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ABSTRACT

This project is an integration of the Branch Pramtidor the development of the
RISC32 processor based on RISC Architecture tha&vigusly developed in
Universiti Tunku Abdul Rahman under Faculty of Imfmtion and Communication
Technology. After reviewing the previous projectbere is a part where the
developed branch target buffer is not yet integnai® the processor and the coverage
of the control hazards is not well defined and enmpénted. The purpose of this
project is to integrate the branch target buffeto ithe processor with a branch
predictor and design the control logic to handletow hazards caused by different
instructions. All the modeling will be using Verjowhich is a type of Hardware
Description Language and verification will be dotwe test the functionality and
compatibility.
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Project Title
32-bit 5-stage RI SC Pipeline Processor with 2-Bit Dynamic Branch Prediction

Functionality

Chapter 1: Introduction

1.1RISC

RISC(Reduced Instruction Set Computer) is a philosophy introduced by Cocke IBM,
Patterson, Hennessy at 1980s [2]. The main idethisfphilosophy is to keep the
instruction set small with highly-optimized insttioms and simple through fixed
instruction lengthegg: 32-bit), limiting the number of addressing modes and atp@ms

to make the hardware simpler hence easy to buidtest as compared to the other
philosophy that insists of a more specialized $ahstructions likeCl SC(Complex
Instruction Set Computer) philosophy. In RISC, the software will do complied
operations by separating the operations into sewdnmgple instructions instead of

adding in more complex hardware to perform the ajp@n in one instruction.

The first RISC projects came from IBM, StanforddddC-Berkeley in the late 70s
and early 80s.

Example of processors implemented based on RISCospphy are SUN's,
UltraSparc, ARM’s ARM11, Motorola’s PowerPC, MIP$.eWe will focused on
MIPS(Microprocessor without interlocked Pipelined Stages) throughout this project.

1.2 MIPS

MIPS, which stand for Microprocessor without interlodk®ipelined Stages is
computer architecture developed by David A. Patterdbased on the RISC
philosophy [3]. In the early 80s, Professor JohiHennessy started the development
of MIPS processor with his graduate students imd@tad University [3]. The
concept is to create a faster processor by usiglsiinstruction with great compiler
for instruction scheduling and also pipelining tredware so that each stages of the
hardware can run independently on different insioms at the same time to fully
utilize the processor time. The project is done the year of 1984 [3].

BIT (Hons) Computer Engineering
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1.3 Pip€line

Pipeline here refer to a set of registers thatrinsetween the hardware processor to
divide them into different stages. These stages las&uction Fetch, Instruction
Decode & Operand Fetch, Execute, Memory accesi\aitd Back.

1. Instruction i 2. Instr Decode & o 3. Execute X 4, Memoryr ‘5_ Write
Fetch Operand Fetch Access Back
Instr to status
control control unit control 1 control control
Inst > i Instr ) i Exec Data Reg.
nstr > a .
Nextlpc | Fetch 2t [ Mem File g
PC I & Operand A 73]
= Access
» Fetch - S
= —I*| Data 3
Mem [
7~ Write

Figure 1 Different stages of an instruction exeanti

The input of the pipeline register in the curretatge is the output to the next stage
and all the pipeline registers are clocked synabwsty. This help in preventing loss

of information of an instruction as it go from ostage to next.

Pipelining a processor enable the processor tmbegicuting next instruction before
the current one is complete [5]. This enhancedspeed performance of the processor
as each stages of the processor are able to opeiffgeent parts of different

instructions independently at a single clock cycle.
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Instruction execution in 5-stage pipeline

Execution
clack _1_\_(_\_1_\_1_\_(_|_r\_(_\_(_|_1_\_(_\_(_|_r
vl @l .elelelelelel gl oo
mstruction 1 jF | 0§ Ex £ mEm|WEN
nstruction 2 F & D f EX | MEM|JWEY
Instruction 3§ |F D | Ex |MEMI—
metuction s F | D | Ex | mEM | SEEY
metuction s IF | D | Ex | mEM | W
netrctions IF | 1D | EX | wmewm|BWEY
mstructon 7 IF | 10| Ex | mEM [l

Figure 2 Overlapping instruction execution
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1.4 Branch Prediction

Branch prediction is used to enhance the performaricpipelining or superscalar
processors especially when the number of stagésde [6]. The branch predictor
pre-fetches a limited form of data and attempt tedmgt the result of branch
instructions. The processor will speculatively axec instruction base on the
predicted result from the branch predictor. A psstg can have a better overall
performance especially when the prediction rates lagh enough to offset miss-
prediction penalties as up to 20 percent of insibns are branches [10]. Without
branch prediction, a processor must stall whendhere are unresolved branch

instructions [10].
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1.5 Motivation

A 32-bit 5-stage pipeline RISC soft-core can beaamtlygeous in creating a core—
based environment to assist research and develdpmoek in the area of developing

Intellectual Properties (IP) cores. However, thare limitations in obtaining such

workable core-based design environment.

Microchip design companies develop microprocessores as IP for commercial
purposes. The microprocessor IP includes informatio the entire design process for
the front — end (modelling and verification) andcka- end (layout and physical
design) IC design. These are trade secrets of ga@eynand certainly not made

available in the market at an affordable pricerésearch purposes.

Several freely available microprocessor cores @@y available from source such as

the miniMIPS (www.opencores.olg the PH processor (Leicester University), uCore,

Yellow Star (Manchester University), etc. Unforttelg, these processors do not
implement the entire MIPS Instruction Set Architeet (ISA) and lack of
comprehensive documentation. This makes them adeit for reuse and

customization.

Verification is vital for proving the functionalityof any digital design. The
microprocessor cores mentioned above are handidappdancomplete and poorly
developed verification specifications. This hampiies verification process, slowing

down the overall design process.

The lack of well — developed verification specifioas for these microprocessor
cores will inevitably affect the physical designagh. A design needs to be
functionally proven before the physical design gaoceed smoothly. Otherwise, if
the front — end design needs to be changed, thsigatyprocess also needs to be

redone.
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1.6 Problem Background
Pipelining can improve the performance of the pssoe by increase the throughput,
the average instructions completed per clock cyétevever, it also introduced

hazards to the processor.

The hazard can be categorizes three different tygtegctural hazard, data hazard and

control hazard. This project will only focus on tah hazard.

Control hazard, which is also known as branchirzpha often take place when there
is a branch occur. The problem arises when thechrantaken, the program flow will

be incorrect due to the instructions that shouldb®oexecuted had been fetched into
the ID stage of the pipelined processor beforebtaach condition is evaluated at EX

stage.

Control hazard can be caused by the following event
- Conditional branch: beq, bne, blez, bgtz
- Unconditional branch: j, jr, jal, jalr

- Exception

There are several ways can be used to solve tboislgmn, such as stall the next
instruction until the branch is completed, flush thle inappropriate stages in the

pipeline or through hardware implementation.

In this project, a branch predictor is aimed tegnate into the pipeline processor to
predict both the conditional and unconditional lstardynamically based on the
information stored in the BTB. The BTB is a smalthe memory inside the branch
predictor that used to record and update previo@srmation of different branch

instruction.
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1.7 Problem Statement

Based on the ongoing project that has been devejdpithe Faculty of Information

and Communication Technology of Universiti TunkuddlbRahman, it is consists of

RISC32 processor and branch predictor.

The current problem found:

1.

2.

The developed branch predictor is not integratéaltime processor.

So far, only the beq instruction is tested on the-mtegrated branch predictor.
Other program control instructions such as bneg, lidgtz, j, jal, jr and jalr are

not supported.
The evaluation of the predictor’'s accuracy hasbeen carried out yet.

The accuracy profile of the predictor has not bereated and studied.

BIT (Hons) Computer Engineering
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Chapter 2: Literature Review

2.1 Branch Target Buffer (BTB)

A BTB is a small piece of memory use to gather siade the information related to
branch instruction. The BTB behave like a look-aplé for the branch predictor to
look for information of previous branch instructidhat having same tag with the
current address to perform branch prediction ferdtrrent instruction. If the branch
instruction was not found in the BTB, a new entijl tve created inside the BTB to
store the information of the branch instructioneThformation stored included valid
bit, tag bit, branch target address, predictioresaad LRU bit.

In the previous design of the BTB, cache memonysisd as the memory element for
the BTB due to the cache has shorter accessingctimm@are to main memory, which
can provide faster read and write operation. Treheanemory also consume less

power compared to other memory design.

However, this BTB is implemented outside the brapokdictor, which introduced
latency during branch prediction. A solution tostipiroblem arise is to integrate the
BTB into the branch predictor. This will not onlyimmizes the latency for branch

prediction, it also increases the scalability & pnocessor.
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2.1.1 Statetransition of the BTB

Taken

Untaken Predict Taken

AN
(Weak)
Taken 10

N

Predict Taken
(Strong)
11

Taken [Untaken

\ Untaken

Predict Untaken
(Weak) Taken
AN

01

Predict Untaken
(Strong)
00

Untaken

Figure 3 BTB FSM

Figure 3 shown the FSM of the BTB used in this ¢ctjA strong state will either
remain at the same state when the evaluated comdéken or untaken) is same at its
state, or go to weak state of the same predictioenvthe evaluated condition is
different.

A weak state will not remain at its own state @mef¢ is no transition between two
weak states. A weak state will go to strong statk same prediction when evaluated
condition is same or directly go to a strong stdtepposite prediction when the
evaluate condition is different with the currerstst instead of go to a weak state of

opposite prediction.

For example, if the current state is weakly prediotaken, the next state will be
strongly predict taken instead of weakly predideta(opposite prediction of current
state). This applied if the current state is wegBdict taken as well.
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When a new entry is create in the BTB, it starthwstate weakly predict taken or

weakly predict not taken depend on scenanothapter 2.2.2).
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2.1.2 BTB Cache Associativity

The BTB is implemented using 4-way set-associatiagping technique with 4K or

4096 entries. Each way will have 1k or 1024 entrigdsis can help to increase the
prediction rate as four locations are reservedtferbranch instruction with the same
index, each data stored can have a chance toastggrl in the buffer with the cost of
extra 2 bits LRU array for each entry. The LRU fite used to indicate which entry
within a set to be replaced when required. The U within the same set(sharing
the same index) are updated together during aoeadite operation to preserve the
relational information. Beside LRU bits, a block®TB entry also contain 1 valid bit,

20 tag bit, 32-bit branch target address and pleidiction array.

56 55 36 35 4 3 2 1 0
| valid | tag[19:0] | br taddr[31:0] | pred[1:0] | 1ru[1:0] |
1-bit  20-bit 32-bit 2-bit 2-bit

Figure 4 data allocation in one entry of BTB

3130 1312 1 3 210
l | | 4 | Addr from PC sent to read port (dual-port)

1 e L = !
pc_tag[19:0] pc_index[9:0] Byte offset

/| One wayy One block]|
0 [v]tag]br_taddr] LDred'll Iru v [tagor taddr"mﬂ Iru v | tag [br_taddr]fpred]| Iru v [tag]br_taddr][pred][ Iru
1
2 |l /
//
1021
1022
1023
ok TE TS O S5 Y 5 S5 Y
W S S R i
, EJ:K hit_way[w15J h"—waymf el
hit_way[W0] T @a,y[vﬁ@l
[ |
P —
4x2 dec and 4x1 mux :
(Way selector) Iru_ram[WO:W3][index]
rd_hit IF.br_taddr[31:0] pred[1:0]

Figure 5 4-way set-associative mapping implememati
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2.2 Branch Predictor Block (BPB)

A branch predictor perform dynamic branch predictisith the information store
inside the BTB. A branch predictor can help in spag the processor when
prediction predicted correctly especially for piped processor with many stages.
However, one clock cycle will be wasted to flushagwhe instruction that has been
wrongly fetched into ID stage when prediction petell wrongly. Hence, it is
important to implement a branch predictor with hgjediction accuracy to tolerant

miss-prediction.

In this project, the branch prediction block is lerpented between IF and ID stage of
the processor and the BTB will be integrated itte branch predictor to minimize
latency and increase overall performance. The BsT&nly access for read in IF stage
to retrieve information needed for prediction amdlyaaccess for write in ID stage to

update the information.

BIT (Hons) Computer Engineering
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2.2.2 Flowchart of the BPB

False Prediction

Request

Prediction?

Untaken

pce-pc+d | pc == IF_br_taddr

Branch True
instruction?

4

Evaluate Evaluate
Condition? Condition?

Taken Taken Untaken
(Mispred Untakery Mispred (Mispred
untaken} untaken) taken

= == = | EX
Scenario 2 Scenario 6 Scenario 4

k4 v

Evaluate
Condition?

Taken

Untaken

Mon-Branch

Instruction Scenario 1 Scenario 5 Scenario 3

Figure 6 Flowchart of BPB

The flowchart shown in Figure 6 illustrated how BB work in IF and ID stage and
then evaluated into non-branch instruction or sffecent scenarios at EX stage. At
the beginning of the instruction, the BPB checkhdre is any data store in the BTB
has the same tag with the program counter. If aimeak tag is found in the BTB then

there is a read hit case else there is a read miss.

Scenario 1 or 2 occurred after a read miss in #gest Normal program counter
address will be used to fetch an instruction frdme instruction memory. The
instruction is evaluated to see if it is a branoktruction. If that is not a branch
instruction, then that is a normal non-branch umston. If that is a branch instruction,

it will be further evaluate to scenario 1 if branshaken else scenario 2.

Scenario 3 or 4 occurred after a read hit and predken in IF stage. Branch address

stored in the BTB is used to fetch instruction tmuerediction taken. The prediction
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is then evaluated in ID stage and the evaluatidhle@d to scenario 3 when that is a

correct prediction else scenario 4.

Chapter 3: Project Scope and Objectives

3.1 Project Scope

This project is aimed to repartition the internaldule of the processor and integrated
a 2-bit dynamic branch predictor into the RISC3@ceissor. Using a branch predictor
can increase the throughput and improve the petgooa of the processor during

branch instructions.

The outcome of this project is focus on:
1. Integrate branch predictor into the proces$tine RISC32.
2. Provide a well develop test program to testitfitial working of the branch
predictor.
3. To characterize how well the branch prediatork.

