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Abstract

In recent years, to accomplish with the Moore's law hardware and software designers are tending
progressively to focus their efforts on exploiting instructiemel parallelism. Software simulation

has been essential for studying couter architecture because of its flexibility and low cost.
However, users of software simulators must choose between high performance and high fidelity
emulation. This project presents an FRK&Sed multiprocessor architecture to speed up
multiprocessor achitecture research and ease parallel software simulation.
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1 Introduction

The current document ithe final thesisof the Mastef) Begree in Information Technology the
Barcelona School of Informatics (FIB) at the Technical University of Catdé1@ The system
presentedwasproposed by and developed atdtBarcelona Supercomputing Center.

1.1 Background and motivation

Historically, computer architects have depended on the growing number of transistor per die to
implement a single large processor that is able to work at increasing frequencies. But continued
performance gains from improved integration technologies are becoming increasingly difficult to
achieve due to fundamental physical limitations lileat removal capacity and quantum tunneling
(Zhirnov, et al., 2003)n recent pars, to accomplish with the Moore's law hardware and software
designers are tending progressively to focus their efforts on exploiting instruletic
parallelism. Typical microprocessors include two or more cores and it is expected that a large
numberof it will be available soo(Seiler, et al., 2008)

However, this situation has brought two major problems. On one hand, it seems that software
cannot take profit of the possibilities that technology is offering. Programs hawe parallelism

and only small solutions like transactional memory have been presented. Likewise, the problems
associated with designing eviarger and more complex monolithic processor cores are becoming
increasingly significantMatzke, 1997) Among other difficulties that slow innovation in these
fields, there isa key concepttesting and simulation.

Traditionally, software simulation has beessentialfor studying computer architecture because

of its flexibility and lowcost. Regrettably, users of software simulators must choose between high
performance and high fidelity emulation. Whatever it is a new multiprocessor architecture or a
transactional memory library, software simulators are orders of magnitude slower ti@tatget
system and don't offer realistic conditions for the testing environment.

1.2 Objectives
This project airad to design and implemerdn FPGAasedmultiprocessor architecturéo speed
up multiprocessor architecture research and ease parallel softwiaralation. This system had to
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be a flexible inexpensivemultiprocessor machine that would provide reliable, fast simulation
results for parallel software and hardware developmantl testing

t SNF2NXI yOS gl ayQid | LINA 2 NAasafase&@d@midzin@atol, ko6 aead Sy
an enduser product that would compete with commercial solutionsii ¢ 2 dzf Ry Qi 6S ¢ NRy 3
orders of magnitude slower than real hardware, but it should be orders of magnitude faster than

software.

Based on FPGA teabingy, the system had to provide the basic components of a multiprocessor
computer like a simple but complete processor, a memory hierarchy and minimal I/O. From this
point, while software could be tested under a real multiprocessovironmentadapted tothe

user needs, the platform would also allow reseangfin computer architecture.

The motivation of this project came from the research in transactional memories, and the initial
objective was to include support for hardware transactional memohys mehanism, understood

as an improvement of a traditional coherency system, was the first application of the system but a
secondary objective subject to the development of a basic multiprocessor sy8teexplained in
GKS LY FyyAy3 as o0 lehedtgdduringithe Qe eldprieyit @fithis avérk akdviill be
done after the end of this project becoming out of the scope of this thesis.

There were two fultime students dedicated to this project. This quantity can be considered small
given the expertise dhe team in the hardware development field and really small compared to
similar projects. Thus, an implicit objective of the project was to produce an inexpensive system,
limiting the system characteristics to the time and resources available.

