affinity rule were proposed. While the 

hierarchy defines how the instructions will be Re-Decoded, the Affinity rule identifies if the 

instruction can or cannot be Re-Decoded. At the end, the Affinity concept is used between 

instructions of different categories, where such categories are the different instruction types 

(defined in Section 2.4) ordered hierarchically in such a way that the Re-Decode may have a bigger 

impact on the IPC. 

3.1. Instruction Categories and Re-Decode Instances 

The defined categories for Instruction types bring the possibility of identifying the 

instances of Re-Decode occurrences. Since the main benefit of the Re-Decode Architectural Model 

comes from increasing the usage of the FUs that are not being used, with this premise, Re-

Decoding an instruction to a similar instruction that utilizes a different FU and expects the same 

output is the main focus of this model. With this information, it is concluded that the instances are 

the different transformations between the instruction types. 

The possible changes between instruction types that function as Re-Decode instances are 

as follows: 

• Integer Instructions to Scalar Instructions 

• Scalar Instructions to Integer Instructions 

• Floating-Point Instructions to Scalar Instructions 

• Scalar Instructions to Floating-Point Instructions 

• Scalar Instructions to Vector Instructions 

• Vector Instructions to Scalar Instructions 

• Vector Instructions to Bigger Vector Instructions 

• Vector Instructions to Shorter Vector Instructions 
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For simplicity purposes, the combination of Int instructions and FP instructions will be 

considered as General-Purpose Register (GPR) Instructions, while on some architectures like x86 

the FP values are not present on the GPRs and instead have their own registers, the combination 

comes from the concept of having a singular register for a singular value. That brings us to the 

following instances: 

• GPR Instructions to Scalar Instructions 

• Scalar Instructions to GPR Instructions 

• Scalar Instructions to Vector Instructions 

• Vector Instructions to Scalar Instructions 

• Vector Instructions to Bigger Vector Instructions 

• Vector Instructions to Shorter Vector Instructions 

It is important to include that transformations between GPR and Vector instructions can be 

achieved by doing an initial transformation to Scalar, this is done so that the transformations do 

not imply multiple changes individually and reduce the requirements of completing them. 

3.1.1 GPR to Scalar 

The first instance, expected to provide the higher IPC benefit, comes as the main focus of 

implementation; a GPR instruction can be converted in a Scalar instruction with the same 

precision, if the GPR FUs are full and the Scalar IQs are almost empty, re-decoding this will send 

the instruction to a different FU and thus more instructions will be executing in parallel. 

Doing this kind of change also requires changing the register, since the FUs take different 

registers, so a pointer to the instruction should save the logical (GPR) register of the original 

execution plan and the new physical (vector) register, and prior the retirement of the instruction 

should redirect the value to a corresponding physical GPR and update the original logical register 

with the new value. 

A basic example of this scenario is Re-Decoding an addition, by converting our integer 

addition instruction into a scalar addition, the only difference will be that it uses the bigger vector 

registers on a different FU, but the execution will result in the same value for the same pair of 
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inputs, extrapolating this behavior to other arithmetic instructions on GPRs the same result will be 

expected on Scalar registers. 

3.1.2 Scalar to GPR 

In contrast to the instance presented previously, the opposite move can be done in case of 

excessive usage of scalar instructions while the GPR FUs are empty. An example would be to 

transition from a scalar addition to a regular addition on GPRs, where the same concepts apply. 

3.1.3 Scalar to Vector 

The second fundamental case, is the instance where multiple scalar operations are on the 

queue and can be merged into a vector instruction. This instance of Re-Decode can be applied to 

instructions that have already been Re-Decoded; that is, even GPR instructions previously Re-

Decoded to Scalar can also be now transformed to Vector if there are enough Scalars to merge into 

a Vector. 

This scenario now depends on more than one instruction of the same type to be present on 

the queue; regardless of this Re-Decode instance merging multiple instructions instead of just 

converting one, the same logic that defined the possibility of converting it to a similar instruction 

is used independently of the number of instructions.  

For example, two instances of scalar additions can be merged together into a vector 

addition, where the vector contains the two elements and each addition is done independently but 

at the same time in the same vector FU; this scenario will improve the IPC since at software level 

it is executing more instructions at the same time while at hardware level is merging instructions, 

while it’s expected to have an impact on power and possible latency increase. 

3.1.4 Vector to Vector 

The final fundamental case, one that is proposed but its implementation is outside the scope 

of this project, is when the Vector Agnostic concepts are applied to now modify singular 

instructions into multiple similar instructions of shorter dimensions or merge multiple similar 
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instructions into one of bigger vector length. The Re-Decode architectural model gets benefits 

from vector agnostic architectures since the transformation of vectors to a length independent from 

the instruction itself gives the freedom to the compiler to optimize the code in the best theoretical 

way, and the hardware adapts it to its capabilities without changing the execution flow [9]. 

Increasing the size of the vector with multiple instructions is the second way in which Re-

Decode can merge instructions, this is focused on the IPC since it reduces the time it takes to 

complete the program instructions; in the other hand, decreasing the size is only beneficial if the 

size of a vector agnostic architecture is small, or if there are objectives on reduction of power 

consumption, since these are not the focus of this project those are only mentioned as theoretical 

improvements for the Re-Decode Architectural Model. 

Similar to the Scalar to Vector scenario, this scenario will also merge instructions. As an 

example, two instances of vector additions, with 2 elements each, can be merged into a bigger 

vector addition of now 4 elements if the implemented vector size allows it. 

Since both Scalar to Vector and Vector to Vector Re-Decode instances depend on having 

the complete Re-Decode logic encapsulated before the retirement of the original instructions, i.e. 

the Vector instruction has to be executed and then brought back to Scalar or to the original sized 

Vector before retirement, and each instruction retires as their original program order. If any 

element of the new vector should not be retired (for example, comes from a branch mispredict) it 

will be executed on the Re-Decoded Vector, it will then be restored to the original instructions, 

and the retirement flow will follow the program order, so any instruction prior to the mispredict 

will correctly retire, and any instruction after will not retire. Additionally, Scalar to Vector and 

Vector to Vector Re-Decode can only occur if none of the instructions being merged have data 

dependencies on each other. 

3.2. Re-Decode Hierarchy 

The proposed hierarchy, that the Re-Decode Architectural Model uses, defines which types 

and in what order the Re-Decode can be done individually. That is, one step of the hierarchy is 

one individual application of Re-Decode, if the objective is to do multiple hierarchy jumps, it 

instead needs to go to the middle stages first. 
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The categories in which an instruction can be Re-Decoded are: 

1. GPR (INT and FP) 

2. Scalars 

3. Vectors 

Thus, the actual Re-Decode on an instruction implies a switch between the levels of this 

hierarchy: 

1. GPR -> Scalar 

2. Scalar -> Vector 

3. Vector -> Vector 

3.3. Affinity 

The Affinity of an instruction is defined as the characteristic of a tuple and represents the 

ability of obtaining the same result from both instructions of the tuple with the same input 

operands, that is, the relation between 2 instructions where the result will be equal with the same 

input values. If an instruction has affinity with another it means that both instructions will execute 

towards the same solution. It is important to mention that the output of both instructions will match 

if the inputs of one instruction match the inputs of the other, regardless of the input value. 

If an instruction has affinity with another instruction, but it is required that one of the 

instructions converts the format of the input to match the type of the other instruction, it is still 

considered that both instructions have affinity, but in a lower manner. For example, if a GPR 

instruction takes an integer input, converts it to floating point, and adds it to another FP value, it 

will have affinity with a Scalar FP addition, but it will require first a Scalar Conversion from Int 

to FP.  