3.2 Project Objective

The objectives of the project include:

1. Analyze the existing branch predictor with 2®itB.

2. Integrate the branch predictor into the pipefinecessor.

3. Develop the control for the branch predictongdRTL Modeling.

4. To develop the test plan and test program tifywire integration of the branch
predictor.

5. To develop test program to characterize theracgwf the branch predictor.

6. Analyze the performance of the CPU, and thedirgmedictor after integration.

BIT (Hons) Computer Engineering
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Chapter 4. Methodology

4.1 Design M ethodology
Basically, design methodology refer to the methedduin development of a system.

It provides a set of guideline that leading to ctetgpand success of a design work.

Design methodologies ensure the following:

- Correct functionality.

- Satisfaction of performance and power goals.
- Catching bugs early

- Good documentation
This project will be implemented using Top-downigasnethodology.

This methodology revises the overall system dedigm the end of solution
backwards to the smallest part of the design ankemahanges along the way. This
methodology provides advantages in functionaligsf@rmance, power consumption

and area of silicon.

Wiitten Specification

Architecturs Lavel

L4 i Design

Execuable Specification

L4
Mcro-Architecture Specification

Mem-Architzcturs
¥ ¥ - Level Design
(Unit Level)

=l - . .
Mero-Architecture Level Moedeling
and Verification

i 4 = . .
’ hWicm-Architecturs

RIL Mbpdeling and Verification = Lavel Dezign
J (Block Lavzl)

Figure 7 General Design Flow without Logic Syntkesmid Physical Design
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4.1.1 Architecture Level Design

The specification is developed in written speciiima and executable specification.

- Written Specification: Function, performance, dirand cost of design is written in
English. Function specification, verificationegjification, development plan and
packaging specification are included as well.

- Executable Specification: High level programmilagnguage such as Verilog or
VHDL is used to program according to the desigatdres and functionalities.

4.1.2 Micro-Architecture Level Design (unit level)

There are two phases included in this level ofgiedVlicro-architecture Specification

and Micro-architecture Level Modeling & Verificatio The designed system is
divided into several units to carry different functs with each of the unit describe the

algorithm and data flow of the system.

4.1.3 Micro-Architecture Level Design (block level)

RTL Modeling & Verification RTL Modeling & Verificiion is implemented.
In this level of design, each unit designed in prey level is further divided into
smaller partition named block to describe the intework of the units and reduce the

complexity of design.
The RTL modeling is done with the following infortian:
- Overview of functional description
- I/0O pin description
- Function table
- Finite-state machine (FSM) & Algorithm-state ma@&{ASM)
- Test plan

After the development of Micro-architecture spewtion is completed, the RTL
modeling with programming language can be staftéatlel can be simulate and

synthesize with software while verification also ncabe done.

BIT (Hons) Computer Engineering
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The integration of the branch predictor involves:
1. The development of the control logic.

2. The modification of the instruction address path
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4.2 Design Language

In this project, Verilog is used as the design lmge. Verilog is a type of
HDL(Hardware Description Language) that is standad as IEEE 1364, used to
model electronic systems. It is commonly used tal@h@nd verify hardware at the
RTL.

There is another famous type of HDL named VHDL dtadized as IEEE 1076 but
VHDL is not chosen for this project as it is morenplex and Verilog is more
readable for user.

4.3 Design Tools

Design tools is required in order to simulate aedfy the RTL model.
The verification includes:

- development of test plan

- timing requirement

- system functionality

Since Verilog is used in this project, Softwarel$othat support Verilog HDL and
provide simulation environment to verify the fumetal behaviors and timing design
is required. There are a lot of HDL simulators &lde on the market which all of
them have their own advantages and disadvantages.

Some researches had been done and the top threesidiilators with the highest
rating and qualified for application-specific intated circuit (ASIC) (validation)

sign-off at nearly all semiconductor fabricationkieh are also well-known as the
‘big 3’ simulator:

- Incisive Enterprise Simulator by Cadence Desigsi&ns
- ModelSim by Mentor Graphic
- Verilog Compiled code SimulatovCS) by Synopsys

The Modelsm SE 10.3a by Mentor Graphic is chosen to be the simulatamig in this

project. This is because it met the requirementhef project and it also provided
student edition for free compared to other simatatiools that required license. The
price for the license can cost up to $25,000 whimot affordable by student.

BIT (Hons) Computer Engineering
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4.4 Project Timeline

4.4.1 Gantt Chart for Project |

Project I Gantt Chart

PLAN  PLAN  ACTUAL ACTUAL PERCENT
ACTIVITY START DURATION START DURATION COMPLETE WEEK
123456 78091011[12]13 14
Study the ongoing project that has been developing in FICT of UTAR. 1 2 I 2 100% N
Repartition the internal modules of the existing RISC32 pipeline processor. 1 2 1 3 100% |
Test and verify the functionality of the repartitioned RISC32 pipeline proces 2 2 4 4 100% |
Review the previous BTB(Branch Target Buffer) done in FICT of UTAR. 2 Z 2 2 100% |
Analyze the existing branch predictor with 2-bit BTB. 4 2 4 2 100% |
Integrate the branch predictor into the pipeline processor. 4 3 5 4 100% |
Develop the control for the branch predictor using RTL Modeling. 5 3 6 3 100% |
Design the test plan to test integration the branch predictor. 8 1 9 1 100% |
Develop the test program to verify the integration of the branch predictor. 9 1 9 1 100% [ | |
Verify the integration of the branch predictor with developed test program. 10 3 10 2 80% |
Weekly meeting with supervisor. T 14 1 14 s0°% I
Submission of proposal report. 8 1 12 1 100% . |
Presentation of project 1. 14 1 0 0 0% |
Plan
[ Actual % Actual (beyond plan)
I % Comalete S % Comolete (bevond plan)

CURRENT WEEK: 12

Figure 10 Gantt Chart for Project |

4.4.2 Gantt Chart for Project 11
Project II Gantt Chart

ACTIVITY

PLAN PLAN ACTUAL ACTUAL PERCENT

STARTOURATION START DURATIONZOMPLETE  WEEK

1/2 3 456 7 8 9 10111213 14

Develop control for the branch predictor for more conditional branch.(bne, blez & bgtz) 1 1 1 1 100%

Develop the test program to verify the control for conditional branch. 2 2 3 2 100%

Develop control for the branch predictor for unconditional branch.(j. jal, jr. jalr) 4 1 2 2 100% %

Develop the test program to verify the control for unconditional branch. 5 2 4 3 100%

Develop test program to characterize the accuracy of the branch predictor. 7 3 6 3 100%

Analyze the performance of the CPU, and the branch predictor after 9 3 9 3 100%

Weekly meeting with supervisor. 1 14 1 12 86%

Submission of proposal report. 13 1 13 1 0%

Presentation of project IL. 14 1 0 0 0%
% Plan
% Actual

. % Complete

Figure 11 Gantt Chart for Project Il
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Chapter 5. System Specification

5.1 System Feature

multiplicand)

Description RISC32
Dummy Instruction Cache (KB) 8

Dummy Data Cache (KB) 8

Data width (bits) 32
Instruction width (bits) 32

General Purpose Register 32
Special Purpose Register HILO, PC
Pipelined Stage 5

Data Hazard Handling Yes
Structural Hazard Handling Yes
Control Hazard Handling Yes
Interlock Handling Yes

Data Dependency Forwarding Yes
Branch Prediction Dynamic — 2bits scheme
Multiplication (size of multiplier and yes — 32 bits

Branch Delay Slot

Not supported

Instruction supported

37

Table 1 RISC32 features

5.1.1 System Functionality

- Divide execution of instruction into following 5 agfes, allowed up to 5

DIF(Instruction Fetch)

=ID(Instruction Decode) Decode instruction analie$rs & $rt registers.

- EX(Execute)
t MEM(Memory)
FWB(Write Back)

uctions to run concurrently:

Execute instruction in the ALB.
Access data cache, load or store.
Write back the result to the regidfile.

- Resolve data hazards by data forwarding.

- Resolve load-use instructions problem by stalling.

BIT (Hons) Computer Engineering
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- Resolve structural hazards by separating datarestdiction cache.
- Resolve control hazards by branch prediction.

- Perform instructions as listed in 5.3.

BIT (Hons) Computer Engineering
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5.2 Operating Procedure

- Start the system.

- Porting sequence of instruction into instructionleE

- Reset the system for at least 2 clocks.

- After the reset, the system will automatically fetand run the program inside

instruction cache.

- Observe the waveform from the development toolsd®lsim).

5.3 Naming Convention

Module —[Ivl]_[mod. name]
Instantiation  — [Ivl]_[abbr. mod. name]
Pin — [IvI][type]_[abbr. mod. name]_[pin name]
Signal — [type]_[abbr. mod. name]_<stage>_[pin name
Abbreviation| Description | Case Available Remark
Ivl level lower c : Chip
u : Unit
b : Block
mod. name | Module lower all | any
Name
abbr. mod. | Abbreviated| lower all | any maximum 3 characters
name module
name
Type Pin type lower 0 : output
i : input
r: register
wW: wire
stage Stage name| lower all | if, id, ex, Optional
mem, wb
pin name Pin name | lowerall |any Several word separate by “ "

Table 2 Naming Convention

BIT (Hons) Computer Engineering
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5.4 RI1SC32 Pipeline Processor and 1/0 pin description

5.4.1 Processor interface

C_risc

— ui_cd_clk —

| uo_cd_ex _qvfs

5.4.21/0O pin description

c_risc

Input:

Pin name: ui_cd_clk

Pin Class: Global

Registered: Yes

Sour ce->Destination: External-> c_risc

Pin Function: Provide clock signal for the pipeline processor.

Pin name: ui_cd_rst

Pin Class: Global

Registered: Yes

Sour ce->Destination: External-> c_risc

Pin Function: Provide reset signal for the pipeline processor.

Output:

Pin name: uo_cd_ex_qgvfs

Pin Class: Global

Registered: Yes

Sour ce->Destination: ¢_risc—> External

Pin Function: Overflow signal of the processor.

Table 3 RISC32 I/0O pin descriptions

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technologf¥AR

23



5.5Memory Map

Purpose start address | Direction | Segment
Kernel module 0xC000 0000| Up Kseg2
Boot Rom Up

- . . Ksegl
i/o register(if below 512MB) 0xA000 0000| Up

Direct view of memory to 512MB linux kernel U

code and data P KsegO
Exception Entry point 0x8000 0000 | Up

Stack Ox7fff ffff Down

Program heap 0x1000 8000 | Up

Dynamic library code and data 0x1000 0000 | Up Kuseg
Main program 0x0040 0000 | Up

Reserved 0x0000 0000 | Up

Table 4 Memory Map

Memory map description

Kernel module

- Accessible by kernel*
Boot Rom

- Start up ROM which keep the system configuration*
I/O registers (if below 512MB)

- External 10 device register*

Direct view of memory to 512MB linux kernel codedatiata

*

Exception Entry point
- Software exception handling *
Stack
- Use for argument passing
Program heap
- Dynamic memory allocation such as malloc()
Dynamic library code and data
- Data segment which is access by
Main program
- Text segment which contain the main program

Reserved

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technologf¥AR
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Note *: required CPO

Ssp em—- 7fff fffc i Stack

ex

Dynamic Data

Sgp e 1000 ooooh
ex
Static Data
0060 0000
hex
Text
PC e 0040 0000
hex
Reserved
0
hex
I————————- 32-bits ————————|

Figure 12 Memory map for Kuseg section, accessifitleout CPO
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5.6 System Register

5.6.1 General Purpose Register
: 32-bits
: 32 units

Retrieving method : 5-bits address as index

Width

Size

Preserved On

Name Address | Use Call
$zero 0 Constant Value 0(hardwired) N.A.
$at 1 Assembler Temporary No
Value for Function Results and
0 - $v1 2-3 Expression Evaluation No
$a0 - $a3 4-7 Arguments No
$t0 - $t7 8-15 Temporaries No
$s0 - $s7 16 - 23 Saved temporaries Yes
$t8 - $t9 24 — 25 | Temporaries No
$kO - $k1 26 -27 Reserved for OS kernel No
$gp 28 Global Pointer Yes
$sp 29 Stack Pointer Yes
$fp 30 Frame Pointer Yes
$ra 31 Return Address Yes

Table 5 General Purpose Register

5.6.2 Special Purpose Register
: 32-bits

2 units

Width

Size

Retrieving method

: via instruction: MFHI, MTHI, MO, MTLO, MULT or MULTU

Name Definition Location in double [64:0]
Most Significant ,

HI Word Double [63:32]
Least Significant )

LO Word Double [31:0]

Table 6 Special Purpose Register

5.6.3 Program Counter Register
Width : 32-bits
Size : 1 unit

Retrieving method : Control by instruction addrgeserator control

BIT (Hons) Computer Engineering
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5.7Instruction Formats and Addressing modes

5.7.1 Instruction For mats

6 bits 5bits 5 bits 5 bits 5 bits 6 bits

[ op | rs | n | rd | shamt| funct J R-format

| op [ rs | | immedite (16-bit) | I-format(immediate Instructions)

[ op ] rs ] rt ] data address offset ] |-format (Data Transfer Instructions)
[ op | s | nt [ branchaddressoffset | I-format(Branch Instructions)

[ op | jump address (26-bit) | J-format

Figure 13 Instruction Format

5.7.1.1 R-format
Register addressing: Perform operation on source and target registdr siore the

result into destination register.

5.7.1.2 | -format
Immediate addressing: Perform operation on source register and immedaatd

store the result into target register.

Based displacement addressing: Perform operation on source register and
immediate, the result is then uses as addresscasscthe data memory to load/store

data to/from target register.

PC-relative addressing: Perform operation on source and target registdetermine

next PC condition, the immediate is uses as adaifésst for next PC.

5.7.1.3 J-format
Pseudo-direct addressing: Perform operation by concatenating the upper dfitSC

with the jump address.
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5.7.2 Addressing modes

a) Register addressing

[op [rs [t [rd ]| [funct] Register File

| Destinationreg |«

| wordoperand2 |—
»[ word operand 1 |—

b) Immediate addressing:

Operator
(ALU)

Data value — the 16-bit is sign-extended/zero-
extended to 32-hit before adding fo source reg

| op | rs | t | datavalue |/
! ",2[-\
3 ALU’_/_
a2 D 32

Register File

| Destinationreg |

— | wordoperand 1 |

c) Based displacement
addressing

to 32-bit before adding to base addr

Byte address - the 16-bit is sign-extended

| op [ rs | it | dataaddroffset M Data Memory

‘ \-:G)_Tl word or byte operand
| base address |

- |Operand’'s memory address |

Register File \

Contain an address or pointer
acting as a base address.