1.3 State of the art

From the beginning it was clear that BEE3 would be the developing platform for this project. The
developers of that machine and the previous versions have been working in computer architecture
research in a project called Research Accelerator for iMaltProcessors (RAMP), born from the
collaboration of six universities, in special the University of California at Berkeley, and some
prominent companies like Intel, Xilinx, IBM and Microdafniversity of California, 2009The
objectives of the RAMP projeuatere similarto the ones pursued by this warkheir research has
produced impressive and innovative designs that explore software and hardware simulation, like
ProtoFlex HAsimand FASTand the different colors of RAMRAMP Whitea parallel functional
model to simulate parallel systems in a FAST simyl®&MP Gold, SPAR®ased mangore
system; RAMP Blue, a messamessing multiprocesspand so on.

But there was no clear candidate among their designs that wouldhét requirements of this
project. Among othereasons

e Most of thedesigns weraot implemented in the BEE3 platform

e The systems were designed having in mind performance and nartteaint of FPGA logic
resources For exampleRAMP Blue projeaised21 BEE2 modules to implement up to
1008 coresand RAMP Gold uses 8 BEE3 modules

11



e TKS LINRPOS&az2NhBR OKz2aSy 6SNB O2YYSNDODALFf, LINRBRdAzO
like Xilinx MicroBlaze

e S9nce 2008 the project has produced little research, and it iscdiffito know if the
subprojects are being adapted to the new BEE3 platformurdortunately have been
discontinued.

Another project of interests at the moment onha brief mentionin a report of the BEE3 authors

(Davis, et al., 2009 reated by Chuck Thacker, very similar not only for the time it was started and

its characteristics, but also because it shares the same name with the system presented here,

G. SSKA@Seés o0& GKS (AYS (KAa LiNZauSUbidrtudatelythe/ RA Yy 3 K
author of the currentdocumentknew about tlat project a few months after beginning thigork,

but in the future maybe an interesting synergy can appear between puadjects

Once decided that a new platform would be builteffirst part of the project consisted in an
initial research about FPGA technology ariRl&@rocessor that would fit theequirementsof the
future system.It was recommendable an open design that could be easily modified without
depending on legal or ecomic issuesTablel is a list of existing soft processors available on
Internet.

Processor Developer Open Source Notes

AEMB Shawn Tan Yes MicroBlaze EDK 3.2 compatible Verilog core

CortexM1 ARM No

LEON 3 ESA Yes SPARC V8 patible in 25k gates

Mico32 Lattice Yes LatticeMico32

MicroBlaze Xilinx No

Nios, Nios Il Altera No

OpenFire Virginia Tech CCM Lat Yes Binary compatible with the MicroBlaze

OpenRISC OpenCores Yes 32-bit; Done in ASIC, Altera, Xilinx

OpenSPARC T Sun Yes 64-bit

PacoBlaze Pablo Bleyer Yes Compatible with the PicoBlaze processors

PicoBlaze Xilinx Yes

TSK3000A Altium No 32-bit R3000 style RISC Modified Harv
Architecture CPU

TSK51/52 Altium No 8-bit Intel 8051 instruction set compatible
lower cbck cycle alternative

Xrl6 Jan Gray No 16-bit RISC CPU + SoC featured in Circuit C
Magazine #114.18

Yellow Star Charles Brej Yes Fully equivalent MIPS R3000 proces
designed with schematics

ZPU Zylin AS Yes Stack based CPU, configurable 16/32
datapath, eCos support

Tablel: soft processordesigns

Commercial IP products were discarded due to its cost and the unavailability of the design sources.
The processor chosen was a design implemented in HDL compatible withRA®S, a well
known, popular architecture that has beersed successfully in multiprocessor systems and had
multiple FPGA adaptationglthough other processors like OpenSPARC seemed more robust, the
decision factor that made Plasma more suitable wassihglicity andreduced sizef the design.
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1.4 Introducing the BSC
This project has been developed in the Barcelona Supercomputing Getentro Nacional de
Supercomputacion, a research center of the Technical University of Catalonia (UPC) at Barcelona.