The affinity of the instructions can be obtained by analyzing the different ISA instructions 

and pairing the ones that accomplish the same operation but with different register sources. Vector 

-> Vector is the easiest to identify since the same instruction can operate on multiple instruction 

lengths, but the other hierarchy jumps can also be matched as well. In order to formalize these 

concepts, a function is proposed. 
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3.3.1 Affinity Function 

The Affinity Function is a comparison, where the input is a tuple made of 2 instructions, 

and the output is a discrete value that defines the level of affinity between those 2 instructions. The 

affinity function does not consider the operands of the instructions, only the instructions 

themselves, so the level of affinity will cover every possible input on the instructions. 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛1, 𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛2) = 𝑥, 𝑥 ∈ {ℎ𝑖𝑔ℎ, 𝑙𝑜𝑤, 𝑛𝑢𝑙𝑙} (3-1) 

The output of (3-1) is an element of a set of categorical elements, composed by high, low 

and null; high and low refer that there is affinity between both instructions, while null refers to the 

fact that there is no affinity between both instructions. 

If both instructions have high affinity, it means that both will output the same result of 

execution for the same input operands. 

If both instructions have low affinity, both instructions will also output the same result of 

execution, but some data conversion is needed to fulfill the execution. Data conversion refers to a 

format change (such as Int to FP) or precision change (such as single precision to double precision). 

If both instructions have null affinity, it means that there is no guarantee both will result in 

the same output for a shared input. 

3.3.2 Examples of Affinity 

Considering the x86 ISA [12], which is used on this Re-Decode Architectural Model 

implementation, there are multiple examples of different addition types and their affinities. 

Starting with GPR -> Scalar, the basic ADD instruction has high affinity with VPADD, 

this is a Vector Addition of Integers, by inputting one value to the vector or mask every element 

out but the first one, it recreates a scalar addition with an integer value; this applies for every int 

precision (8, 16, 32, 64) so the precision is not specified in the example, in x86 the precision is 

specified on GPR instructions with the register name (for example AL, AX, EAX, RAX 

respectively) and on vector registers with the last letter of the instruction (for example VPADDB, 

VPADDW, VPADDD, VPADDQ), an ‘X’ is used to imply that any of these versions work. 
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𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝐴𝐷𝐷, 𝑉𝑃𝐴𝐷𝐷𝑋𝑀𝑎𝑠𝑘𝑒𝑑) = ℎ𝑖𝑔ℎ (3-2) 

The FADD instruction, which is the same addition but for FP values on x87, has high 

affinity with the VADDS instruction since the regular FP sum and a scalar FP sum will result in 

the same value; an important consideration involves the default precision of the x87 which is 

extended precision (80bits), this is not present on vector nor scalars, but configuration registers 

can be programmed such that FP registers will also execute with single or double precision formats 

by rounding the result to the specified format, since this configurations are done at config registers 

level and not by adding conversion instructions, that is why is still high affinity. As mentioned in 

2.4.4 the ‘S’ in the instruction stands for Scalar, as opposed to, if it were a vector instruction it 

would have been VADDP where the ‘P’ stands for Packed, both ‘S’ and ‘P’ are followed by the 

precision (32 and 64 which are S and D respectively); for x86 instructions is important to consider 

the position of the Packed ‘P’ letter, if its present before the mnemonic (ADD in these examples) 

it is executing on int values, and if its present after the mnemonic it is instead executing on FP 

values. 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝐹𝐴𝐷𝐷𝑅𝑜𝑢𝑛𝑑 , 𝑉𝐴𝐷𝐷𝑆𝑋) = ℎ𝑖𝑔ℎ (3-3) 

The VPADD instruction can have a mask, which was used for (3-2) to leave only one 

element, and this instruction has high affinity with itself with an unmasked version (or a masked 

version where more than 1 value is present). This is not a GPR -> Scalar Re-Decode but instead a 

Scalar -> Vector instance, and since the instruction is the same, the execution of the individual 

operands will always be the same; thus, the VPADD masked instruction has high affinity with the 

regular VPADD instruction. The affinity function only implies that the VPADD masked 

instruction has high affinity with the regular VPADD and can be Re-Decoded, but an 

implementation of Re-Decode will also include a counter of how many VPADDs are, since it is a 

Scalar -> Vector Re-Decode, requires at least 2 instances of the same instruction to merge 2 scalar 

values into one vector of 2 elements. 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝑉𝑃𝐴𝐷𝐷𝑋𝑀𝑎𝑠𝑘𝑒𝑑, 𝑉𝑃𝐴𝐷𝐷𝑋) = ℎ𝑖𝑔ℎ (3-4) 

The VADDS instruction has high affinity with the VADDP instruction, this uses the same 

argument as VPADD with mask and regular, but now on scalars and vectors of FP values, here as 

mentioned for (3-3) the ‘P’ for Packed is present, and a vector instruction is considered a ‘Packed’ 
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instruction; it also uses the same argument of considering the amount of instructions for the Re-

Decode implementation while the Affinity Function will only return if it can be done regardless of 

the number of instructions. 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝑉𝐴𝐷𝐷𝑆𝑋, 𝑉𝐴𝐷𝐷𝑃𝑋) = ℎ𝑖𝑔ℎ (3-5) 

Now for the Vector -> Vector scenario, it will require a transition in vector length instead 

of instruction, thus, the same instruction is utilized; considering the same addition type 

instructions, the VADDP instruction with xmm registers (of 128 bits) has high affinity with the 

same instruction but with ymm registers (256 bits). 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝑉𝐴𝐷𝐷𝑃𝑋𝑥𝑚𝑚, 𝑉𝐴𝐷𝐷𝑃𝑋𝑦𝑚𝑚) = ℎ𝑖𝑔ℎ (3-6) 

The same applies for VPADD instructions, it has high affinity with itself for different 

vector lengths. 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝑉𝑃𝐴𝐷𝐷𝑋𝑥𝑚𝑚, 𝑉𝑃𝐴𝐷𝐷𝑋𝑦𝑚𝑚) = ℎ𝑖𝑔ℎ (3-7) 

Going back to GPR -> Scalar, there is a scenario with low affinity for x86, and this is the 

case for FIADD. This is an x87 instruction that uses an int operand, converts it into FP, and then 

adds it to another FP value, resulting in FP. This instruction has low affinity with VADDS since 

the output will be the same regardless of the input if and only if a conversion is added for VADDS 

that converts the input from GPR to FP. 

The conversion instruction depends on the precision of the integer value, and it has to be 

inserted before the Re-Decoded instruction. In this example, a VCVTSI2SD instruction must be 

added, it will do a conversion from Int to double precision FP. 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝐹𝐼𝐴𝐷𝐷, 𝑉𝐴𝐷𝐷𝑆𝑋) = 𝑙𝑜𝑤 (3-8) 

Lastly, considering the GPR instructions ADD and FADD, these have null affinity between 

themselves, since the addition is done differently for Ints and FP and thus, the result will not always 

be the same for matching input operands. This example does not obey the Re-Decode Hierarchy 

mentioned in 3.2 but it is used to show an example of null affinity. 

𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦(𝐴𝐷𝐷, 𝐹𝐴𝐷𝐷) = 𝑛𝑢𝑙𝑙 (3-9) 
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3.3.3 Affinity Table 

In terms of implementation, to keep track of which instructions which are already decoded 

and queued can be Re-Decoded, and also keep track of these Re-Decoded instructions up until 

before their retirement, so these instructions are brought back to their original instruction’s 

registers, the implementation requires an Affinity Table and a Re-Decode Queue. 

The Affinity Table is a ROM like block where every Re-Decode definition is possible, the 

inputs are the elements that define the instruction like its opcode, and the output is the instruction 

with which it has either high or low affinity, as well as the identifier of it having high affinity; if it 

has low, both the low affinity instruction and the conversion instruction that should be inserted 

prior, with the identifier of low affinity. 

The Re-Decode Queue is a parallel queue from the Instruction Queue where a pointer or 

an identifier of the Re-Decoded instructions is placed, and it includes both the original version 

identifier such as the opcode and the new Re-Decoded version. This queue has the objective of 

keeping track of the instructions during their execution flow. 