BIT (Hons) Computer Engineering
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d) PC-relative addressing

Word address — the 16-bit is sign-extended,
then left-shifted 2 bits (to convert word addr to
byte addr) before adding to PC+4

7

| op | rs | rt | branch addr offset |/ Instr Memory

It +}»[ branch target instruction

I
| PC + 4 (byte address) “‘R_

The address is pointing to the
next instruction (PC+4)

e)Pseudo-direct addressing

Word address — the 26-bit is left-shifted 2
hits (to convert word addr to byte addr)
before concatenating to (PC+4)[31:28]

| op | jump add]ress offset | Instr Memory

(ID*| jump destination instruction |
| 4-bit | PC (byte address) J\

The next instruction
address (PC+4)

BIT (Hons) Computer Engineering
Faculty of Information and Communication Technologf AR 29



BIT (Hons) Computer Engineering
Faculty of Information and Communication Technologf¥AR

30



5.8 Supported Instruction set, machine language and RTN

Instruction

Format | Addr. Mode | Machine Language Register Transfer Notation | Assembly Format | Over
OpCod | Rs | Rt | Rd | Shamt| Func flow
e
sll R Register 0x00 O] $rt $rd n 0x01 R[rd] =R[r} ® sll $rd, $rt, n no
sl R Register 0x00 0| $t $rd n 0x03 R[rd] =R[r & srl $rd, $rt, n no
sra R Register 0x00 O $nt $nd n 0xD4 R[rd] =R[rsp>n sra $rd, $rt, n no
jr R Register 0x00 $rs 0O 0 0 0x0 PC = R|rs] jr $rs no
A
jalr R Register 0x00 $rs O 0 0 0x0 PC =RJrs], R[31]=PC + 4 jalr $rs no
B
mfhi R Register 0x00 0o| O $rd 0O 0x10 R[rd] =HI mrd no
mthi R Register 0x00 $r5 0 0 0 Ox11 HI=R]rs] nirs no
mflo R Register 0x00 0| 0| $d O 0x12 R[rd]=LO m$id no
mtlo R Register 0x00 $r5 0 0 0 0x13 LO =R[rs] ngls no
mult R Register 0x00 $s $1 0 O 0x24 HILO = Rfr$}[rt] mult $rs, $rt no
multu R Register 0x00 $rs $t 0| O 0x24 HILO = U@Jr- U(R[rt]) multu $rs, $rt no
add R Register 0x00 $rs St $rd O 0x20 R[rd] = RER|rt] add $rd, $rs, $rt yes
addu R Register 0x00 $rs St $d O 0x21 RJrd] = KB + U(R[rt]) addu $rd, $rs, $rt no
sub R Register 0x00 $rs it $rd O 0x22 R[rd] = R{R]rt] sub $rd, $rs, $rt yes
subu R Register 0x00 $rs St $d O 0x23 R[rd] = KB - U(R]rt]) subu $rd, $rs, $rt no
and R Register 0x00 $1s St $rd O 0x24 R[rd] = R&R(rt] and $rd, $rs, $rt no
or R Register 0x00 $rs $t $d O 0x25 R][rd] = R[rE][rt] or $rd, $rs, $rt no
xor R Register 0x00 $rs St $nd O 0x26 R[rd] = RrR][rt] xor $rd, $rs, $rt no
nor R Register 0x00 $rs St $rd O 0x27 R[rd] = +6R[ R][rt]) nor $rd, $rs, $rt no
slt R Register 0x00 $rs St $rd O Ox2R[rd] = (R[rs] < R[rt]) ?1:0 | slt $rd, $rs, $rt on
A
sltu R Register 0x00 $r5 St $1d O 0x2  R[rd] = (UER] < U(R[rt])) ? | sltu $rd, $rs, $rt no
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[ | (B [1:0
] Pseudo- 0x02 JumpAddr (Label) PC = {(PC+4) [31:28], j label no
Direct JumpAddr, 2’b00}
jal Pseudo- 0x03 JumpAddr (Label) PC = {(PC+4) [31:28], jal label no
Direct JumpAddr, 2’b00}
R[31] = PC + 4
beq PC-Relative| 0x04 $rs  $nt  BranchAddr PC = (R[rs] == R][rt]) ? beq $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
bne PC-Relative| 0x05 $r1s St BranchAddr PC = (R[rs] = R[rt]) ? bne $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
blez PC-Relative| 0x06 $5 0O BranchAddr PC = (R[rs] <=0) ? blez $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
bgtz PC-Relative| 0x07 $5 0O BranchAddr PC=(R[rs]>0)? bgtz $rs, $rt, label no
(Label) (PC+4+
(SE(BranchAddr)<<2)) :
(PC + 4)
addi Immediate | 0x08 $rs St Imm R[rt] = R[rs] E@&mm) addi $rt, $rs, imm yes
addiu Immediate | 0x09 $r5 St Imm R[rt] = U(R[rs]) addiu $rt, $rs, imm | no
U(ZE(Imm))
slti Immediate | Ox0A | $rg $rff Imm R[rt] = (R[rs] SE(Imm)) ? 1 :| slti $rt, $rs, imm no
0
sltiu Immediate | O0x0B $rs St Imm R[rt] = (U(R[)st sltiu $rt, $rs, imm no

U(SE(Imm))) 2 1: 0
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andi I Immediate | 0x0C $r5 St Imm R[rt] = R[rs] &&mm) andi $rt, $rs, imm no
ori I Immediate | 0x0D $rs St Imm R[rt] = R[rs] | ZBhm) ori $rt, $rs, imm no
XOri I Immediate | OxOE $rs Bt Imm R[rt] = R[rs] "EQAmm) xori $rt, $rs, imm no
lui I Immediate | OxOF $rs St Imm R[rt] = Imm << 16 lui $rt, imm no
Iw I Based- 0x23 $rs| $rt| Imm R[rt] = MEM[ R[rs] + Iw $rt, imm($rs) no
Displaceme SE(Imm) ]
nt
sw I Based- 0x2B $rs| $rt| Imm MEM[ R[rs] + SE(Imm) ] = | sw $rt, imm($rs) no
Displaceme R[rt]
nt

Table 7 Supported Instruction set, machine langaagiedescription
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Chapter 6: Micro Architecture Specification

6.1 Design Hierarchy and Partitioning

Design Hierarchy:

Chip Partitioning
(Top Level) at
Architecture Level

RISC32 Pipeline
Processor
(c_risc)

Unit Partitioning at Block and Functional Block Partitionin
Micro- at RTL (Micro-Architecture Level)
Architecture Level
Datapath Branch Predictor (b_bp_4way)
(u_dp) Register File (b_rf)
Interlock Control (b_itl_ctrl)
Forward Control (b_fw_ctrl)
32-bit Multiplier (b_mult32)
ALB (b_alb)
Controlpath Main Control (b_main_ctrl)
(u_cp) ALB Control (b_alb_ctrl)
Memory Instruction Cache (b_ic)
(u_mem) Data Cache (b_dc)

Table 8 Design Hierarchy

Design Hierarchy block partitioning:

C_risc
u_ctrl path
b_main_ctrl b_alb_etrl
u_data path
b _alb b rf b_mult32
b itl ctrl b bp b_fw_ctrl
u_mem
b ic b de
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6.2 Micro-Architecture (block level)

6.2.1 Micro-Architecture without branch predictor
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Figure 14 System Micro-Architecture without bramrkdictor
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6.2.2 Micro-Architecture with branch predictor
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Figure 15 System Micro-Architecture with branchdictor
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6.3 Branch Predictor Functionality
- Predict next instruction address for the processtbr information provided in

the branch target buffer.
- Verify predicted address and update the brancletdmgffer.
- Provide correction address when miss predictiomwed.

- 4 way SRAM with 4k X 57-bits entry as shown in Figu.8.

56 55 36 35 4 3 2 1 0
| valid | tag[19:0] | br taddr[31:0] | pred[1:0] | Iru[1:0] |
1-bit  20-bit 32-bit 2-bit 2-bit

Figure 16 57-bits entry of SRAM.

6.4 Branch Predictor Interface

b _bp_4way
bi_bp_if pc[31:0] -
bo_bp_if next pc[31:0]

bi_bp_if_pc4[31:0]
bo bp_id_nop ifid

bi_bp id pc4[31:0]

' bi_bp_id_br_taddr[31:0]
— | bi_bp_id_beq

' bi_bp_id_bne

~ | bi_bp_id_blez

— | bi_bp_id_bgtz

g

' bi_bp_id_rs_equal_rt

' bi_bp_id rs_less or_equal_zero
| bi_bp_ifid_wr

bi_bp clk
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6.5 1/0 pin description

b _bp 4way

Input:

Pin name: bi_bp_if pc[31:0]

Pin Class: Address

Registered: No

Sour ce->Destination: Datapath(IF» b_bp_4way

Pin Function: Provide index for reading ram and tag for nestriaction.

Pin name: bi_bp_if pc4[31:0]

Pin Class: Address

Registered: No

Sour ce->Destination: Datapath(IF» b_bp_4way

Pin Function: Prediction address for case predict untaken.

Pin name: bi_bp_id_pc4[31:0]

Pin Class: Address

Registered: No

Sour ce->Destination: Datapath(ID}> b_bp_4way

Pin Function: Correction address for case miss predict taken.

Pin name: bi_bp_id_br_taddr[31:0]

Pin Class: Address

Registered: No

Sour ce->Destination: Datapath(ID)}> b_bp_4way

Pin Function: Correction address for case miss predict untaken.

Pin name: bi_bp_id_beq

Pin Class: Data

Registered: No

Sour ce->Destination: Datapath(ID}> b_bp_4way

Pin Function: Indicate current instruction is beq when assetigt.

Pin name: bi_bp_id_bne

Pin Class: Data

Registered: No

Sour ce->Destination: Datapath(ID}> b_bp_4way

Pin Function: Indicate current instruction is bne when assetigt.

Pin name: bi_bp_id_blez

Pin Class: Data

Registered: No

Sour ce->Destination: Datapath(ID)> b_bp_4way

Pin Function: Indicate current instruction is blez when asskhigh.

Pin name: bi_bp_id_bgtz

Pin Class: Data

Registered: No

Sour ce->Destination: Datapath(ID)> b_bp_4way

Pin Function: Indicate current instruction is bgtz when assehigh.
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Pin name: bi_bp_id_rs_equal rt

Pin Class: Data

Registered: No

Sour ce->Destination: Datapath(IDy> b_bp_4way

Pin Function: Use to evaluate the correctness of previous foadior beq, bne.

Pinname: bi_bp_id_rs_less_or_equal_zero

Pin Class: Data

Registered: No

Sour ce->Destination: Datapath(IDy> b_bp_4way

Pin Function: Use to evaluate the correctness of previous foador blez, bgtz.

Pin name: bi_bp_ifid_wr

Pin Class: Control

Registered: No

Sour ce->Destination: b_itl_ctrl> b_bp_4way

Pin Function: Enable signal for the internal ifid pipeline bftbranch predictor.

Pin name: bi_bp_clk

Pin Class: Global

Registered: No

Sour ce->Destination: System> b_bp_4way

Pin Function: Clock signal for the branch predictor.

Pin name: bi_bp_rst

Pin Class: Global

Registered: No

Sour ce->Destination:System—> b_bp_4way

Pin Function: Reset signal for the branch predictor/

Output:

Pin name: bo_bp_if next_pc[31:0]

Pin Class: Address

Registered: Yes

Sour ce->Destination: b_bp_4way> u_mem-> i_ic

Pin Function: Provide next PC address to fetch next instrudiiom instruction
cache.

Pin name: bo_id_nop _ifid

Pin Class: Control

Registered: No

Sour ce->Destination: b_bp_4way> Datapath(ifid pipeline)

Pin Function: Insert a nop to the ifid pipeline when miss petidn happened.

Table 9 b_bp_4way 1/O pin description
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6.6 Internal Block Diagram
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Figure 17 Branch predictor internal block diagram
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6.7 Internal Operation
|F stage: BTB read

In IF stage, the branch predictor read its intebmahch target buffer to perform next

instruction address prediction according to follogvsteps:
1) Look for an entry of the BTB with the same tag amdex as the PC.

2) If the specific entry is found, the branch targdtr@ss store in the entry is

assigned as the next instruction address.

3) If the specific entry is not found, the branch peceat will assign the normal

PC with an increment of 4 as the instruction adsglres

1D stage: BTB write

In ID stage, the branch predictor will update thiimation of the current instruction

when the current instruction is a branch instructiofollowing steps:

1) Evaluate the correctness of the prediction witlorimfation get from datapath
ID stage.

2) If the prediction is incorrect, the ID stage issthed.

3) A new entry is created to store the latest inforomabf the instruction when
none matching entry is found previously in IF stagehe matching entry in
BTB is updated with the latest information.
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Chapter 7: Verification

7.1 Instruction Verification Test Program

The following program is designed to verify thereatness of both the conditional

branch and unconditional branch instructions imgeted in this project.

Instruction
address
0x00400024
0x00400028
0x0040002C
0x00400030
0x00400034
0x00400038
0x0040003C
0x00400040
0x00400044
0x00400048
0x0040004C
0x00400050
0x00400054
0x00400058
0x0040005C
0x00400060
0x00400064
0x00400068
0x0040006C
0x00400070
0x00400074

Instruction
code

20100003
08100013
0810001D
2A280002
2231FFFF
1100FFFD
03E00008
014A5020
164AFFFE
03E00008
1A00FFF7
20110005
20120008
0C10000C
3C090040
35290040
200A0001
01200009
2210FFFF
1EOOFFF6
00000000

Label  Mnemonic Opelrand Opezrand Ope3rand

INIT: addi $s0, $zero, 3
i  MAIN

END: j EXIT

LOOP1.: slti $tO, $s1, 2
addi $s1, $s1, -1
beq $t0, $zero, LOOP1
jr $ra

LOOP2: add $t2, $t2, $t2
bne $s2, $t2, LOOP2
ir $ra

MAIN: blez $s0, END
addi $s1, $zero, 5
addi $s2, $zero, 8
jal LOOP1
lui $t1, 0x0040
ori $t1, $t1, 0x0040
addi $t2, $zero, 1
jalr $tl
addi $s0, $s0, -1
bgtz $s0, MAIN

EXIT:

unconditional branch

conditional branch
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7.1.1 Simulation Result

Simulation Description:

Registers used

in this test

Forwarding

control and N

Main signal in
—

datapath.