In 1991 the European Center for Parallelism of Barcelona (CEPBA) started its activities gathering
the experience and needs from different UPC departments. The Computer Architecture
Department (DAC), one of the top 3 computer architecture departments in théwaccording to
BSECNS) provided experience in computing, while other five departments interested in
supercomputing joined the center. Inheriting the experience of CEPBACRSGwvas officially
constituted in April 2005 sponsored by the governments d&laia and Spain.

BSECNS manages MareNostrum, one of the most powerful supercomputers of Europe designed
by IBM and dedicated not only to namomputer calculations for Life Sciences and Earth Sciences,
but also to supercomputing architectures and techreég research. When MareNostrum was built

in 2005, it was the most powerful supercomputer of Europe and one of the most powerful of the
world. In 2006 doubled its calculation capacity, becoming again the most powerful of Europe. BSC
CNS, which manages theadish supercomputing network, will probably return to the top
positions with Marelncognito, a groudsreaking supercomputer that will replace MareNostrum
with its around 100 times more calculation capacity.

This project was developed at ti@omputer Archiecture for Parallel Paradignmdepartment, in
collaboration with Microsoft Research.

1.5 Planning

The duration of this project was 6 months, starting from February 2009. The delivering date was in
September, so the implementation could be extended to the ehduwy and the writing of the
thesis could be done in August.

The work presented here has been developed in coordination with Nehir S6nmez, a PhD student
from BSC. The parts developed by each member of the team are clearly shown in the Gantt
diagram ofFigurel: while I, Oriol Arcas, modified the Plasma to add virtual memory support and
other features, Nehir unveiled the secrets of BEE3 and implemented an initial version of the
multiprocessor system.

As the months passed, it becardlear that the last pagof the project (colored in red in the Gantt
diagram)wererQ i dzy | T F 2d4dnt-the tas8 dalysyoRhe project finishing the multiprocessor
bus system initially sketched by Nehir.

13



Name
feb 2009 mar 2009 apr 2009 may 2009  |jun 2009 jul 2009 aug 2009 sep 2009
Documentation & research 20d
FPGA 5d Oriol
Soft processors 5d Nehir
MPS 5d Orjol
ISE learning 5d Oriol
Honeycomb 63d
CPO 15d
New unit 5d
Move registers 4ad
Modify the control unit 3d
Testing 3d
TLB 12d
Asynchronous CAM 5d
New registers 5d
Testing 2d
Exceptions 12d
Throwing mechanisms 4d
ERET function 5d Driol
Testing 3d Oriol
Memory mapping 10d
Modify mappings 3d
Adapt software 4ad
Testing 3d igl
Operating modes 5d
New registers 2d
New exceptions 2d
Testing 1d
Running RTOS and benchmarking| 9d
Adapting RTOS 4ad
Adapting Dhrystone 2d
Testing 3d
BEE3 40d
BEE3 arrival
Learning 5d
Inserting 1 Plasma 10d
Bus protocol 10d
LL &SC 5d
Testing 10d Nehir
Beehive 15d
Replacing Plasma with Honeycomb | 3d Oriol
Adapting the L1 cache 7d Orlol
Testing 5d
Transactional memories 25d
Research 5d
Implementing hardware 10d
New instructions 5d
Testing 5d
Thesis 25d Oriol

Figurel: Gantt dagram of the project.

The BEE3 memory unexpected compleaitg the lack of experience mrdwaredevelopmentis
one of the most importantauseof the delay

1.6 Outline

This document is organized in seven chapters and two appendixes. The first halfdottiraent,
including chapters from 2 to,4ontain introductory information about FPGAs, the BEE3 platform,
MIPS architectures and the R3000 processor, and the Plasma processor, which are key topics in
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this project. The second half, from chapters 5 to A/are the description of the project and the
implementation details of the system that was developed.

After this first introduction chapter, chapter 2 describes what FPGAs are, their possible
applications and the tools used to program it in this projecieMthere is a smallescription of
hardware description languageand a brief introduction to the history of FPGAs systems and the
BEE platform. At the end the BEE3 architecture is presented with some other related topics like its
DDR controller design.