Prior to the retirement of the instruction, the Re-Decoded instruction must be returned to 

its original version, this will keep the execution flow defined by the program and will prevent any 

dependencies of Re-Decode on other external logics such as the Tomasulo algorithm. Keeping the 

Re-Decode logic isolated and independent by bringing back the original instruction at the end will 

allow the ROB logic to function as normal, and any flush or mispredict can also behave normally. 

Appendix B shows the Affinity Table of x86 instructions, which includes the instructions 

that have either high or low affinity, their FU type, affinity type and the instruction with affinity. 

3.4. Re-Decode Algorithm 

In order to implement the Re-Decoding logic, an algorithm is proposed, which includes the 

Affinity Function and a newly defined Re-Decode Function. This algorithm works from the IQs, 

across the Execution pipe, and up to retirement at the same level as the Tomasulo algorithm. 

These are the steps of the Re-Decode Algorithm: 

1. The instructions in the IQ are inputs to the affinity table. 

2. The number of instructions in the respective IQs is measured. 
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3. If the affinity is high or low, the number of instructions on the IQ assigned to the 

instruction with affinity is measured. 

4. If the number of instructions on the source instructions’ IQ is considerably more 

than the one of the affinity instructions, these instructions are Re-Decoded and sent 

into the affinity instructions’ IQ. 

5. The original instruction is stored on the Re-Decode Queue to bring it back at the 

end. 

6. The instructions flow as the new Re-Decoded instructions to their respective new 

IQs and FUs. 

7. After execution and before retirement, the instruction is brought back to its original 

form, including its format and its original registers. 

These steps can be performed multiple times on the same instruction to occupy the most 

possible FUs in parallel, getting the instruction to do multiple jumps on the Re-Decode hierarchy. 

For example, first doing a GPR -> Scalar Re-Decode, followed by a Scalar -> Vector Re-Decode. 

If Re-Decode is available with an instruction with low affinity, the addition of the 

conversion instruction should not negatively impact the IPC, since the availability of Re-Decode 

implies the possibility of using other FUs, and this reduces the latency of the instruction by 

reducing the cycles it spends on the IQs, the impact on latency of adding a conversion instruction 

should be smaller than the original latency on the IQ. The low affinity scenario is left as future 

work since it details the implementation rather than the architecture. 

3.4.1 Re-Decode Function 

Step 4 of the algorithm defines the inputs and outputs of the Re-Decode Function used for 

this algorithm; its definition is a function that receives 7 input elements: 

1. Instruction type to Re-Decode. 

2. The number of instructions of the same type to Re-Decode. 

3. The output of the Affinity Table. 

4. An indicator of the fullness of the IQ of the instruction to execute. 

5. An indicator of the busyness of the FU of the instruction to execute. 

6. An indicator of the fullness of the IQ of the instruction with affinity. 
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7. An indicator of the busyness of the FU of the instruction with affinity.  

The output is a nominal indicator that determines the hierarchy jump of Re-Decode for the 

instruction, which could be either GPR -> Scalar, Scalar -> Vector, Vector -> Vector, or null if it 

cannot be Re-Decoded or will not be since it is not required. 

Since the Affinity Table already gives us the instruction with Affinity, the Re-Decode 

Function receives this output and uses it to define its own output, the Re-Decode Function is then 

used as a control function that propagates the signals that indicate which instruction will be used 

between the original instruction and the instruction with Affinity.  

𝑅𝑒𝐷𝑒𝑐𝑜𝑑𝑒(𝐼𝑛𝑠𝑡, 𝐶𝑜𝑢𝑛𝑡, 𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦, 𝐼𝑄𝐹𝑢𝑙𝑙𝐼𝑛𝑠𝑡 , 𝐹𝑈𝐹𝑢𝑙𝑙𝐼𝑛𝑠𝑡 , 𝐼𝑄𝐹𝑢𝑙𝑙𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦 , 𝐹𝑈𝐹𝑢𝑙𝑙𝐴𝑓𝑓𝑖𝑛𝑖𝑡𝑦) = 𝑥 

𝑥 ∈ {𝐺𝑃𝑅 → 𝑆𝑐𝑎𝑙𝑎𝑟, 𝑆𝑐𝑎𝑙𝑎𝑟 → 𝑉𝑒𝑐𝑡𝑜𝑟, 𝑉𝑒𝑐𝑡𝑜𝑟 → 𝑉𝑒𝑐𝑡𝑜𝑟, 𝑛𝑢𝑙𝑙} 

(3-10) 

In the first Re-Decode hierarchy level, if the amount of GPR instructions executing and 

waiting on the IQ are significantly bigger than the amount of scalar instructions, and the instruction 

has affinity with another scalar instruction, the function outputs an identifier indicating this 

instruction will do a GPR -> Scalar Re-Decode; this instance does not consider the amount of equal 

instructions since it only converts one instruction to another without merging or splitting. 

At the second Re-Decode hierarchy level, if the Scalar queue has multiple instance of the 

same type of instruction, since regularly this IQ is shared on scalar and vectors, and the instruction 

has affinity with another vector instruction, the function outputs an identifier that indicates this set 

of instructions will merge for a Scalar -> Vector Re-Decode; the function should consider that the 

amount of instructions and the precision of their operands match a vector size. 

Finally, in the last Re-Decode hierarchy level, the Vector -> Vector Re-Decode also 

considers the number of instructions. It is expected that it will have high affinity since it will have 

it with itself; the change of vector size should match possible sizes according to hardware, number 

of instructions or power management needs. 

3.5. Architectural Model Implementation 

The implementation of the Re-Decode Architectural model in Gem5 consists of the 

addition of a class that refers to the affinity table, and the definition of the Re-Decode Function 

which is implemented close to the IQs. 
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Code 3-1 Definition of the AffinityTable class in affinity_table.hh 

3.5.1 The AffinityTable Class 

A new class is added to Gem5 called AffinityTable, which is defined in both 

affinity_table.hh and affinity_table.cc files. On the header, an unordered_map is used as the stored 

definition of the instructions with affinity. A base constructor is defined without input arguments, 

and most importantly, the getAffinity() function is specified, as the return of the instruction with 

affinity. The header file is shown in Code 3-1. 

The first consideration on the implementation is the usage of the OpClass instead of the 

instruction for both input and output, this is due to the simplicity of its usage to obtain the 

Instruction type and thus the IQ and the FU in which it will be executed; the FU types are strictly 

defined for their instruction types and their definition is almost identical to the types defined in 

this document, furthermore, the instructions can be grouped by their OpClass and the performance 

should be equal to the expected. 

Another consideration includes the singular output of the OpClass with affinity without 

including the level of affinity, the reason to be implemented this way is to reuse the same argument 

of the OpClass usage instead of the instruction, the instructions with low affinity will still be sent 
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to the destination FU with affinity including the conversion instruction, that is, the conversion 

instruction will have the type of the affinity instruction so it executes on that same FU. 

In the affinity_table.cc file the definition of the elements of this table is present, as shown 

in Code 3-2. As mentioned early the used keys and values of the unordered map are OpClass, 

which is the identifier of the instruction type, one big consideration is the definition of 

SimdShadow OpClasses, this OpClasses were added so that Scalar -> Vector Re-Decode is easier 

to define and identify on the simulation, the argument on their implementation comes from the fact 

that converting a scalar instruction into a vector instruction will use the same registers with the 

same FU, with the only difference on the amount of bits in the register that are considered.  
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Code 3-2 Definition of the entries of the Affinity Table in affinity_table.cc 

If a “shadow” unit is defined it will only be accessed when Re-Decode is used as a new 

vector instruction, this FU will not function as a regular FU and thus it will not be considered as 

adding FUs to the design, plus, it always executes in parallel with the regular SIMD FU from 

which the instruction executes, so it can be considered as an extension of that same FU that will 

only be used when Re-Decode call it, that is, if and only if Scalar -> Vector is done. 