Branch
predictor 110

Branch predicto

internal.

Conditional

branch signal.

Unconditional

branch signal.

BIT (Hons) Computer Engineering

ﬂ Wave - Default

$a-

|
o

1

00400040

8

1]

[u]

8

oosoo0sc  Register storing the return address.

rwarding
+ v) u_dp_id_fw_rs32_ctrl
+ v) u_dp_id_fw_rs32
-+~ u_dp_id_fw_rt32_ctrl
+ wp u_dp_id_fw_rt32

V]
HWHHHHKNK
V]
HEKHKEHX

Control value 0 = no forwarding, 1 = forward fronX E

stage, 2 = forward from MEM stage.

— datapath

=& bi_bp_dk 1

5P bibp_rst g id_pc = current instruction address,
+ ~ u_dp_id_pc 0040008 ¢———

+ v) u_dp_id_instr
— branch predictor

xooooox 4——————— jd_instr = current instruction.

+ v¢ bo_bp_if_next_pc

v¢ bo_bp_id_nop_ifid

;, bi_bp_if_pc

bi_bp_if_pc4

bi_bp_id_pc4

! ;, bi_bp_id_br_taddr

;’ bi_bp_id_rs_equal_rt

;, bi_bp_id_rs_less_or_equal_zero

;, bi_bp_ifid_wr

|+

>
>

L+ [+

|+

0400004 ——— Next instruction address.
o .« asserted when misprediction occur, flush currestrirction.

00400090
gﬁgg:} Prediction address and correction address.
0000

a
. <«——enable data to pass through ifid pipeline whenrtesse

v) if_read_hit

-+~ if_pred
v) id_mispred_untaken
v) id_mispred_taken

0 <+—indicate read hit(instruction found in BTB) whersaded. else read mi
U <4— 00=Strongly untaken, 01=weakly untaken, 10=weakbgma 11= strongly taken

— conditional branch
;, ui_dp_beq
;, ui_dp_bne
;, ui_dp_blez
-9 ui_dp batz
— unconditional branch
;, ui_dp_jump
;, ui_dp_jr
¥ ui_dp_jalr
;, ui_dp_jal

Faculty of Information and Communication TechnologfAR

[u]

0 _} Indicate misprediction occurred when asserted.

[u]

g Indicate current instruction is a conditional briamestruction when asserted.

1]

[u]

g Indicate current instruction is an unconditionarh instruction when asserted.
[u]
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File Edit View Add Format Tools Bookmarks Window Help
i i o]
(] i
OO
x
3 3
3 5 = 3 12
8 3
0040005¢ 004000 5¢
— forwardng —M8M8M8M8M8M8m8™ ™ —
+p u_dp_id_fw_rs32_ctrl 0 —— o = 5} 2 [i 2 1] 2 g 2
L+~ u_dp_id_fw_rs32 00000003 | ———{00000000 00000003 | 00000000 00000005 00000000 0... }0000p00% 0000000 1 00000003 10, 19... | 00000000 [ 00000007 10 10-..
£ u_dp_id_Fw_rt32_ctrl o l——— 1 i i
~p u_dp id fin_rt32 00000003 00000000 00000003 | 00000000 0000000 00000005 { 00000000 0000000% | 00000000 0... (0., [00000000 5. Jo..
— datapath
3 bi_bp_ck 1 i g 35 B P oo PR A ¥ A ¢ Ea ¥ 0 B g R rF kg 1 F B ¥ & B F
=4 bi_bp_rst o I
+) 9 u_dpid pc 00400034 00000000 0400024 | 00400028 | 0040004 | 06400050 { 00400054 | 00400058 100400030 | 00400034 | 00400038 1 00000000 | 60400030 { 00400034 | 00400038 1 60400030 { 00400034 | 60400038 | 60400030 | 00400034
+/wp u_dp id_instr 2231fffF 00000000 30100003 ] 08100013 | 100777 | 20110005 ] 20120008 | Oc10000c | 2280002 J 2251FFfF _{ 1100FFFd || 000000GD | 2280002 §2231FFFF | 1100 ] 2280002 J 22517 | 1100FFd | 22280002 | 223177
— branch predictor | ‘
1+] v ba_bp_if_next_pc 00400030 00400028 0040002 00400050 ] 00400054 | 00400058 |0050005c | 00400034 00400038 | 0040005c ;-804 0400034 | 00400035 00400030 | 00400034 | 00400038 | 00400030 | 00400034 00400038 | 00400030
< bo_bp_id_nop_ifid 0 | k No op, flush it !
|4 bi_bp_if pc 00400038 00400024 00400028 | 0040004 | 00400050 | 00400054 { 00400055 | 00400050 100400034 | 0040008 S-0646esde—H0040000 | 00400034 { 00400038 [ 00400050 | 00400034 | 004000325 | 0040000 | 00400034 | 00400038
- bi_bp_if pca 0040003¢ 00400028 0040002c | 00400050 [ 00400054 | 00400058 | 0040005 | 00400034 (00400038 | 0040003 | 00400040 | 00400034 | 00400038 0040005 [00400034 00400058 | 0040003 [ 00400054 [00400038 | 0040005C
+] 39 bi_bp_id_pc4 00400038 00000000 00400025 {0040002c 00400050 | 00400054 {00400058 [0040005c [00400034 00400038 {0040003¢ | 00000000 [00400034 00400038 [0040003c [00400034 [ 00400038 | 0040003 [00400034 100400038
)5 bi_bp id_br_taddr 00400034 00000000 00400034 00400078 | 0040002¢ | 00400063 00400075 | 0040008c |0040003¢ | 00400034 | 00400030 | 00000000 | 0040003¢ | 00400034 | 00400030 | 0040003 00400034 | 00400030 | 0040003¢ 00400034
= bi_bp id_rs_equal rt £l
= bi_bp_id_rs_less or_equal zera D T ]
= bi_bp_ifid_wr 1 R%ad miss Read mis Regd i Regd i
~p if read_hit 1 ( ( ( L
-+~ if_pred il — {00 I I i 160 00 68 00 il
4 id_mispred_untaken 0 | 1 'y | h A Y
< id_mispred_taken o A T T T
I R i Predict untaken ) — PTEUICTTaken Predict taken
& ui_dp_beq ] Predict unfaken ( mispredicte ( ( —
= ui_dp_bne 0 f I l I
i ul_dp_blez 0 | A
4 ui_dp btz 0 T
— unconditional branch A} ’
2 ui_dp_jump 0 |
2 ui_dp_r (] |
P ui_do_jar 0 > |
5 u_dp_jal o |l |
ol _- -] 100ns 200ns 300ns 400 ns 500 ns 600 ns 700ns ’ 800 ns 900 ns 1000 ns
) Cursor 1 | 1000 ns 1000 ns
4] S T S T N
0ns to 1067 ns bi_bp_id_br_taddr
bléz $50. END beq $t0, $zero, LOOP1 beq $t0, $zero, LOOF
i MAIN ’ beq $t0, $zero, LOOP1
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File Edit Yiew Add Formst Tools Bookmarks Window Help

kil
1 o 11
| 00400040 0400000 | 00400020
8 1 2 ] hEl
2 5
0 5 |z ] ]
& B
| 0040006c  [0040005¢ 10040006c
0 [i] 2 1] 2 [i] 1 0 2 1] a 2 [i] 1
| 00000003 | Yo... J0... [00000000 [ 00000001 |0... §0... | 00000001 | 00000000 |0040005C | 00000000 | 00400000 | 00000000 00400040 | 00000001 | 00000008 00000000 §0... )0... | 00000008 | 00000004 | 00000008 | 00000000 | 0040006C HUDDI]EI[IEI}
0 o 1 0 2 z 0 [i] 1 2 1 0 |
00000003 0. IEI 00000000 0. 00000000 00400000 00000000 J 00000001 | 0000000: 00000000 [0... ):U 00000004 00000008 | 00000000 10000000
1 PRI B N (O <R o S | D) S N N O N O RN G N N N G GRS D N O N N N
= bi_bp_rst 0
g u_dpid_pc | 000006 100400034 00400038 100400030 | 00400034 | 0040003 0000000 | 0040005 | 0040005 | 00400060 | 0040006+ | 00400068 100400040 | 004000+ | 00000000 100400040 | 0040004+ | 00400040 § 004000+ { 000D0G0D | 00400096 10040006
-+~ _dp_id_instr 2210ffff | 1Z231FF | 11007 ] Za7s0002 | 2o51F | 11007d [00000000 |03200005 | 3c050040 | 35250040 | 20020001 [01200009 |01425020 | 164afe | 00000000 |01425020 | 64afffe |014a5000 | le4afffe | 00000000 |03200008 | 22107
— branch predictor —————— ———— |
i~ bo_bp_if next_pe 00400074 100300030 | 00400034 | 00400038 | 00400030 | 0040005 | 00400040 | 00400060 | 00400064 | 00400053 | D04000E: | 00400044 | 0400048 | 00400040 | 0040004 | 00400040 | 00400044 | 00400020 | 00900048 | 040004 | 00400070 | 00900074
< bo_bp_id_nop_ifid 0 ) \ T | _
4 bi_bp_if pc 00400070 Y00400035 { 00400030 §00400034 | 00400038 | 00200030 | 0040ausc || ou<0005: |00400060 | 00400064 | Do400055 | 00400040 { Di40004 | 0040004 | 00400040 1 b04000+ § 00400040 | 00400024 J 00400040 || 00400048 J 0040006 00400070
;3 bibp_if pct | 00400074 15040005 {00400054 J 00400058 | 0040005 | doe00n 5 200060 | 00200064 | 00400065 | 0040006: | 00900044 | 00400048 | 004000% D% | 00400044 | 00400048 | n0e000aE 300070 100400074
£ 59 bibp id_pcd 00400070 Y040003 J 0040005 J00400034 | 00400033 | muannnsc {ooooonoe | 0o<000ea. | 00400080 | 00400064 | Di40005a | 00s0006¢ | 0040004 { 00400045 { 00000000 | 004000 00400045 | 004000%4 (400048 | D0000000 | 0040004 100400070
= 2 bibp_id_br_taddr | oopnnse Yoo40003 {o040n050 {ooponse {oo4p0nsh {n000030 Yiageoouoh | Fyoanened] 0adan (a0 onann 54 T opapone: [ons000e0 | 00a10cq [0040004) {0000a00 { peAiaet | ) {003120c3 | {003000% | J0000000Ne5popee flogameoes |
=9 bi_bp_id_rs_equal rt 1 C C 4.7 |
=4 bi_bp id_rs_less_or_equal_zero 0
=4 bi_bp_ifid_wr 1
~ if_read_hit 0
= 1’ if_pred 100 11 0o 11 i3] 10 00 11 00 0o
< id_mispred untaken o ki R£ad hi [orSpredicte | poadly Readlhi i
o id_mispred_tsken o ! L 2  J
— conditional branch [ r_ [ [ ]
= uldp_beq 0 [ L L 2 L J
9 ui_dp_bre 0 - yY - | 7 y'y
3 ui_tp_blez 0 A T | A J ] T
3 uidp_bgtz o Predikt takeh Predict takeg v~ e Predict untaken Predict takeh Predict tak redictdd M
aygreaiclgr N
—— unconditional branch
=% ui_dp_jump 0 f [ [
3 uidp_ir 0 ~ [ (o |
= ui_dp_jalr 0}
9 ui_dp_jal ‘o
o e 1100 ns 1200 ns 1hoons 1400 ns 1600 ns 1700 ns 1800 ns 1900 ns [ 2008 ns
Sl Cursor 1 2000 ns l J 0 ns
] ] Bl L A (i Ar
997 nis to 2064 s 4
beq $t0, $zero, LOOP1
bne $s2, $t2, LOOP2 bne $s2, $t2, LOOPR
beq $t0, $zero, LOOP1
bne $s2, $t2, LOOP2
jr $ra . jr $ra
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File Edit View Add Format Tools Bookmarks Window Help
e
|
0 1 10
i+ 00400040 | [00400040
o St2 8 |8
4§50 2 B 1z
i 1 2 ] s E] biE] 1z !
s 882 8 8
e 0040005¢ | [0040006c 0040005
— forwarding |
+i~ u_dp id_fw_rs32_ctrl 0 0 1 ] Fl i z 0 Z ] 2 [ 2
1+ u_dp_id_fw_rs32 00000002 | (00000003 [00000002 | 00000000 [0... {0... |00000000 J 00000005 00000000 | 00000004 {0... §0... | 00000000 | 00000003 {0... }0... | 00000000 | 00000002 10... §0... ] 00000000 | 00000001 EED‘.. fo..
g u_dp_id_fw_rt32_ctrl 0 0 |
-+~ u_dp_id_fw_rt32 00000002 | [0D0DOD0S { 00000000 00000003 § 00000002 1 00000001 | 00000005 [ 00000000 J0... §0... {0... }0... {00000000 0... |0... [0000D000D 0... J0... 100000000 4D, J0...
— datapath
ﬁ bi_bp_ck 1 (S | N | S iy Ny RS S NS | ! IS (R A | [N | S S S G S (S i | (R G N N
=% bi_bp_rst o
ll¢ u_dp_id_pc 00400034 | (0040006 [00400070 ] 00000000 §0040004c [ 00400050 00400054 ] 00400058 00400030 [ 00400034 ]00400038 [00400030 J00400034 (00400038 {00400030 [00400034 [00400038 [00400030 [ 00400034 00400033 | 00400030 :IDD400034
l-‘}“_dp_‘d_‘"S‘T 2231 2210ffff [ 1eO0fff6 ] 00000000 | 1a00Fff7 [ 20110005 [20120008 J0c10000c ] 23280002 [ 2231Ffff [1100fffd [22280002 J2231ffff | 1100fffd [22230002 ] 2331iffff 1100fffd [ 22280002 [2231Fff [ 1100fffd ] 22280002 i 2231FFfF
— branch predictor —
= é bo_bp_if next pc DO400030 | (00400074 0040004 | 00400050 | 00400054 | 00400053 |0040005c |00400034 | 00400038 | 00400020 |00400034 | 00400038 {00400030 | 00400034 100400038 (00400030 |00400034 00400038 | 00400030 | 00400034 | 00400033 W 00400030
~ bo_bp_id_nop_ifid 0 2 | |
1;;;} bi_bp_if pc 00400038 | [ 00400070 00400074! 0040004 400050 | 00400054 | 00400058 [ 00400030 J 00400034 00400038 |00400030 [00400034 00400038 |00400030 | 00400034 500400035 00400030 (00400034 | 00400038 | 00400030 | 00400034 :!00400038
&h\ihngﬁ:l(‘? 0040003c | (00400074 {00400075\-00400050J) 00360054 | 00400053 | 0040005c § 00400034 00400038 {0040003c | 00400034 {00400038 {0040003c [00400034 [00400038 J0040003c [00400034 [00400038 § 0040003 | 00400034 | 00400038 :!0040003c
;; bi_bp_id pct 00400038 | (00400070 | 00400074 | 00000000 00400050 { 00400054 | 00400058 0040005 | 00400034 {00400038 |0040003c {00400034 {00400038 [0040003c 00400034 [00400038 {0040003c [00400034 100400038 {0040003c | 00400034 :!00400038
;,9 bi_bp_id_br_taddr 00400034 | [0040008F 0040004 JQR000000 § PO40202c £0040P0&A | 00400073 § 0040008 | 0040003c | 00400034 00400030 {0040003c 00400034 [00400030 0040003¢ [00400034 {00400030 [0040003c { 00400034 J00400030 | 0040003 100400034
< bi_bp id rs_equal st 1 T e |
=3 bi_bp id_rs less or_equal zera | O 1
=4 bi_bp ifid wr 3
~ if_read_hit 4 L]
=+~ if_pred 11 00 01 00 10 00 il 1 J00 11 00 H o 1E00 [NE]
< i_mispres snteken : Read-is Read b = Roadhi il
~ id_mispred_taken 0 fuu w 7 Ed,u il A 4 C‘,‘u 4 1
— conditional branch D - A 4 [ A 4
4 ul_dp_beq o L (1 f il
4 ui_dp_bne 0 vy H | 4 U 4
-4 ui_dp_blez 0 A 4 ’ A TS R
< udo_botz Predict untal | / bredictltaken i ! AASS UL
— unconditional branch —_— Pre'di(‘t untaken Predict taken Predict take
3 u_dp_jump 0 ( f
i ui_dp_yr 0 | by ¢ J
- ui_dp_jar o | N . A
i do gl 0 4 I
; e e e T e e e
#3 Cursor 1 | 3000 ns 3000 ns
] S W [] 0
1999 ns to 3066 ns sra
beq $t0, $zero, LOOP1 beq $t0, $zero, LOOP1
bgtz $s0, MAIN
beq $t0, $zero, LOOP1
blez $s0, END beq $t0, $zero, LOOP1
jal LOOP1
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Eile Edit View Add Format JTools Bookmarks Window Help