If the OpClass of an instruction is not present on the table it means that such instruction is 

an instruction that cannot be Re-Decoded, which is also an argument that benefits the 

considerations done on the implementation of this architectural model. 

3.5.2 The Re-Decode Function on inst_queue.cc 

The second implementation requirement on Gem5 is the Re-Decode algorithm, which is 

implemented on the inst_queue.cc file and is shown on Code 3-3. This file is where the IQs are 
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utilized, Gem5 counts with an implementation of 2 layers of main IQs relevant for Re-Decode; the 

first is instList, where for every thread the instructions are waiting for their dependencies, the 

second is readyInsts, where for every OpClass the instructions are ready to execute and now wait 

for their respective FU. Since readyInsts is a set of arrays for every OpClass, readyInsts can be 

considered a set of queues for each FU type. 

Code 3-3 Definition of the Re-Decode algorithm implemented in inst_queue.cc 
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Code 3-4 Definition of the redecode() function and the used variables. 

The algorithm first gets the affinity, and with it measures the number of instructions in the 

queues of each FU. The implementation counts a minimal difference of 1 instruction between both 

queues, but this can be changed according to the architectural needs. If the difference between the 

number of instructions matches the required, it then Re-Decodes the instruction and sends it to the 

appropriate new IQ. 

The algorithm Re-Decodes the instruction in 2 independent revisions, where the first is 

done for GPR -> Scalar and the second is Scalar -> Vector. This allows jumping in the 2 hierarchy 

levels on one instruction if possible. The redecode() function and its variables are defined on 

dyn_inst.cc and shown in Code 3-4.  

The last consideration in the implementation is the simplification of OpClasses overall 

instead of the complete modification of the instructions. The reason this is done, other than 

simplicity of implementation and explanation, is by the nature of Re-Decode being executing 

similar instructions. For Gem5, the scalar and vector instructions share the base operation of a 

GPR instruction and only change the OpClass as well as sizes, thus, doing this change on 

simulation as well results in the same as the way is implemented. Also the registers are not 

changed, since in Tomasulo the registers are renamed, and at the end brought back to their original, 

that same renaming can be used to visualize a new register of a different type and at the end it will 

also get back, so doing multiple changes to the same logical register only adds logic that results in 

the same destination as our implementation. 

With this implementation the Re-Decode Architectural Model is completed and ready to 

be tested, but in order to measure these changes, some Statistics have been added as well; on the 

iqStats class the instReDecoded statistic is added, where each instance of Re-Decoded instructions 

is counted, its usage is shown in Code 3-3 and its definition in Code 3-5. 
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Code 3-5 Addition of the instReDecoded statistic in inst_queue.hh 
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4. Experiments 

To test the efficiency of the Re-Decode Architectural Model, assessing the IPC increase, a 

set of benchmarks between 2 models was used, first the reference/golden model, which includes 

the basic implementation of Gem5, and then the Re-Decode Model, which includes the 

modifications mentioned in 3.5. 

4.1. Model Characteristics 

The Re-Decode model was constructed on top of the reference model, inheriting the same 

Out-of-Order x86 architecture, which is defined as X86O3CPU; this can be done since Gem5 

brings the possibility of running not only multiple ISAs but also different architectures and 

simulation models. On top of it, the changes to include the affinity table have been implemented, 

as well as the Re-Decode function as defined in 3.5 for the Re-Decode model. 

The amount of FUs was modified in both models to have a balanced scenario, counting 

with 3 IntALUs and an IQ of 32 instructions. This model also counts with 4 threads defined by the 

build command for Gem5 “scons build/X86/gem5.opt -j 4”. This model also has multiple 

instruction queues as defined in 3.5.2 where instList is a general queue for every instruction 

waiting for its dependencies, and readyInsts is a set of queues, one per each OpClass, where the 

instructions are now waiting for an available FU for execution. 

This model also includes a set of Statistic classes, where multiple variables store the 

number of statistics that measures multiple characteristics of the simulations, including basic 

metrics like IPC and Throughput, and more specific ones for every component inside the simulator 

such as the number of instructions executed per FU, branch mispredictions and memory misses. 

Inside our simulation script, the definition of the cache is controlled by a parameter with 

the parser for the execution command, as shown in Code 4-1. The L1 instructions cache was 

defined with 64kB, the L1 data cache with 128kB, and the L2 with 1MB. The command used for 

these experiments is “build/X86/gem5.opt src/tutorial/simple_script.py --l2_size='1MB' --

l1d_size='128kB' --l1i_size='64kB'”. 



4.  EXPERIMENTS 

 40 

Code 4-1 Parser system for cache arguments coming from the command line. 

The rest of the characteristics defined on the script are explained in Appendix A. some of 

those definitions include a 1GHz frequency with a 512MB external memory, these numbers are 

not close to a state-of-the-art CPU, but that same configuration is used in both models, thus, the 

IPC increment can be visualized with the difference between the 2. The definition of the frequency 

and external memory is shown in Code 4-2. 

Code 4-2 Definition of the frequency and external memory in the simulation script. 

4.2. Benchmarks 

The Benchmarks selected to evaluate the IPC differences between the reference model and 

the Re-Decode model are: Dhrystone, Whetstone and Gem5’s threads benchmark. Dhrystone is a 

benchmark focused on integer performance, Whetstone is a benchmark that, in contrast, focuses 

on FP performance, and lastly the threads benchmark which is present on the gem5 model. 

The Threads Benchmark is a simple C++ code included on the Gem5 repo as well as other 

workflows and C++ programs, this is the longest and most complex of these included flows since 

it utilizes the defined number of threads on elaboration, it is based on arithmetic operations to 
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pointers and their respective variables [6]. This benchmark is selected since it represents what can 

be considered a daily basis workflow. 

Dhrystone is a synthetic benchmark developed by Reinhold P. Weicker, which seeks to 

represent intensive programming workflows with integer instructions [13]. This benchmark was 

created in 1984 but has been constantly updated through the years. Its last official version, 2.1, 

was released in 2010, and since then it has been publicly modified. The version used for Re-Decode 

was refurbished in 2023 by Nick Felker [14]. 

Whetstone is a synthetic benchmark designed originally by the Technical Support Unit of 

the Department of Trade and Industry, which was seeking to evaluate the performance of 

computers with FP instructions. This benchmark has also been improved during the years; the 

version used for Re-Decode was developed by Netlib [15] and is implemented in Gem5 in the 

same way Dhrystone was included. 

Dhrystone includes multiple scenarios in which Re-Decode is present, this benchmark is 

selected since it is an example of the best performance Re-Decode could have, this comes from 

the fact that Dhrystone exercises an excessive amount of integer instructions with combinations of 

both dependencies between them and independent to others, the exhaust utilization of int 

instructions will cause the fullness of both the FUs and the IQs for these instructions, and this 

scenario is where Re-Decode is mostly used for GPR -> Scalar transitions. 

In contrast, Whetstone includes fewer Re-Decode scenarios; thus, this benchmark is 

selected as the example of the worst case scenario for Re-Decode, since Whetstone utilizes more 

FP instructions without removing the need of int and flow control instructions, the balance of 

instructions among the FUs and the IQs is not completely demanding on one instruction type and 

instead are more distributed, thus the scenarios of Re-Decode are not as common as on Dhrystone. 

Lastly the Threads benchmark is the one that represents a common workflow instead of an 

specialized workflow, thus its representation of a daily basis flow complements the other 2 

benchmarks, this benchmark comes on the Gem5 repository and it is utilized frequently with this 

simulator, the threads scenario does not specializes od any instruction type, so the balance of 

instruction types is similar to a regular flow of any program. With these 3 benchmarks, Re-Decode 

can be tested and measured completely. 
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4.3. Metrics 

The metrics evaluated in the simulation results include the IPC, which is our main 

performance indicator, the amount of times an instruction tries to access an FU that is completely 

busy and thus it has to wait extra cycles in order to execute, the number of accesses to the individual 

FUs, and also the amount of Re-Decode instances, that is, how many times an instruction was Re-

Decoded. 

These metrics can be mapped to a Statistic variable in Gem5, at first the IPC which is used 

for its own purpose of Instructions per Cycle, and FuBusy which is the number of times an 

instruction tried to access to its FU to be executed and this one was busy, thus causing the 

instruction to wait more cycles. 

 Other metrics can be implemented with manually defined Statistics; in order to count the 

number of times that any instruction was Re-Decoded, instReDecoded was defined; with this last 

statistic is also expected to see an increment on vecAluAccesses, since vecAlus are the FUs for 

both scalars and vectors. Also, instReDecoded can be merged with the addition of the AluAccesses 

statistic to see how the instructions are distributed on the FUs after Re-Decode. 



 

43 

5. Results 

After running the Dhrystone, Whetstone, and Threads Benchmarks on both the reference 

model and the Re-Decode model, an improvement of the Re-Decode model can be seen over the 

reference in all tested benchmarks. Appendix C shows the stats.txt file of every benchmark run of 

each model. 

5.1. Architecture IPC 

The first metric compared between both models is the IPC, the Instructions Per Cycle 

metric is one of the most important metrics on CPU architecture since it counts how many 

instructions are executed for each clock cycle. This metric is not only based on retirements, but it 

also includes the negative impact of branch mispredictions. This is the most used statistic overall 

on CPU design thanks to its simplicity and completeness. 

Starting with the threads benchmark, which has an IPC of 0.988040 on the reference model, 

incremented on the Re-Decode model to a value of 1.078998. The Dhrystone benchmark on the 

reference model had an IPC of 1.948333, whereas the Re-Decode model had an IPC of 2.063805. 

Lastly, the Whetstone benchmark started with an IPC of 1.930105 on the reference model, while 

on the Re-Decode model was a value of 1.975303. 

 

Fig. 5-1 IP Comparison between the run benchmarks, the darker color represents the increment 

of Re-Decode compared with the reference model. 
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The threads benchmark counts with the biggest IPC increment of 9.2% over the reference 

model, Dhrystone is close with an increment of 5.9% in the IPC and lastly Whetstone with an 

increment of 2.34%, the results are expected since Whetstone is the benchmark that include the 

least amount of Re-Decode scenarios, Dhrystone being the workflow with the most expected 

instances has a good increment, and the threads run which represents a daily basis comes with 

almost 10% of IPC increase, since it presents more common instruction distributions has a higher 

density GPR FUs and thus brings more Re-Decode scenarios. 

The average IPC increase of the 3 benchmarks is 5.8%, which proves that the Re-Decode 

Architectural Model provides an IPC increment to the CPU. Fig. 5-1 shows the benchmarks with 

their respective IPCs on the vertical axis; the darker color represents the increment in the Re-

Decode model compared with the reference model. 

5.2. FuBusy Statistic 

The next metric that is evaluated is called FuBusy, which is the amount of times that an 

instruction tries to access to an FU but this is completely Full, thus the instruction has to wait more 

cycles to be executed, this metric is relevant for Re-Decode since the change of instruction type is 

expected to reduce the amount of accesses to busy FUs by accessing to more available FUs referred 

to the instruction type of the instruction with affinity. 

The number of times where FUs are full and instructions in the queue cannot access to 

them, which is measured in Gem5 by FuBusy, was reduced considerably; this statistic is present 

not only as a combined counter for every FU, but it also includes the statistic for each FU, but for 

simplicity is considered the total FuBusy for every FU summed. The statistic of each individual 

FU is defined as system.cpu.statFuBusy::OpClass, and is present in Appendix C. 
 

Threads Dhrystone Whetstone 

ReDecode 19559 397797 2867854 

Reference 694102 3612271 150570329 

Table 1 FuBusy Comparison between the 3 benchmarks, the columns represent the benchmark, 

and the rows represent the Model. 
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In Table 1 is shown the number of times in which each benchmark attempts to access to a 

Busy FU and caused instructions to wait extra cycles, the Re-Decode model managed to decrease 

in 35 times the amount of FuBusy instances concerning the Reference model, on Dhrystone 

managed to reduce it by 9 times, and Whetstone managed to reduce it by 52 times, with this data 

is proven that Re-Decode is able to reduce the number of times the instructions are waiting for an 

FU by sending them to other FUs. 

5.3. Instructions per FU 

The last metric is the distribution of the instructions along the FUs in order to see how 

Vector FUs are now utilized with Re-Decode. This is expected since the most used scenario is 

GPR -> Scalar, with the increment of instructions executed on the Vector FU is also expected an 

equivalent reduction of the instructions executed in both Int and Fp units, since those are the GPR 

instructions that are Re-Decoded into Scalar instructions. 

On Gem5, the statistics called intAluAccesses, fpAluAccesses and vecAluAccesses are 

referred to as the number of instructions issued on their respective FUs, so these are the metrics 

used to evaluate the distribution among FUs of the instructions executed on each benchmark. 

On the threads benchmark, IntAlu is reduced by 43.9%, on Dhrystone by 34.7%, and 

Whetstone by 36.1%; similarly, FpAlu had a decrease of 19.7% in threads, 12.5% in Dhrystone, 

and 13.6% in Whetstone. This makes a tendency of 38% of Int and 15% of FP instructions being 

Re-Decoded. For this statistic, Fig. 5-2 shows each benchmark individually, where the vertical 

axis is the number of instructions on each of the FUs represented on the horizontal axis, each FU 

has a bar for each model, the first 2 graphs representing the Threads and Dhrystone benchmarks 

are in logarithmic scale in order to appreciate the difference between the models due to the quantity 

of instructions between FUs.  
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Fig. 5-2 AluAccess Comparison between the 3 benchmarks, each FU has a bar for each model, 

Threads and Dhrystone are on a logarithmic scale. 
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6. Future Work 

The implementation of the Re-Decode Architectural Model presented only included 2 of 

the 3 theoretical instances of Re-Decode, so a plausible future work is the implementation of 

Vector -> Vector, this one will require the complete counter implementation without the 

considerations made for the implementation on this work such as the utilization of the OpClass as 

the main identifier of the instruction types as well as the creation of Shadow Vector Units for the 

increment of vector length, to simulate a more accurate version and also to include both 

possibilities for vector size increment and decrement. The addition of Vector -> Vector is not 

expected to have a major impact on the IPC as the instances implemented in this work, but its 

implementation together with every Re-Decode instance causes a significant impact overall. 

Another possibility of improvement is the complete implementation within Gem5 of an 

integrated instruction modifier class to remove most design considerations done for this 

implementation. These may increase the precision of the results by considering every possible 

variable relevant to the Re-Decode logic in a methodology closer to physical implementation. 

Lastly, the main follow-up for this architectural model would be the micro-architectural 

definition and finally implementation of the architecture itself on RTL code, such an 

implementation would bring simulation results that will prove the IPC increment now in a practical 

manner. The micro-architectural definition could be paired with the complete implementation 

mentioned before, and it is required to fulfill the bases for an RTL implementation. 
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7. Conclusions 

In order to achieve an increment on the IPC of a CPU, there are multiple different domains 

that are not only the focus of research and development but also open for more innovative ideas. 

The proposed model is an innovation that brings the back end of a CPU core to the next level of 

utilization. The idea of constantly utilizing every FU has always been the main objective of the 

front end, and giving the extra layer of Re-Decode helps the CPU to achieve an increment in FU 

parallel usage thanks to a characteristic from the nature of the instructions themselves that is now 

defined and utilized as the base characteristic of Re-Decode, which is the affinity. 