% e X
1 | 51 =]
00400040 | 30400040 Y00400000 J0040p040 |
8 1z iz ] 18
1 2 bl
a T Jo
8 |
0040006c | 10040005¢ 10043006
— forwarding —— ———
-+~ u_dp id_fw_rs32_ctl 0 [i] 2 [i] I [i] 3 0 7 [i] 2 0 1 2 0
(i u_dp_id_fw _rs32 00000000 | JG.._ Y0... 00000001 100000000 | 0040005: | 00000000 | 00400000 | 00000000 | 00400040 | 00000001 | 00000008 | 03000302 | 00000008 | 00000004 | 00000008 100000000 | 0040006c | 00000002 J 00000001 70000000
+ < u_dp.id_fw_rt32 ctrl ] | i ] Z 1 Z X% 2 1 0
1+ u_dp id_fw_rt32 00000008 | TG ¥0... 100000000 0400070 | 00400000 | 00000603 {00060060 | 60006001 { 00000002 00000004 00000008 100000000 00000002 § 00000000 00000001
— datapath
3 bi_bp_ck 1 R ) Sy (N S S iy N S ) IS (S FYS | [ I R O | S| N (S| N TR | S (R ¢ S (S (I
=4 bi bp rst o
) u_dp id oc 0040005+ | T 00400034 100300036 100000000 | 0050005 {00%0005 | 00300060 | 0000064 {00400050 | 00400040 | 0020003 100400030 | 0%000% | 00400040 {04000+ { 00000000 [ 0000045 | D040005: | 00400070 {00A000% 00700050 | 00400054
1.¢u_dp_\d_\nsh' 20120008 | T2231FFFF 1100fffd | 00000000 [ 0320000 3c090040 [ 35290040 2000001 [01200009 [014a5020 [ 164afffe 01425020 | 164sfffe 01455020 | 164afffe | | 00000000 [ 03200008 | 2210FFF 1e00fff6 1a00ff7 [20110005 | ZDlZDDE:
— branch predictor e ‘
i+ é bo_bp_if_next_pc 0040005¢ 00400030~ OO=S000SC 10300040 | 00400060 | 00400064 | 00400068 | 0040006c | 00400044 | 00400040 [ 00400044 | 00400040 | 00400044 | 0040004 DUS000SE 50040004 | 00400070} 0040004c { 00400050 | 00400054 00400058 || 0040005
~ bo_bp_id_nop_ifid 0 | |4 0 op, flush it | N op, flush it |
+| ;> bi_bp_if_pc 00400058 | 004000 I To000=0 .DUWDDSE 0040005c [ 00400060 {00400064 | 00400068 {00400040 ] 00400044 {00400040 | 00400044 | 00400040 EIEI4EIDEI4‘; 0300030 00400048 | 0040006 | 00400070 { 0040004 | 00400050 {00400054 i 00400058 |
;’b\_bﬂ_fjc4 0040005¢ 0040003c | 00400034 {00400040 ]| 00400060 {00400064 00400068 {0040006c | 00400044 | 00400048 | 00400044 | 00400048 | 00400044 | 00400048 | 00400044 | 0040004c | 00400070 | 00400074 | 00400050 |00400054 {00400058 1']‘]44:"]‘]5[ |
St ;’b\_bD_Jde4 00400058 00400038 | 0040003c | 00000000 ]| 00400040 {00400060 00400064 |{00400068 |0040006c [ 00400044 | 00400048 | 00400044 | 00400048 | 00400044 | 00400048 [ 00000000 |0040004c | 00400070 [00400074 | 00400050 {00400054 1DE|*1C|']EIEB
+} 23 bi_bp_id_br_taddr 00400078 | | 00400054 100400030 | 00000000 | 00400060 | 00400160 | 00400164 | 0040006c | 00400090 10041404 | 00400040 | 004140c4 | 00400040 § 0041404 | 00400040 | 00000000 | 0040006c | 0040006¢ | 0040004 | 0040002c | 00400068 | 00400078
= bi_bp_id_rs_equal_rt 0 — : s
4 bi_bp_jd_rs_less_or_equal zera 1 s | n r(edihl R d(‘,LI T
3 bi_bp_ifid_wr 1 r\;au it H;ad i 4 ][ \ 4
~ if_read_hit 0 [ | r [ JU =
~p if_pred a0 | ST a0 |11 | Tao C 7 N 00
< id_mispred untaken 0 A ) Y Orme T Bradiat et |
< id_mispred_taken o predi HL'm:“ [T A o Predict taken—FPregict vntaken
— conditional branch ) ; ; Preqict taken| Predict takernp © '~
[ migpredicte
=3 ui_dp_beq ] ( r B . N
T) 4o e a C | | mispredicte ( |
% ui_do blez ] C |G | J
- ui_dp bote 0 A S
— unconditional branch —M8M — ‘r
3 ul_dp jump 0 fa (1
3 ui_dp_ir 0 | | r |
= ui_dn_jalr 0 C | | S
= ui_dp_jal 0 A { ] =
y =|
il __ 10 ns 3100 ns 3200ns 3300ns 3400 s 3500 ns 3600 ns 3700 ns 3800 ns 3900 ns 4000 ns
i _Cursor 1 _-1000 ns | |4000 ns
| Hal el I +
2996 ns to 4063 ns bi_bp_rst A
beq $10, $zero, LOOP1 bne $s2, $t2, LOOP2 |  bne $s2, $t2, LOOP3 blez $s0, END
Q bne $s2, $t2, LOOP2 )
jr $ra _ jr $ra
BIT (Hons) Computer Engineering Jalr $t1 bgtz $s0, MAIN
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File Edit View Add Format Tools Bookmarks Window Help
Wave - Default e
i L 1o 1 =
00400040 | ToEAGDE%0 |
8 E
1 I
0 0 I5 IE] JE} iz 1 10
8 8
0040005¢ | [D040006c T 0040005¢
— forwarding |
+i~ u_dp id_fw_rs32_ctrl 1 0 7 0 z ] z ] 2 0 2 0 i1 0
¢-¢ u_dp_id_fw_rs32 00400000 | |00000000 {0oo0600S 00000000 00000004 J0... ).0... | 00000000 00000003 J0... )0... ]00000000 | 00000002 §0... ).0... 00000000 § 00000001 ]0... J0... 00000001 00000000 J0040005C | 00000000 100400000 |
g u_dp_id_fw_rt32_ctrl 2 0 i1 0 |
~ u_dp_id_fw_rt32 00400000 | 100000008 {00000001 00000005 | 00000000 [0... {0... [0... §0... | 00000000 0... J0... 00000000 0... J0... 00000000 0... J0... ]00000000 00400040 1100400000
— datapath
4 bi_bp_ck 1 [ (S iy S| [ S R | B [N O (| N (O S Ry N S ) S| G ) NS | SN | I (R O (N
= bibp_rst 0
b 'é u_dp_id_pc 00400060 | 100400054 00400058 |00400030 00400034 [00400038 [00400030 [00400034 |00400038 [00400030 | 00400034 |004000338 [00400030 ] 00400034 100400038 ] 00400030 | 00400034 J00400038 00000000 ] 0040003 | 0040005 1IUD400060
Qu_dp_\d_\nsir 35290040 | 120120008 {0c10000c | 22280002 [ 2231FfFF 1100fffd ]22280002 [2231ffff 1100fffd | 22280002 | 2231Ffff 1100fffd ] 23280002 | 2231fFfF 1100fffd | 22280002 | 22531 | 1100ffrd || 00000000 J03e00008 [3c090040 | 35250040
— branch predictor ”
= é bo_bp_if next pc DO400068 | [ 0040005 |00400034 ] 00400038 00400030 | 00400034 100400038 (00400030 [00400034 00400035 | 00400030 | 00400034 | 00400033 | 00400030 [00400034 | 00400033 | 00400030 |0040003c [ 0000040 0060 ) 00400064 1100400068
2 bo_bp_id_nop_ifid o { \!_
+.,> bi_bp_if pc 00400064 | 100400058 |00400030 | 00400034 00400033 { 00400030 100400034 (00400038 |00400030 ) 00400034 | 00400033 100400030 00400034 | 00400038 00400030 | 00400034 00400038. 00400030 H 00400064 |
:,9 bi_bp_if pc 00400068 | 0040005¢ 00400034 [00400038 {0040003c | 00400034 {00400035 [0040003c [00400034 [00400035 [0040003c [00400034 (00400038 0040003 { 00400034 00400038 0040003 0400040 | 00400060 | 00400054 HUD%DDEB
;; bi_bp_id pct 00400054 | J00400058 0040005 00400034 J00400038 J0040003c (00400034 00200038 0040003 (00400034 00400038 [0040003c 00400034 100400038 J0040003c 00400034 00400038 [0040003c [00000000 J00400040 [00400060 1!00400064
£ ;,9 bi_bp_id_br_taddr 00400154 | 700400078 J0040008c [0040003c 00400034 J00400030 [0040003c T00400034 00400030 [0040003¢ [00400034 [00400030 [0040003c [00400034 00400030 (0040003 [00400034 00400030 {00000000 J00400060 J00400160 100400164
= bi_bp id_rs_equal rt 2 |
=3 bi_bp id_rs less or_equal zera | O oL - ookl =}
l_ﬁ = eath = —— Bearthi Read-ht
=4 bi_bp ifid wr 1 ed* T Read * '
~ if_read_hit 0 ( I I} ! |
=+~ if_pred 00 00 [} 600 00 11 00 11 1] | VR 00 i1 0
~ id_mispred_untaken 0 - 4 'y A |
~ id_mispred_taken 7. L T . ! © L I
— conditional branch =3 . Predict take Predict take Predict take FTEUTT [aKe
redict| taken I .
4 ui_dp_beq 0 | mi prpdlr e
4 ui_dp_bne 0 J
-4 ui_dp_blez 0 4 A
4 ui_dp btz 0 |
— Unconcitional branch ,
P ui_dp_jump 0 fa )
9 ui_dp i a | | | | |
T i do el 0 ( | | | U
S ui_dp_jal 0 [ | ] | ] =
* _- Ons 4190 ns 4200 ns 4300 ns ’ 4400 ns 4500 ns 4600 ns 4700 ns 4800 ns| 4900 ns 5008 ns
#3 Cursor 1 | 5000 ns 5000 ns
4] A I [ (T | O
3998 ns to 5065 ns st1 y
beq $t0, $zero, LOOP1 beq $t0, $zero, LOOP1
beq $t0, $zero, LOOP1
beq $t0, $zero, LOOP1
jal LOOP1
beq $t0, $zero, LOOP1 ir $ra
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File Edit Yiew Add Formst Tools Bookmarks Window Help