The concept of affinity is a fundamental part of the Re-Decode Architectural Model, since 

the need of instructions that will execute the same result has not been overly exploited before to 

increase the IPC aside from code optimization in compilers, Re-Decode can be seen as a second 

layer of code optimization after the compiler which lies inside the hardware itself and does not 

depend on the code flow but instead on the instructions themselves. 

The Affinity and Re-Decode functions were defined mathematically in order to bring the 

availability of future improvement and development, but their concept is fully utilized for Re-

Decode with the objective of having their definition easily translated into a spec file. 

The utilization of vector units for scalar instructions that come from the Re-Decode of 

integer or floating-point instructions is the main instance of Re-Decode and thus the one that gives 

the main amount of IPC increment. By having this possibility as a function that depends on the 

number of instructions in the queue, with a trigger level open to implementation (like a 

reconfigurable CSR), gives this model the capability of not losing performance on code segments 

that are mainly vector instructions. 

The decision to work with Gem5 was made thanks to its simplicity of training, 

understanding and usage. This simulator brings wide capabilities to hardware architects, and as an 

example, this implementation relied on Gem5. 

Lastly, it is concluded that the implementation of this model, and the achievement of the 

results proving an increment of the IPC, match the objectives and goals of this project, and this 

model is also expected to be studied or even utilized for future CPU technologies. 
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A. EXPLANATION OF THE SIMULATION SCRIPT 

The Gem5 Simulation Scripts are Python files with instances of every component of the 

CPU being simulated. The script used for Re-Decode is shown in Code A-1. In this appendix, 

every component present in this script will be explained. 
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Code A-1 Simulation script used for Re-Decode. 

The first elements are the imports, where m5 and m5.objects are needed in order to run 

SCons, which is the tool that Gem5 utilizes to run. The extra imports are argparse and caches, the 

first one refers to the argparse library, which gives the possibility to the program to input variables 

from the command line, on the other hand, caches is a library that comes with Gem5’s source code 

where the definition of the caches is present. 

The next elements are the parser definition and inclusion in the script, first is created and 

instantiated with a description, then the arguments are included individually with the 

add_argument() function of the parser; the first argument is l1i_size, which identifies the size of 

the l1instruction cache, the second one being l1d_size which now refers to the l1 data cache, and 

lastly l2_size which now refers to the l2 cache. The parser is then saved in the options variable. 

The instance of System is the top of the hierarchy, and every further instance is included 

inside it as a member of the system. 

The first one instantiated is the clock domain, which comes from the SrcClockDomain 

class and is defined with a 1GHz clock; a voltage domain is also included, coming from the 

VoltageDomain class. 
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Next up is the Memory definition, where the timing memory mode is defined, which is the 

most used on Gem5, and a range of memory is defined with the AddrRange() function, a 512MB 

memory range is created. 

The CPU definition is now included. Re-Decode is based on X86O3CPU, which is a 

timing-based model based on x86 with an Out-of-Order architecture. Other models included in 

Gem5 have the naming convention: {ISA}{Type}CPU. 

Now that the Memory Bus is defined, a system-wide memory bus is defined with the 

SystemXBar() class. 

The caches are now defined, and their arguments come from the options variable defined 

previously. There are 2 cache types in Gem5, which are Classic and Ruby; the main difference 

comes from Ruby being focused more on coherence. Classic mode was selected since only one 

core is used. The hierarchy of the cache is defined as follows: 

1. CPU to L1s 

2. L1s to L2 bus 

3. L2 bus to L2 

4. L2 to membus 

For the first connection, the connectCPU() function was used on every L1 and the argument 

is the CPU, for the second connection, now connectBus() was used on these caches as well, the 

third connection is now done on the l2 cache with connectCPUSideBus() to the l2bus, and lastly 

connectMemSideBus() was used on the same L2 with the membus. 

The next elements included in the script are the ports, where each memory object can have 

2 kinds of ports: request ports and response ports. The request ports are connected from a request 

port to a response port, and the response ports are connected inversely. The implemented 

connection is a request port from the CPU to the response port of the cache. 

The required ports are the interrupt controller, which is created with the 

createInterruptController() function, the PIO controller connected to the membus side ports which 

is present on the interrupts[0] array of the CPU object, and both the interrupt requestor and 

responder connected to the CPU ports and the membus ports respectively. 

The Memory Controller is now defined, which is connected to the membus. The MemCtrl() 

class is instantiated followed by the dram, its range and ports, the dram used is the 

DDR3_1600_8x8 which was selected since is an example class used commonly on Gem5, the 
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range is defined with mem_ranges[0] which is a default value, and the port is connected to the 

mem side ports as well. 

Those were all the classes required for the system. The next element present on the script 

is the Process to execute, which is the benchmarks used; the path of the binary file is stored in the 

binary variable. The workload is now defined in order to read a binary file, this is done with 

SEWorkload.init_compatible(binary) 

The process is defined with the Process() class, the command is an array that includes the 

binary, and the Threads of the CPU are defined with createThreads() which uses the amount 

defined in model elaboration. 

Lastly, the system is instantiated with the Root() class, full_system is false since the 

simulation will run only benchmarks instead of full Operating Systems. It is then executed with an 

instance of m5 followed by m5.simulate(). 

The script file includes a counter of simulation ticks obtained with curTick() and the output 

of the simulation with getCause(), which are printed on the command line. 
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B. X86 AFFINITY TABLE 

The x86 affinity table is defined after analyzing the different instructions on this ISA and 

pairing the ones that execute the same operation but with different registers. The objective of this 

table is to exemplify the affinity of the instructions in this ISA and show how the hierarchy jumps 

are completely present. 

Every instruction specified in this table that executes either on Integer and Floating Point 

FUs has affinity with a Scalar instruction, and every Scalar instruction has affinity with a vector 

instruction. The operation and operand precision that the instruction executes will be the same on 

both the input instruction and the instruction with affinity; this guarantees that the result will be 

the same for any input operand. 

Input 
Instruction 

FU type Instruction with 
Affinity 

Affinity FU 
type 

High or 
Low 
Affinity 

Added 
Instruction 
(Low Affinity) 

ADD R/M8 Integer VPADDB  
(upper zeros) 

Scalar High  

ADD R/M16 Integer VPADDW 
(upper zeros) 

Scalar High  

ADD R/M32 Integer VPADDD  
(upper zeros) 

Scalar High  

ADD R/M64 Integer VPADDQ  
(upper zeros) 

Scalar High  

AND R/M8 Integer VPAND  
(upper zeros) 

Scalar High  

AND R/M16 Integer VPAND  
(upper zeros) 

Scalar High  

AND R/M32 Integer VPANDD  
(upper zeros) 

Scalar High  

AND R/M64 Integer VPANDQ  
(upper zeros) 

Scalar High  

ANDN R/M32 Integer VPANDND 
(upper zeros) 

Scalar High  

ANDN R/M64 Integer VPANDNQ 
(upper zeros) 

Scalar High  

CMP R/M8 Integer VPCMPB  
(upper zeros) 

Scalar High  

CMP R/M16 Integer VPCMPW 
(upper zeros) 

Scalar High  
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CMP R/M32 Integer VPCMPD  
(upper zeros) 

Scalar High  

CMP R/M64 Integer VPCMPQ  
(upper zeros) 