e x]
|
1 i 2]
| 00400040 00400040 00400000 { 00400040 |
8 1L Iz E] bl
£ S0 a i 0
B 0
52 8
o Sra | 0040006c  _030005c Y D0%0006c
— forwarding |
+ 9 u_dp.id_fw_rs32 crl |0 1 0 z 0 2 ] Z 0 1 0
() ~gp u_dp_id_fw_rs32 x0000000¢ | 00400000 | 00000000 | 00400040 | 00000001 | 00000008 ] 00000002 | 00000008 | 00000004 | 00000008 ] 00000000 | 0040006¢ | 00000001 | 00000000 |
(=~ u_dp_id_fw_rt32_ctrl 0 1 0 2 T 2 1 2 1 0 |
-+ u_dp_id_fiv_rt32 xooooco: | ] 00400000 | 00000008 100000000 | 00000001 | 00000002 0000004 00000008 ] 00000000 00000001 | 00000000
— datapath XITIPROGRAM
i bi_bp_ck 1 IIIIIIIIIIIIII‘I_‘ ER NI VA i N (N I O N
=9 bi_bp_rst o
=+ g u_dpid_pc | 0040008 | 00400060 | 00400054 | 00400068 | 00400040 | 0040004 | 00400040 | 00400044 | 00400040 00400044!'00000000 00400045 | 0040006< | 00400070 || 00000000 §0400074 Qomows 0040007 | 00400080 | 00400084 | 00400058 i 0040008
-+ U_dp_id_instr »0000000¢ | 35790040 | 20020001 | 01200009 | 01435020 | i6daftte | 01425020 | l6daftte 01425020 | is4aftte || 00000000 _Lp3e00008 | 2210fF | lenofte | 00000000 | I
— branch predicoy ———— —— ||
+) < bo_bp_if next pc 00400094 | 00400088 | 0040006 0040004 | 00400040 | 00400044 | 00400040 | 00400044 | 00400040 00=000=E 9040004 | 00400070 0040004 Aeentr— 0400078 | 0040007¢ J00400080 | 00400084 | 00400088 | 0040008C | 00400050 1 00400054
& o b vl o 0 [ [4=_No op, ffush i(] 4= No op, flush it I
) =% bi_bp_if pc po400020. JEi00054 | 00400085 100400040 | 604000 { 00400040 | 0040004% | 00400040 | 0040002 Y0000 [ D0400048 | B040006: | 00200070 Fomsunr=e—FUG=00074 | 00400078 | 040007 | 00400080 | 00400064 { 00400085 | 0040006c Eiommoao
/5 bi_bp_if pca | 00400094 {00300065 | 0040006 | 00400044 | 00400048 | 00400045 | 00400048 | 00400044 | 00400046 00400044 {0040004 | 00400070 | 00400074 | 00400050 | 00400076 | 0040007 | 0000060 | 00400064 |00<0006A | D04000GC | 00400050 ! D040005%
=+, 2% bi_bp id_pcd 00400080 | 0040006+ | 00400086 |0040006¢ | 00400044 | 00400046 | 00400044 | 00400048 | 00400044 | 00400046 § 00000000 | 0040004 | 00400070 | 0040007+ | 00000000 | 00400078 | 0040007c | 00400080 | 0040008+ | 00400088 | O040005¢c 1 D0400080
) 5% bi_bp_id br_teddr soovouce: | 00400164 | 0040008 | 00400050 | 0041404 | 00400040 | 004140c4 | 00400040 | 004140cs | 00400040 J 00000000 | 0040006c | 0040006 | 0040004 | 00000000 | 00400078 | 0040007c | 00400080 | 00400084
=9 bi_bp_id_rs_equal rt 0
=4 bi_bp id_rs_less_or_equal_zero 0 i Read hi
-4 bi_bp ifid_wr 1 R;du il Regd i v J
~ if_read_hit 0 f r r_ L
=~ If_pred 10 0 | BET 00 o 00 = 00 | j' mispredicie
4 id_mispred_untaken o A N LS N |
< id_mispred_taken o L . Predict takdn N s , —
— conditional branch ———— ————— FTEUICTIareIT Predict take - P misplddicrgt taker h
: | Ispredi Predictjuntaken
4 ui_dp_beq a ] f N f
9 ui_dp_bre 0 | | | | |
5 ui_dp_blez 0 J J
-4 ui_dp_botz 0 | |
— unconditional branch
3 ui_dp_jump 0 ( 4
= ui_dp_ir o { N\ | |
& ui_dp_jalr 0 | |
& ui_dp 5al o D) |
4 . =
u _u J0ns 5100 ns 5200 ns 5300 ns 3400 ns 53500 ns 5600 ns 5700 ns 5800ns 5900 ns 5008 ns
#Q Cursor 1 | 6000 ns [g000 ns
] ] Telfad L]
4996 ns to 6063 ns $s0 £l
bne $s2, $t2, LOOP2 bne $s2, $t2, LOOP?

blez $s0, END

bne $s2, $t2, LOOP2

jr $ra
jalr $t1
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7.2 Branch Prediction Accuracy Test Program

The branch instructions often take place in if sisgement, loop or function call in a
program. The program uses to generate Fibonadessand the program uses to
check if a number is prime number involved a nundfehese conditions. Hence, a
program named FiboPrime.c is used in this projedetermine the accuracy of the
branch predictor. This program combine both th@R#zci and is Prime program by

counting number of prime number out of the nth Réxxi series.

The maximum Fibonacci number can be generatedsrptbject is limited by the
data cache of the RISC32 processor. Since each ijemihe data cache is 32-bit,
the maximum data value can be stored is equalto 2,294,967,296.

* The 47 Fibonacci number, Fibo(47) = 2,971,215,073.
» The 48" Fibonacci number, Fibo(48) = 4,807,526,976.

Since Fibo(48) is larger thari®2the maximum unsigned Fibonacci number can be

generated by this processor is th& &fbonacci number.

This project runs the program to compute up ta38ieFibonacci number to
determine the prediction accuracy of the branchipter as it is sufficient to prove

the accuracy. Each of the subsequence numberowkl ltours to simulate in a way
that the time required is equivalent to the surié taken for previous two numbers.
(Th=Tha + Tho)
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7.2.1 FiboPrime.c

//Fibonacci function, generate nth number of Fibonacci series
int fibo(int n){

int s1 =0, s2 =1, s3 = 0;

if (n==0 || n==1){

return n;
}else {

for (int i =1 ; i< n; i++){
s3 = s2 + sl;
sl = s2;
s2 = s3;

¥

return s3;

}

//isPrime function, calculate the number of prime numbers within the Fibonnacci
series
int isPrime(int n){

if ( n <= 1) return 0;
if (n == 2) return 1;
if (n% 2 ==0 ) return 0;

double sq = sqrt(n);

for (int 1 = 3; i < sq; i =1+ 2){
if (n%i==0){//this is not a prime
return 0;
}
¥

return 1;

}

//Main Function
void main(void){
int count = 0;
for ((int i =0 ; i <= 35; i++){
int fb = fibo(i);
if (isPrime(fb)){
count = count++;

}
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7.2.2 MIPSlike FiboPrime.c

void fibo()
{

vector<int> arr;

$to = 0, $t1 = 0, $t2 = 1;

arr.pushback($t1);
arr.pushback($t2);

if($s1
if($s1

== 0) return;
== 1) return;
while($s1 > 0){
$t3 = arr($t0) + arr($te + 1);
arr.pushback($t3);
$to = $to + 1;
$s1 = $s1 - 1;
¥
$s1 = $t3;
¥

void prime()

if($s1l <= @)return;
if($s1 < 2) return;
if($s1 < 4) {
$s2 = $s2 + 1;
return;

}

if($s1 % 2 == @) return;

$t1 = 3;

while($tl < $s1){
$t3 = $s1;
do{

$t3 = $t3 - $t1;
if($t3 == @) return;
}while($t3 > 0);
$t1 = $t1 + 2;

¥
$s2 = $s2 + 1;
}
void main()
{
$s0 = 48, $s2 = 1, $t8 = 0
do{
$s1 = $t8;
fibo();
prime();
$t8 = $t8 + 1;
Jwhile($t8 < n);
¥
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Instruction
adress
0x00400024
0x00400028
0x0040002C
0x00400030
0x00400034
0x00400038
0x0040003C
0x00400040
0x00400044
0x00400048
0x0040004C
0x00400050
0x00400054
0x00400058
0x0040005C
0x00400060

0x00400064
0x00400068
0x0040006C
0x00400070
0x00400074
0x00400078
0x0040007C
0x00400080
0x00400084
0x00400088
0x0040008C
0x00400090
0x00400094
0x00400098
0x0040009C
0x004000A0
0x004000A4
0x004000A8

0x004000AC
0x004000B0
0x004000B4
0x004000B8
0x004000BC
0x004000C0
0x004000C4
0x004000C8
0x004000CC
0x004000D0

Instruction Label Mnemonic Operand Operand Operand 7.2.3
code 1 2 3

0810002C j MAIN FiboPrime.
20080000  FIBO: addi $t0, $zero, 0
20090000 addi st1, $zero, o cinMIPS
200A0001 addi St2, Szero, 1
AD090000 sw $t1, 0(5t0)

ADOA0004 sw $t2, 4(5t0)

12200009 beq Ssi1, Szero, BACK
122A0008 beq $s1, $t2, BACK
8D090000  LOOP: Iw $t1, 0(5t0)

8D0A0004 Iw $t2, 4(5t0)

012A5820 add $t3, $t1, $t2
ADOB0008 sw $t3, 8(5t0)

21080004 addi $t0, $t0, 4
2231FFFF addi $s1, $s1, -1
1E20FFF9 bgtz $s1, LooP

000B8820 add Ssi1, Szero, St3
03E00008 BACK: ir $ra

1A200010 PRIME: blez $s1, FALSE

2A280002 slti $t0, $s1, 2
1500000E bne Sto, Szero, FALSE
2a280004 slti $t0, $s1, 4
15000008 bne Sto, Szero, TRUE
32280001 andi $t0, $s1, 0x0001
1100000A beq Sto, Szero, FALSE
20090003 addi Stl, Szero, 3
0131502A LOOP2: slt $t2, $t1, $s1
11400006 beq St2, Szero, TRUE
222b0000 addi $t3, $s1, 0
01695822 LOOP3: sub $t3, $t3, $t1
11600004 beq St3, Szero, FALSE
1D60FFFD bgtz $t3, LOOP3

21290002 addi $t1, $t1, 2
08100022 i LOOP2

22520001  TRUE: addi $s2, $s2, 1
03E00008  FALSE: ir $ra

20100030  MAIN: addi $s0, $zero, 48
20120001 addi Ss2, Szero, 0
20180000 addi St8, Szero, 0
23110000 START: addi $s1, $t8, 0
0C10000A jal FIBO

0C10001A jal PRIME

23180001 addi $t8, $t8, 1
1710FFFB bne $t8, $s0, START
00000000 EXIT:
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7.2.4 Simulation results

Instruction memory:

00000000 (00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 00000000 0810002c
0000000z (20080000 20030000 20020001 ad090000 ad0a0004 12200003 122a0008 24090000 84020004 012a5820
00000014 )ad0bO008 21080004 2231Lfff 1e20fIff9 000bEEZ20 03e00008 1aZ00010 28280002 1500000e 2a280004
0000001e 1500000k 32280001 1100000 20090003 0131502a 11400006 222b0000 01635822 11600004 1d60Lffd
00000028 |21290002 02100022 22520001 0300008 20100030 20120000 20120000 23110000 0cl0000a 0c1000la
00000032 (23180001 1710fiffb
0000003C [HEANMXKK EXXAXKKE HXHHKHKK XKHEXEKA KHEKKEAK HEHKKXKX EKXNAKKEX XEEXHHHK XEXXAXKA KEXHNKKK
00000046 [HXHHHKXK XXAAKEKE KEHXXXXX XXXEXEXX XEKKXKKK XNXEENKE DODDDDDD OOOONKE XXXXNKKK
00000050 |MaE¥yX¥y EXNNLNHHE EXENNHHN XENXNANN HHENKHNNE MNXEXXNY NHNIHNEY HXENNHXE XEXXNO000
0000005

00000064

00000068 [HXNHHEHX XXXXAAEE HEEXXXXX XXKEXXXX KEKKKKKK XNNXENNE JDDDDDDNE OOOONEK XXXXXKNK -

00000078 |HEXNHXEE OO0 EXNNNNHK XXNXNENN NOONEHNE NHNKXNHY 000N NEENNHXE XX00000D —Address Radix ) [ DataRadix——
oogoogsza ' Hexadecmal " symbolic
gannnEhe " Decimal " Binary
00000096 |WAKHMXKK EXXAXKKN KEAKKKKK XXKHEXEXXA KHHKAXKK HHKKXKKX XXAAKKEX KXAKHHXK KEXIOOLKK

00000080 |MEMHMXHK WENENNKN NENNNRHN XEKENXNN NMNENHMN NHNHXHKX OODINENE HENENHKN XEXH0I0L " octal
0000002z € Dicirial
000000b4 € Unsigned
000000be |HAHHMXKK EXXANNKK HKEHHXHHH XKHENEXA KHNKAKKK HMNKKXXX XXAAKHEK XHEXHHXK XEXXAKNA

00000008 (MENHHXEX XANANHHN NEMHMNMHN XHKENEAN NENHMENH NHNHKHKY OO0INHHE NMNENHHE XE00000E ' Hexadecimal
00000042

000000de e,

0000006 |HAKNMXKK EXXAXKKN KEAKKKXK XXHEXEXXK KHHKAXKK HHKKXKKX XXAAKKEX KXAKHHXK KEXIOOLKK

000000f0 HEHNHXHN XEXAXNNH HNNMXNHK XNMXNHXE XHNNHNHE KHNHXHNX NXXXNANK " Fitin Window

Jalalalula]
00000104
0000010 |HHHHMXKK EXXAXNKK HENHXHHH XKHKENEXA KHMKAKKK HXNKKXKX XXAAKHEK XHEXHMXK XEXXAKNK
00000118 [HXXHKKEE XXAAXXKK HAXAXAKK XXXEXXHK KEEKKKNK XENXIOOO0 ID00DDDINE OOOONKE XXXXAKKK
00000132 |MEXHHXEY XXNNXNNN XEENNNHX XXNXNENN KNENHNNE NEXKXXHYX EXNANHEX HNXEXNEXK XEXNHXNK

HHHKMKE KEKEXXNK KEKKHNKN XXHEKKXE MOOEHKNE KEXNNHKX XXXXEREH “ ;
* Words per Line

A RS £

Data memory:

B Memory Data - ftb_r32 pipeline/dut_c_riscfu_mem/b_dc/o_cm_r_r

a a L 1 -4 3 5 8 13 21 34 ﬂ
1o 585 as 144 233 aT7 6810 87 1597 2584 41gl
20 8765 10946 17711 28657 46368 75025 121393 1964138 317811 514229
30 832040 1346289 2178309 3524578 5702887 9227485 14930352 24157817 x
40 x X x X X x x

— Address Radix ~Data Radix —— [
" Hexadedmal 1 Symbolic
' Decimal " Binary

7 Octal
" Decimal
1+ Unsigned

" Hexadecmal

——Line Wrap
© Fitin Window

& Words per Line |1Ci

OK Cancel

o

=1
DoBOR BB M OB MM OBBOM M OB M M OB MMM OMOM MM MM
PR ob oMo oM M oM MM oMM B M MK MM MM K MM X
Doobe bbb Bt oM B oBe M M B M M B b o b M oM M OM oMM
DMoB M M M B M M B MM MMM MMM OMMMMM MMM
FRSCTSE IR R I TR O R T O T R
Do oM M MM MM N X M oM XM M MMM MNXMNN
Dok B M M OB MM OMOM O M M MMM MMM MK MK KN
oMo oR Mo oM M MMM MMM MR MM KM MK MM N
PoRoM oMM oMM M MMM MMM MMM MM N MMM MM NN
DoEoM M MM B M MMM M MM MMM MMM KN KM KK
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Reaqister File:

[ temary Data - ftb_r32_pipeline/dut_c_risc/u_datapath/b_rf/b_rf_reg_ram

Tag ram

0 -1 @ R G B

10
11
12
13
14
15
16
17

g

19
20
21
22
23
24
25
26
27

8

29
30
31

2l

x
x
X
X
X
x
4
1
3
1
16675358

48
24157817
1]

w

X
x
X
X
X
6
X
x
X
X
X
X
4

413450

[ Address Radix

" Hexadecimal
& Decmal

Data Radix—

Symbolic
Binary
Octal
Decimal
Unsigned

Hexadecimal

[ Line Wrap

 Fitin Window

% Words per Line ii

oK Cancel

]

BE efdut_c_risc/u_datapath/bp/b_bp_tag_ram(0) Hefl x| BE jdut_c_riscju_datapath/bp/b_bp_tag_ram(1)

B® ve/dut_c_riscju_datapath/bp/b_bp_tag_ram(2) :

H x|

B seline/dut_c_riscju_datapathjbp/b_bp_br_taddr_ram(3) - Default :::: H of X/

00000000
00000004
00000008
0000000c
00000010
00000012
00000018
0000001c
00000020
00000024
00000028
0000002¢
00000030
00000034
00000038
0000003¢
00000040
00000044
00000048
0000004c
00000050
00000054
00000058
0000005¢
00000060
00000064
00000068
0000006c
00000070
00000074

lEXXX KEHEX KENEE
homma moexx 00400
00400 xxxxx 00400
00400 xxXEKX KEXXK
hooooe oo 00400
POEXEX XHNEX NEHER
|REXXX KENEX XENEE
lEXXX KEHEX KENEE

HEEER =f || aooacnoa
prere 00000004
prerey 00000008
00400 0000000e
HEXERX = 00000010
00400 00000014
RERER 00000018
prerey 0000001
00400 00000020
00400 00000024
HEXERX 00000028
HXKEX 0000002¢
00400 00000030
e 00000034
prere 00000038
prere 0000003¢
HEXERX 00000040
HEXERX 00000044
RERER 00000048
RERER 0000004
prere 00000050
prere 00000054
HEXERX 00000058
HEXERX 0000005¢
RERER 00000060
RERER 00000064
prere 00000068
prere 0000006
HEXERX 00000070
HEXERX 00000074
= 00000078
0000007

K| 3

rnxx xmax xERER
4
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00000000
00000004
00000008
0000000
00000010
00000014
00000018
0000001
00000020
00000024
00000028
0000002
00000030
00000034
00000038
0000003¢
00000040
00000044
00000048
0000004c
00000050
00000054
00000058
0000005
00000060
00000064
00000068
0000006c
00000070
00000074
00000078
0000007c

[« »

o
4

L=

TR

00000000 [xxxxmsEn
00000004 |xxxxmsxx
00000008 |xxxxmsxx
0000000¢ [xxxxasrs
00000010 [xxxxssrs
00000014 |xxxxmsxn
00000018 |xxxxmsxn
0000001c |xxmxmnxx
00000020 |xxxxmxxx
00000024 oo
00000028 [xxxxasrs
0000002¢ |xxxxmnxn
00000030 |xxxxmnxn
00000034 [xxkxmnn
00000038 |xxkxmnxx
0000003¢ [xxxxmnxx
00000040 [xxxxasrs
00000044 [xxxxasrs
00000048 |xxxxmnxn
0000004c [xxxxmnEn
00000050 [xxxxmnxx
00000054 [xxxxmnxn
00000058 [xxxxasrs
0000005¢ [xxxxasEs
00000060 |xxxxmnxn
00000064 |xxxxmnxn
00000068 |xxkxmnxx
0000006¢ [xxxxmnxx
00000070 [xxxxasrs
00000074 [xxxxasrn
00000078 |xxxxmnxn
0000007¢ [xxxxmnxn

I



Prediction ram:

B ine/dut_c_risc/u_datapath/bp/b_bp_pred_ram(0)

H x|

B ut_c_riscju_datapath/bp/b_bp_pred_ram(3) - Default i H ) x|

000001e0
000001d0

Y |

00000000 [x xx xx xx kX KA KX X
00000010 [0 x x xx xx2xx0x0x
00000020 [0 xx 0xx03xxxxxx
00000030 [x xx 3xxxxxxxxxx
00000040 [x x x xx xxxxEx R XX
00000050 [x x x xx xxxxEx R XX
00000060 [x xx xx xxxxxx KX X
00000070 [x xx xx xxxxx A XXX
00000080 [x xx xx xxxx xR XX
00000090 [x xx xx xxxxxxxxx
00000020 [x xx xx xxxxEx R XX
000000B0 [x xx xx xxxxExR R XX
000000c0 [x xx xx xxxxx A XXX
000000d0 fx x x x x xx xx Ex x X X
00000020 [x xx xxxxxxzxxxx
00000070 [x xx xx xxxxxx XXX
00000100 [x x x xx xxxxEx R XX
00000110 [x xx xx xxxxxxx XX
00000120 [x xx xx xx XX XX KX X
00000130 fx x x x x xx xx xx x x x
00000140 [x xx xx xxxxxx XXX
00000150 [x xx xxxxxxExRXX
00000160 [x xx xx s xxx xR XX
00000170 [x xx xx xxxx AR XX
00000180 [x xx xx xx xx AKX X
00000190 [y xx xx xxxxxxxxx
00000120 [x xx xxxxxxzxxxx
000001B0 [x xx xx ExExEx R XX

XX XXX XXX EEEXE

f XX XX XX XXAEXEXX

D

DB s M M BB B M M M BB B M M M B M R M M M B K KM M oD

|_:>:==><xa:x:sxnxn:x*sx::x*xa::x*xc

Lo

Valid ram:

BE /dut_c_visc/u_datapath/bp/b_bp_vaiid_ram(0)

Hd x|

B dut_c_risc/u_datapath/bp/b_bp_valid_ram(1)

HAX

BRE »fdut_c_riscu_datapath/bp/b_bp_valid_ram(2)

B ne/dut_c_riscju_datapathybp/b_bp_pred_ram(2) iz H dY x| | B ipeline/dut_c_riscju_datapath/bpjb_bp_pred_ram(1) ::: # df x|
00000000 [k x x xxxxxxxxxxxxx —||[00000000 [xxxxxxxxxx =
00000010 X X X X XK XXX KX KKK XK X 00000010 [x x x x x x x x x x
00000020 ¥ X X X X X X ¥ X X X X X X X X 00000020 fx ¥ X X X X X X X X
00000030 ¥ X X X X X X ¥ X X X X X X X X 00000030 fx ¥ X X X X X X X X
00000040 |5 X X X XX XX KX EKEK XX 00000040 [x x x x x x x x x x
00000050 |5 % X X XX XX KX EKE KKK 00000050 [x x % x x x x x x x
00000060 X X X X XK XXX KX KKK XK X 00000060 [x x x x x x x x x x
00000070 K X X X XK XXX EXEK KKK X 00000070 [x x x x x x x x x x
O000DOB0 |¥ X X X X X X ¥ X X X X X X X X 000000B0 fx ¥ X X X X X X X X
00000030 |¥ X X X X X X ¥ X X X X X X X X 00000080 fx ¥ X X X X X X X X
00000020 |5 X X X X X XX KX EKEK XK 00000020 [x x % x x x x ®x x x
000000b0 |5 X X X XX XX KX EKE KKK 00000060 [x x % x % x x ®x x x
000000c) X X X XX XXX EXEXK KKK X 000000c0 [x x x x x x x x x x
000000d0 |x X X X X X X X X X X X X X X X 000000d0 fx X X X X X X X X X
00000020 |¥ X X X X X X X X X X X ¥ ¥ x % _| 00000020 fx ¥ X X X X X X X X
O000DOE0 | X X X X X X ¥ X X X X X X X X 000000E0 fx ¥ X X X X X X X X
00000100 |5 X X X XX XX KX EKEK XX 00000100 [x x % x x x x x x x
00000110 R X X X XX XX KX EXE XXX 00000110 [z x x x x x x x x x
00000120 K X X X XK XXX KX KKK XK X 00000120 [x x x x x x x X x %
00000130 | X X X X X X X X X X X X X X X 00000130 fx X X X X X X X X X
00000140 ¥ X X X X X X X X X X X X X X X 00000140 f¥ ¥ X X X X X X X X
00000150 K X XX XX X X X X XX XX XX 00000150 fx X X X X X X X X X
00000160 |5 X K X XX XX KX EK KK XX 00000160 [x x % x x x x x x x
00000170 K X K XXX XX KX KKK KK X 00000170 [x x x x x x x x x x
00000180 X X X X XK XXX KX KX KKK X 00000180 [x x x x x x x X x x
00000180 ¥ X X X X X X ¥ X X X X X X X X 00000180 fx ¥ X X X X X X X X
00000180 ¥ X X X X X X ¥ X X X X X X X X 00000180 f ¥ X X X X X X X X
000001b0 K X XX XX X X X X XX KX KX 000001b0 fX X X X X X X X X X
000001c) X KX XX XX KX EKEK XK 000001c0 [x x % x x x x x x x
000001d0 X X X X XK XXX KX KKK XK X 00000140 [x x x x x x x x x x
N T 0000010 [x x x x x x x x x x
1] A1) 2l =1]| coooo1fo | x x x v x x % x x

xx x
xx x
XX x
XX x
xx x
xx x
xx x
xx x
XX x
XX x
xx x
xx x
xx x
xx x
XX x
XX x
xx x
xx x
xx x
xx x
XX x
xx x
xx x
xx x
xx x
XX x
XX x
xx x
xx x
xx x
xx x
XX x

HAX

M MM M M M M M M M M M X MM M KN XN KN KNKNNNNKHR

00000000
00000010
00000020
00000030
00000020
00000050
00000060
00000070
00000080
00000030
00000020
00000060
000000c0
00000040
00000020
00000020
00000100
00000110
00000120
00000130
00000140
00000150
00000160
00000170
00000180
00000190
00000120
00000160
0000010
00000140

6

TR AR AR AR AR AN RN AR AN R A RA N RN AR AR

DB MM M M M M M M MM M MM MM N M MMM NNMMNMN
DM M M M M M M M X M M M N M X MM NN M KNKNNNNKHR
DB MM M M M M M M MM M MM MM N M MMM NNMMNMN
DM M M M M M M M X M M M N M X MM NN M KNKNNNNKHR
DB MM M M M M M M MM M MM MM N M MMM NNMMNMN

DM M M N M M M N M X M N M N M X M OX RN KK N KRN KX

|-

B 2_pipeline/dut_c_risc/u_datapath/bp/b_bp_valid_ram(3) - Default ::::: H &t x|

00000000 [0 0
00000008
00000010
00000018
00000020
00000028
00000030
00000038
00000040
00000048
00000050
00000058
00000060
00000062
00000070
00000078
00000080
00000088
00000090
00000092
00000020
000000a8
00000080
000000B8
000000c0
000000c8
000000d0
000000d2
00000080
000000e8

EEEE |

roECCoDOEPCCOoDOROCOCOROROCOROROR P D

0o
]
]
10
01
0o
01
]
]
]
]
0o
[
]
]
]
]
0o
0o
]
]
]
]
0o
0o
]
]
]
]
0o

TESCCC0C0CCO0C00C0CC000C00CO000000RoRD

00000000
00000008
00000010
00000018
00000020
00000028
00000030
00000038
00000020
00000048
00000050
00000058
00000060
00000068
00000070
00000078
00000020
00000088
00000080
00000098
00000020
00000028
00000060
00000008
000000c0
0000008
00000040
00000048
00000080
0000008

ol e

000020
0000
00000
[
coooao
00000
ooonao
0000
00000
[
coooao
00000
ooonao
0000
0000
[
[
00000
00000
0000
0000
[
[
00000
00000
0000
0000
[
[
00000

I SO0 O0C0OC00O0L00OC00O000000000000000

J|Ed

00000000 f0 0 0
00000008
00000010
00000018
00000020
00000028
00000030
00000038
00000040
00000048
00000050
00000058
00000060
00000062
00000070
00000078
00000080
00000088
00000090
00000092
00000020
000000a8
00000080
000000B8
000000c0
000000c8
000000d0
000000d2
00000080
000000e8

B 5

roECCDOERPCEODOROEOOOROROCORORO0 0D

0
0
0
[
[
0
[
0
0
[
[
0
[
0
0
[
[
0
0
0
0
[
[
0
0
0
0
[
[
0

TESCCC0C0CC000C0CC000C00C0000000005050

00000000
00000008
00000010
00000018
00000020
00000028
00000030
00000038
00000040
00000048
00000050
00000058
00000060
00000062
00000070
00000078
00000080
00000088
00000090
00000092
00000020
000000a8
00000080
000000B8
000000c0
000000c8
000000d0
000000d2
00000080
000000e8