Scalar High  

FADD M32 Floating       
Point 

VADDSS Scalar High  

FADD M64 Floating       
Point 

VADDSD Scalar High  

FIADD M16 Floating       
Point 

VADDSS Scalar Low VCVTSI2SS 

FIADD M32 Floating       
Point 

VADDSD Scalar Low VCVTSI2SD 

FCOM M32 Floating       
Point 

VCMPSS Scalar High  

FCOM M64 Floating       
Point 

VCMPSD Scalar High  

FICOM M32 Floating       
Point 

VCMPSS Scalar Low VCVTSI2SS 

FICOM M64 Floating       
Point 

VCMPSD Scalar Low VCVTSI2SD 

FDIV M32 Floating       
Point 

VDIVSS Scalar High  

FDIV M64 Floating       
Point 

VDIVSD Scalar High  

FIDIV M16 Floating       
Point 

VDIVSS Scalar Low VCVTSI2SS 

FIDIV M32 Floating       
Point 

VDIVSD Scalar Low VCVTSI2SD 

FILD M16 Floating       
Point 

VCVTSI2SS Scalar High  

FILD M32 Floating       
Point 

VCVTSI2SD Scalar High  

FIST M16 Floating       
Point 

VCVTSS2SI Scalar High  

FIST M32 Floating       
Point 

VCVTSD2SI Scalar High  

FISTT M16 Floating       
Point 

VCVTTSS2SI Scalar High  

FISTT M32 Floating       
Point 

VCVTTSD2SI Scalar High  

FLD M32 Floating       
Point 

VMOVAPS 
(upper zeros) 

Scalar High  
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FLD M64 Floating       
Point 

VMOVAPD 
(upper zeros) 

Scalar High  

FMUL M32 Floating       
Point 

VMULSS Scalar High  

FMUL M64 Floating       
Point 

VMULSD Scalar High  

FIMUL M16 Floating       
Point 

VMULSS Scalar Low VCVTSI2SS 

FIMUL M32 Floating       
Point 

VMULSD Scalar Low VCVTSI2SD 

FST M32 Floating       
Point 

VMOVAPS 
(upper zeros) 

Scalar High  

FST M64 Floating       
Point 

VMOVAPD 
(upper zeros) 

Scalar High  

FSUB M32 Floating       
Point 

VSUBSS Scalar High  

FSUB M64 Floating       
Point 

VSUBSD Scalar High  

FISUB M16 Floating       
Point 

VSUBSS Scalar Low VCVTSI2SS 

FISUB M32 Floating       
Point 

VSUBSD Scalar Low VCVTSI2SD 

IMUL R/M16 Integer VPMULLW 
(upper zeros) 

Scalar High  

IMUL R/M32 Integer VPMULLD 
(upper zeros) 

Scalar High  

IMUL R/M64 Integer VPMULLQ 
(upper zeros) 

Scalar High  

MOV R/M8 Integer VMOVD  
(upper zeros) 

Scalar High  

MOV R/M16 Integer VMOVD  
(upper zeros) 

Scalar High  

MOV R/M32 Integer VMOVD Scalar High  

MOV R/M64 Integer VMOVQ Scalar High  

MOVSX 
R/M16 R/M8 

Integer VPMOVSXBW 
(upper zeros) 

Scalar High  

MOVSX 
R/M32 R/M8 

Integer VPMOVSXBD 
(upper zeros) 

Scalar High  

MOVSX 
R/M64 R/M8 

Integer VPMOVSXBQ 
(upper zeros) 

Scalar High  

MOVSX 
R/M32 R/M16 

Integer VPMOVSXWD 
(upper zeros) 

Scalar High  
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MOVSX 
R/M64 R/M16 

Integer VPMOVSXWQ 
(upper zeros) 

Scalar High  

MOVSXD 
R/M64 R/M32 

Integer VPMOVSXDQ 
(upper zeros) 

Scalar High  

MOVZX 
R/M16 R/M8 

Integer VPMOVZXBW 
(upper zeros) 

Scalar High  

MOVZX 
R/M32 R/M8 

Integer VPMOVZXBD 
(upper zeros) 

Scalar High  

MOVZX 
R/M64 R/M8 

Integer VPMOVZXBQ 
(upper zeros) 

Scalar High  

MOVZX 
R/M32 R/M16 

Integer VPMOVZXWD 
(upper zeros) 

Scalar High  

MOVZX 
R/M64 R/M16 

Integer VPMOVZXWQ 
(upper zeros) 

Scalar High  

MUL R/M32 Integer VPMULHUW 
(upper zeros) 

Scalar High  

MUL R/M64 Integer VPMULUDQ 
(upper zeros) 

Scalar High  

MULX R/M32 Integer VPMULHUW 
(upper zeros) 

Scalar High  

MULX R/M64 Integer VPMULUDQ 
(upper zeros) 

Scalar High  

NEG R/M8 Integer VPSUBB  
(upper zeros) 

Scalar Low Register of 0s 

NEG R/M16 Integer VPSUBW  
(upper zeros) 

Scalar Low Register of 0s 

NEG R/M32 Integer VPSUBD  
(upper zeros) 

Scalar Low Register of 0s 

NEG R/M64 Integer VPSUBQ  
(upper zeros) 

Scalar Low Register of 0s 

NOT R/M8 Integer VPANDN  
(upper zeros) 

Scalar Low Register of 1s 

NOT R/M16 Integer VPANDN  
(upper zeros) 

Scalar Low Register of 1s 

NOT R/M32 Integer VPANDND 
(upper zeros) 

Scalar Low Register of 1s 

NOT R/M64 Integer VPANDNQ 
(upper zeros) 

Scalar Low Register of 1s 

OR R/M8 Integer VPOR  
(upper zeros) 

Scalar High  

OR R/M16 Integer VPOR  
(upper zeros) 

Scalar High  
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OR R/M32 Integer VPORD  
(upper zeros) 

Scalar High  

OR R/M64 Integer VPORQ  
(upper zeros) 

Scalar High  

ROL R/M32 Integer VPROLD  
(upper zeros) 

Scalar High  

ROL R/M64 Integer VPROLQ  
(upper zeros) 

Scalar High  

ROR R/M32 Integer VPRORD  
(upper zeros) 

Scalar High  

ROR R/M64 Integer VPROLQ  
(upper zeros) 

Scalar High  

SAL R/M16 Integer VPSLLW  
(upper zeros) 

Scalar High  

SAL R/M32 Integer VPSLLD  
(upper zeros) 

Scalar High  

SAL R/M64 Integer VPSLLQ  
(upper zeros) 

Scalar High  

SAR R/M16 Integer VPSRAW  
(upper zeros) 

Scalar High  

SAR R/M32 Integer VPSRAD  
(upper zeros) 

Scalar High  

SAR R/M64 Integer VPSRAQ  
(upper zeros) 

Scalar High  

SHL R/M16 Integer VPSLLW  
(upper zeros) 

Scalar High  

SHL R/M32 Integer VPSLLD  
(upper zeros) 

Scalar High  

SHL R/M64 Integer VPSLLQ  
(upper zeros) 

Scalar High  

SHR R/M16 Integer VPSRLW  
(upper zeros) 

Scalar High  

SHR R/M32 Integer VPSRLD  
(upper zeros) 

Scalar High  

SHR R/M64 Integer VPSRLQ  
(upper zeros) 

Scalar High  

SARX R/M32 Integer VPSRAD  
(upper zeros) 

Scalar High  

SARX R/M64 Integer VPSRAQ  
(upper zeros) 

Scalar High  

SHLX R/M32 Integer VPSLLD  
(upper zeros) 

Scalar High  
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SHLX R/M64 Integer VPSLLQ  
(upper zeros) 

Scalar High  

SHRX R/M32 Integer VPSRLD  
(upper zeros) 

Scalar High  

SHRX R/M64 Integer VPSRLQ  
(upper zeros) 

Scalar High  

SUB R/M8 Integer VPSUBB  
(upper zeros) 

Scalar High  

SUB R/M16 Integer VPSUBW  
(upper zeros) 

Scalar High  

SUB R/M32 Integer VPSUBD  
(upper zeros) 

Scalar High  

SUB R/M64 Integer VPSUBQ  
(upper zeros) 

Scalar High  

TEST R/M8 Integer VPTEST  
(upper zeros) 

Scalar High  

TEST R/M16 Integer VPTEST  
(upper zeros) 