Ll

k|

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

TECCO0CCCO0C0C00S0C0C00S0C0000050500

0
0
0
[
[
0
[
0
0
[
[
0
[
0
0
[
[
0
0
0
0
[
[
0
0
0
0
[
[
0

[
0
0
0
Q
0
[
0
0
0
Q
0
[
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

roECCDOERPCEODOROEOOOROROCORORO0 0D

2l
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LRU ram:

2 pelne/dut_c_risc/u_datapath/bpjb_bp.Iru_ram(0) :::: H 1 x| | B8 ipeline/dut_c_riscju_datepath/bp/b_bp_Iru_ram(1) ::::: H ff || | B peline/dut_c_risc/u_datapathybp/b_bp_Iru_ram(2) ::::: H ot x| | JAUE e risc/l_datapath/bp/b_bp.Iru ram(3) “Default - H 1 x|
00000000 [0000000000000003 = 00000000 1111111111111110 = 00000000 [2222222222222221 - 00000000 |3 333333333333332 =
00000010 13000000300303030 00000010 10111111011010101 00000010 1 222222122121212 00000010 |2 333333233232323
00000020 3003 003300000000 00000020 (01 10110011111111 00000020 |11 221 221122222222 00000020 |2 332332233333333
00000030 (0003 000000000000 00000030 (1110111111111111 00000030 |22 21 222222222222 00000030 |3 332333333333333
00000040 0000000000000 000Q 00000040 (1111111111111111 00000040 |22 22222222222222 00000040 |3 33 3333333333333
00000050 0 00000000000 0000Q 00000050 11111111111111111 00000050 2222222222222222 00000050 |3 3 33333333333333
00000060 000D O0000000000000Q 00000060 1111111111111111 00000060 |22 22222222222222 00000060 |33 33333333333333
00000070 0000000000000 000 00000070 1111111111111111 00000070 |2222222222222222 00000070 |3 333333333333333
00000080 (0000000000000 000Q 0o0000OB0 (1111111111111111 00000080 |22 22222222222222 00000080 |3 333333333333333
00000080 (0000000000000 000Q 000000S0 (1111111111111111 00000090 |22 22222222222222 00000080 |3 3 33333333333333
000000a0 0000000000000 0C00Q0 00000020 (1111111111111111 000000a0 |2 222222222222222 000000a0 |3 333333333333333
000000b0 000000000000 0000 000000B0 |1111111111111111 000000B0 |22 22222222222222 000000b0 |3 3 33333333333333
000000c0 00O 0DO0000000000000Q 000000c0 |1111111111111111 000000c0 |22 22222222222222 000000cO |33 33333333333333
00000040 0 CO0O0000000000000 00000040 1111111111111111 000000d0 |2222222222222222 000000d0 |3 333333333333333
000000e0 (OO 000000000000 00 __J 000000e0 (1111111111111111 _| 000000e0 |2 2 22222222222222 000000e0 |3 333333333333333
000000£0 (0000000000000 00Q 0000DOED (1111111111111111 000000€0 |2 2 22222222222222 000000€0 |3 3 33333333333333
00000100 0000000000000 0C00Q0 00000100 (1111111111111111 00000100 |2 222222222222222 — 00000100 |3 333333333333333 e
00000110 0 00O 000000000000 00000110 111 11111111111111 00000110 2 222222222222222 00000110 |3 3 3 3333333333333
00000120 0000000000000 O00Q 00000120 11111111111111111 00000120 2222222222222222 00000120 |3 3 3 3333333333333
00000130 0000000000000 000Q 00000130 11111111111111111 00000130 |2222222222222222 00000130 |33 33333333333333
00000140 (0000 000000000000 00000140 (1111111111111111 00000140 |2 222222222222222 00000140 |3 3 33333333333333
00000150 (0000000000000 000Q 00000150 (1111111111111111 00000150 |2 2 22222222222222 00000150 |3 33 3333333333333
00000160 (0000000000000 00Q 00000160 (1111111111111111 00000160 |2 2 22222222222222 00000160 |3 3 3 3333333333333
00000170 0 000 000000000000 00000170 111 11111111111111 00000170 2 222222222222222 00000170 |3 3 3 3333333333333
00000180 0 00O 000000000000 00000180 111 11111111111111 00000180 |22 22222222222222 00000180 |3 3 3 3333333333333
00000190 0000000000000 000 00000190 |1111111111111111 00000180 |2222222222222222 00000190 |3 333333333333333
00000120 (0000 O000000000000 00000120 (1111111111111111 00000120 |2 222222222222222 00000120 |3 333333333333333
000001b0 (0000000000000 000Q 000001BO (1111111111111111 000001b0 |2 2 2 2222222222222 000001b0 |3 3 3 3333333333333
000001c0 (0OOO0O0O0000000000Q 000001c0 (1111111111111111 000001c0 |2 2 22222222222222 000001c0 |3 3 33333333333333
00000140 0 000 000000000000 00000140 1111111111111111 000001d0 |2 222222222222222 000001d0 |3 3 3 3333333333333
SPAAAN-Z JA R AR A AN NRARARARS e R et 00o00led 2222222222222222 000001ed |33 33333333333333
LI _’ILI LI L1 <l _>|j oooodif0 l2222222222222222 0000010 I3 333333333333333

Branch target ad

dress ram:

S +fu_datapathjbp/b_bp_br_taddr_ram(0) - Defauit

H x|

EE lut_c_risc/u_datapath/bp/b_bp_br_taddr_ram(1) i H & ]|

B 1e/dut_c_risc/u_datapath/bp/b_bp_br_taddr_ram(2) i H & X

B ine/dut_c_risc/u_datapath/bp/b_bp_br_taddr_ram(3) i H & X|

00000000
00000003
00000006
00000008
0800000
0000000fF
00000012
00000015
00000018
00000010
0000001
00000021
00000022
00000027
00000022
0000002d
00000030
00000033
00000036
00000039
0000003
0000003%
00000042
00000045
00000048
0000004b
0000004e
00000051
00000054
00000057

hommnonn
homoong
hosnoon

KEKKEKKE

EXKKERKE
provesees
00400064
EXKKENKE
KEKKEKKE
EXKKENKE
004000ac

hoonoooo
00400064
lemmnnmxn
homoong 00400024
004000ac
ARKEXKKE
004000ac
00400028
004000ac

hosnoon
004000a8
honnooon

prasseeey
EXKKENKE
KEKKEKKE

lemmnnmxn
00400094
hosnooo
hosnoon

hooooooo
004000bc
honnooon
homoong
homoong
hosnoon
hosnoon
honnooon
honnooon
homoong
homoong

R

00000000
00000003
00000006
00000008
0000000
00000008
00000012
00000015
00000018
0000001
0000001e
00000021
00000024
00000027
00000022
0000002d
00000030
00000033
00000036
00000039
0000003
0000003£
00000042
00000045
00000048
0000004k
0000004e
00000051
00000054
00000057

frsxmnn
PRI
JrxxExRRE
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00000000
00000003
00000006
00000009
0000000c
0000000%
00000012
00000015
00000018
0000001k
0000001e
00000021
00000024
00000027
00000022
00000024
00000030
00000033
00000036
00000039
0000003¢
0000003%
00000042
00000045
00000048
0000004b
0000004e
00000051
00000054
00000057

hocexnsEn
PRSI
Fesey

KEEKKEXX KEKKENKE
REEKKEXX KXKKENKE
KEAKKKXX KXKKEKKK
KEAKKKXX KXKKEKKK
ENNKEAK KXHHEHHK
RERRKENK XXXXENXX

hoooooon
FEESSINY
xERERER
PRSI

REEKKEXX KXKKENKE

Fesey
hoooooon
FEESSINY
xERERER
PRSI
o
Fesey
hoooooon
FEESSINY
FEESSINY
PRSI
PRSI
Fesey
Fesey
FEESSINY
FEESSINY
PRSI
PRSI
Fesey
Fesey
FEESSINY

A R 1

00000000
00000003
00000006
00000009
0000000c
0000000%
00000012
00000015
00000018
0000001k
0000001e
00000021
00000024
00000027
00000022
00000024
00000030
00000033
00000036
00000039
0000003¢
0000003%
00000042
00000045
00000048
0000004b
0000004e
00000051
00000054
00000057

[EXRRXNEX HEEKKERK
[EXRRXHEX HEKKERK
[ERRAXKEX KEXKKEXK
KEAKKEXK
hooonoon. oo
[EXEAANER HEHAEEAK
[RXEXENEX HEXXEERK
[EXRRXHEX HEKKERK
REERREXX
KEAKKEXK

b
hoooooon s
[EXEAANER HEHAEEAK
[RXEXENEX HEXXEERK
[EXRRXHEX HEKKERK
PERRIAREX HEXKKERK
[ERRAXKEX KEXKKEXK
hoooooon s
[EXEAANER HEHAEEAK
[EXEAANER HEHAEEAK
[EXRRXHEX HEKKERK
[EXRRXHEX HEKKERK
[ERRAXKEX KEXKKEXK
[ERRAXKEX KEXKKEXK
[EXEAANER HEHAEEAK
[EXEAANER HEHAEEAK

[EXRRXHEX HEKKERK
[EXRRXHEX HEKKERK
KEAKKEXK
KEAKKEXK
RERRXEXK

b
b
b

A R 1
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N Total Number of miss prediction | Total prime| Branch
Fibonacci| conditional number | prediction
number, branch counted by| accuracy,
N instructions | Taken | Untaken | Total the %
(beq, bne, program,
blez, bgtz) $s2
5 42 9 11 20 3 52.38
10 221 25 18 43 4 80.54
15 2,817 193 23 216 6 92.33
20 32,636 1,012 28 1,040 7 96.81
25 483,729] 15,388 33| 15421 8 96.81
30 8,210,758 272,621 38| 272,659 9 96.68
35| 64,946,330 273,701 43| 273,744 9 99.58

nradirtinn
al CEFFEEN

cot
L

predict!

7 Totabgairagt predictionsm Tokl pondjtional branoktructions - Total misprediction

Table 10 Breggh racy

Branch prediction accuracy Fotal conditional branch instructions

X 100%

Equation 1 Branch prediction accuracy

Branch prediction accura

/_/
.
//

5 10

Input size. n (the n® Fibonacci number)

15

20

5 30

Averaggigladictiemaapdiagiediction accuracy

52.38 + 80.54 + 92.33 + 96.61 + 96.81 + 96.68 + 99

700
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7.2.6 Discussion on branch prediction accuracy
The simulation result shows that the accuracy dainbin prediction increases
logarithmically approaching 100% as the input simreases. The reason is branch

miss-prediction often take place in two cases:

= During the first prediction of a branch instructiowhere there is a read
miss(instruction is not found in the buffer) anenhpredictor is forced to
predict untaken by default without any data refeeeaf the instruction called
previously.

= The prediction bits of a branch instruction is red to be strongly predict
taken or untaken within a loop but the exit of thep made the prediction
predicted wrongly by predicted the oppose condition

As the input sizes increased, the occurrence oflbmye cases can be reduced thus

improve the accuracy.
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7.3 CPU performance after branch predictor integration

The FiboPrime.c is run on both the RISC32 pipelmecessor with and without

branch predictor to analyse the performance oRI®C32 pipeline processor before

t

N™ Fibonacci Number of clock cycle used by Performance improvemen
number, n RISC32 Pipeline Processor after branch predictor
without branch predictor | with branch predictor integration, %
5 262 211 19.47
10 1,060 817 22.92
15 8,769 5,910 32.60
20 87,631 54,933 37.31
25 1,280,844 797,033 37.77
30 21,756,916 13,546,056 37.73
and after branch predictor integration.
Performance improveneable 11 CPU performance analysis
(clock cycle used without branch predictor — @clock cvele used with !
clock cyele used without branch predictor
= 40
2 35
E 30
225
g 20
B 15
g 10
g s
'*3 0
Leo 10 20 30 40
Input size, n (the n* Fibonacci number)
Figure 19 Performance improvement
Average performance improvement
19.47 +22.92 +32.60 +37.31 +37.77 +37.73
600 o
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7.3.1 Discussion on CPU performance analysis
The simulation result shows that the performance¢hefbranch predictor increases

logarithmically and started to saturate at abo@b 38 the input size increases.

The RISC32 pipeline processor without branch ptedibas to stall for one clock
cycle whenever a branch instruction is detecteavtid control hazard no matter the

branch condition is taken or untaken.

The RISC32 pipeline processor with branch prediateeggrated is able to perform
prediction (taken or not taken) when a branch umsion is detected. Thus, the
stalling become unnecessary. When the predictialoige correctly, one clock cycle
is saved from stalling. When a miss predictiondswred, one clock cycle is used to

flush the incorrect instruction and fetch in thereot instruction.
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Chapter 8: Conclusion

8.1 Conclusion

A RISC32 pipeline processor without branch prediceguired one clock cycle for

stalling whenever a conditional or unconditionarrh instruction is detected. This is
expensive as research shows that about 20 peréemtpoogram involves branch

instructions.

For unconditional branch, the condition will alwape taken. Thus, the branch
predictor will branch directly to the correct ingttion address based on the
instruction information when an unconditional brianaostruction is detected. In this

case, the clock cycle used for stalling is not negl

For conditional branch, the branch predictor iseatd save this clock cycle by
performing prediction for conditional branch ingtfion. Even when a miss prediction
occurred, the time used for correction is samehastitne required for stalling, one
clock cycle. A branch predictor with high accuramn minimize the occurrence of

miss prediction.

In short, the integration of branch predictor itite RISC32 pipeline processor does
not improve the processor processing speed biésta improve the performance of

the processor in term of the number of clock cggent to run a program.

8.2 Future works
The tag ram of the BTB is same as the upper-bithe@foranch target address store
inside its entry. Thus, the size of the BTB camdmuced at the cost of extra circuitry

to read the BTB branch target address upper-bitsgas

The branch predictor will create new entry for botindition evaluated as taken or
untaken when read miss occur. There is a suggetstaario create new entry only for
condition evaluated as taken to save the bufferiladibty for more branch
instructions as the branch predictor will prediotaken for read miss case by default.
However, the side-effect has to be studied.
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