Scalar High  

TEST R/M32 Integer VPTEST  
(upper zeros) 

Scalar High  

TEST R/M64 Integer VPTEST  
(upper zeros) 

Scalar High  

TZCNT R/M32 Integer VPLZCNTD 
(upper zeros) 

Scalar High  

TZCNT R/M64 Integer VPLZCNTQ 
(upper zeros) 

Scalar High  

VADDSD 
R/M64 

Scalar VADDPD Vector High  

VADDSS 
R/M32 

Scalar VADDPS Vector High  

VCMPSD 
R/M64 

Scalar VCMPPD Vector High  

VCMPSS 
R/M32 

Scalar VCMPPS Vector High  

VCVTSD2SI 
R/M64 

Scalar VCVTPD2PI Vector High  

VCVTSI2SD 
R/M32 

Scalar VCVTPI2PD Vector High  

VCVTSI2SS 
R/M16 

Scalar VCVTPI2PS Vector High  

VCVTSS2SI 
R/M32 

Scalar VCVTPS2PI Vector High  
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VCVTTSD2SI 
R/M64 

Scalar VCVTTPD2PI Vector High  

VCVTTSS2SI 
R/M32 

Scalar VCVTTPS2PI Vector High  

VDIVSD 
R/M64 

Scalar VDIVPD Vector High  

VDIVSS R/M32 Scalar VDIVPS Vector High  

VMOVAPD 
(upper zeros) 

Scalar VMOVAPD Vector High  

VMOVAPS 
(upper zeros) 

Scalar VMOVAPS Vector High  

VMOVD 
R/M32 

Scalar VMOVDQA Vector High  

VMOVQ 
R/M64 

Scalar VMOVDQA Vector High  

VMULSD 
R/M64 

Scalar VMULPD Vector High  

VMULSS 
R/M32 

Scalar VMULPS Vector High  

VSUBSD 
R/M64 

Scalar VSUBPD Vector High  

VSUBSS 
R/M32 

Scalar VSUBPS Vector High  

VPADDB 
(upper zeros) 

Scalar VPADDB Vector High  

VPADDD 
(upper zeros) 

Scalar VPADDD Vector High  

VPADDQ 
(upper zeros) 

Scalar VPADDQ Vector High  

VPADDW 
(upper zeros) 

Scalar VPADDW Vector High  

VPANDB 
(upper zeros) 

Scalar VPANDB Vector High  

VPANDD 
(upper zeros) 

Scalar VPANDD Vector High  

VPANDQ 
(upper zeros) 

Scalar VPANDQ Vector High  

VPANDW 
(upper zeros) 

Scalar VPANDW Vector High  

VPANDNB 
(upper zeros) 

Scalar VPANDNB Vector High  
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VPANDND 
(upper zeros) 

Scalar VPANDND Vector High  

VPANDNQ 
(upper zeros) 

Scalar VPANDNQ Vector High  

VPANDNW 
(upper zeros) 

Scalar VPANDNW Vector High  

VPCMPB 
(upper zeros) 

Scalar VPCMPB Vector High  

VPCMPD 
(upper zeros) 

Scalar VPCMPD Vector High  

VPCMPQ 
(upper zeros) 

Scalar VPCMPQ Vector High  

VPCMPW 
(upper zeros) 

Scalar VPCMPW Vector High  

VPMOVSXBD 
(upper zeros) 

Scalar VPMOVSXBD Vector High  

VPMOVSXBQ 
(upper zeros) 

Scalar VPMOVSXBQ Vector High  

VPMOVSXBW 
(upper zeros) 

Scalar VPMOVSXBW Vector High  

VPMOVSXDQ 
(upper zeros) 

Scalar VPMOVSXDQ Vector High  

VPMOVSXWD 
(upper zeros) 

Scalar VPMOVSXWD Vector High  

VPMOVSXWQ 
(upper zeros) 

Scalar VPMOVSXWQ Vector High  

VPMOVSZBD 
(upper zeros) 

Scalar VPMOVSZBD Vector High  

VPMOVSZBQ 
(upper zeros) 

Scalar VPMOVSZBQ Vector High  

VPMOVSZBW 
(upper zeros) 

Scalar VPMOVSZBW Vector High  

VPMOVSZWD 
(upper zeros) 

Scalar VPMOVSZWD Vector High  

VPMOVSZWQ 
(upper zeros) 

Scalar VPMOVSZWQ Vector High  

VPMULHUW 
(upper zeros) 

Scalar VPMULHUW Vector High  

VPMULLD 
(upper zeros) 

Scalar VPMULLD Vector High  

VPMULLQ 
(upper zeros) 

Scalar VPMULLQ Vector High  
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VPMULLW 
(upper zeros) 

Scalar VPMULLW Vector High  

VPMULUDQ 
(upper zeros) 

Scalar VPMULUDQ Vector High  

VPOR  
(upper zeros) 

Scalar VPOR Vector High  

VPORD  
(upper zeros) 

Scalar VPORD Vector High  

VPORQ  
(upper zeros) 

Scalar VPORQ Vector High  

VPROLD 
(upper zeros) 

Scalar VPROLD Vector High  

VPROLQ 
(upper zeros) 

Scalar VPROLQ Vector High  

VPRORD 
(upper zeros) 

Scalar VPRORD Vector High  

VPRORQ 
(upper zeros) 

Scalar VPRORQ Vector High  

VPSLLD  
(upper zeros) 

Scalar VPSLLD Vector High  

VPSLLQ  
(upper zeros) 

Scalar VPSLLQ Vector High  

VPSLLW 
(upper zeros) 

Scalar VPSLLW Vector High  

VPSRAD 
(upper zeros) 

Scalar VPSRAD Vector High  

VPSRAQ 
(upper zeros) 

Scalar VPSRAQ Vector High  

VPSRAW 
(upper zeros) 

Scalar VPSRAW Vector High  

VPSRLD 
(upper zeros) 

Scalar VPSRLD Vector High  

VPSRLQ 
(upper zeros) 

Scalar VPSRLQ Vector High  

VPSRLW 
(upper zeros) 

Scalar VPSRLW Vector High  

VPSUBB 
(upper zeros) 

Scalar VPSUBB Vector High  

VPSUBD 
(upper zeros) 

Scalar VPSUBD Vector High  

VPSUBQ 
(upper zeros) 

Scalar VPSUBQ Vector High  
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VPSUBW 
(upper zeros) 

Scalar VPSUBW Vector High  

VPTEST  
(upper zeros) 

Scalar VPTEST Vector High  

VPLZCNTD 
(upper zeros) 

Scalar VPLZCNTD Vector High  

VPLZCNTQ 
(upper zeros) 

Scalar VPLZCNTQ Vector High  

VPXORB 
(upper zeros) 

Scalar VPXORB Vector High  

VPXORD 
(upper zeros) 

Scalar VPXORD Vector High  

VPXORQ 
(upper zeros) 

Scalar VPXORQ Vector High  

VPXORW 
(upper zeros) 

Scalar VPXORW Vector High  

XOR R/M8 Integer VPXOR  
(upper zeros) 

Scalar High  

XOR R/M16 Integer VPXOR  
(upper zeros) 

Scalar High  

XOR R/M32 Integer VPXORD  
(upper zeros) 

Scalar High  

XOR R/M64 Integer VPXORQ  
(upper zeros) 

Scalar High  

 



 

73 

C. STATS.TXT FILES 

This section presents relevant simulation results, which are part of the stats.txt files generated by 

Gem5 during simulation. For access to the complete list of statistics, please visit the GitHub 

repository of this project at https://github.com/Jorge-Padilla/ReDecodification or contact Jorge 

Padilla at jorge.padillag@iteso.mx. 

Threads Benchmark 

Reference 

 

https://github.com/Jorge-Padilla/ReDecodification
mailto:jorge.padillag@iteso.mx
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