Chapter 3 is dedicated to RISC architectures, specially the MIPS designs and the architecture used
in this project, the MIPS R3000 processor. This chapter helps to understand why RISC processors
are a good choice to be emulated in an FPGA and to be usétkgsrocessing element in a
multiprocessor system.

Chapter 4 describes the Plasma processor, an open design compatible with R3000 and designed as
a soft corelt is compared to the original R3000 architecture, revealing some of its limitations like
not havng the coprocessor number 0.

Chapter 5 introduces the Honeycomb processor, the new design developed in this project that
extends and improves the Plasma processor. Changes include the development of the coprocessor
0, which provides virtual memory and eytion handling support, and a modification of the
memory mapping.

Chapter 6 exposes the Beehive multiprocessor system. Beehive can coordinate an arbitrary array
of Honeycomb processors through a centralized bus protocol.

Chapter 7 includes the conclusiookthe document, and the future work that can be done with
the system presented in this work. The appendixes contain detailed information about the
registers of the processor and the instruction set tlsasupported

15



2 FPGA HDL and the BEE3 platform

This project is entirelydesigned to runon an emulation engine based ameconfigurablelogic
technology. Recentyears, FPGA devices have evolved rapidiffering new possibilitiesand
techniquesthat make available a wholeew range ofcomputing paradigmsFRGA enthusiasts
expectthat in the upcomingyearsthere will bea significant growth in this fields it is becoming
more and morepopularand given that FPGAInlike microprocessors, maybe can turn increasing
die area and speed into useful computati@hang, et al., 2005)

2.1 FPGA the computation fabric

In computer electronics, there are two ways of performing computations: hardware and software.
An gplicaion-specific integrated circui{ASIC) providehighly optimized devicesn means of
space, speed and power consumptidnut it cannot be reprogrammed and requires an expensive
design and fabrication effort. Software is flexible, but it is orders of magnitude slower than ASIC
and limited to hardware characteristics.

Held-programmable gate arras/(FPGA)nclude benefits from both hardware and software, as it
implements computation like hardware (spatially, across a silicon chip) and can be reconfigured
like software: itis a semiconductor device that can Ibeconfigured aftermanufacturing. It
contains an array of logic blocks that can perform from simple logic functions like AND and XOR to
complex combinations, likemall finite state machinesThese blocks are interconnected with
dynamic networks that can be programmad wel. Modern FPGAs alsncludespecialized blocks

such as memory storage elements or high speed digital signal processing circuits.

2.1.1 Technology

The basidogic blockof an FPGAs composedf a programmable lookup table (LUT), a-fligp
register and anultiplexerfor the output Common logic blocks have 4 inputs,-hitflip-flop and 1
output. LUT inputs determine which content is accessed, and the output is selected between
registered and unregistered valué& LU® component diagram is shown iRigure 2. Recent
devices include #nput LUTs (LWB) with 2-bit flip-flopsthat seem to optimize speed and die area
(Cosoroaba, et al., 20Q6)
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Figure2: 4-input lookup table.

Complex combinational functions can be performed by LUT aggregation. Knowing the architecture
of the LUT elements allow to specialized circuits with minimum resource utilization, like shift
registers and carrghain addes. Figure3, extracted from(Cosoroaba, et al., 20068hows how to
implement an 8o-1 multiplexer with four LUT4 and two 2 to 1 multiplexeasd with two LUT6

and one 2 to 1 multiplexer

S0 s1 s2
a) b) —>) c)
D7T—»
LUT4
D6 —— |
> D7 —p
tnx B D6 — s2
3 DS—» g
—> pa—pf Y
02 > | uT4 s1 >
> ) >
8 8:1 © > °
5n)<+> ' (@] » .
MUX —» LuTa D3—p
D3 ———p LUB
D2 — D2 —Pp
D1—p
R DO—
—>
D13 LUT4
DO—p

Figure3: 8 to 1 multiplexer(a), implementation with LUT4 elementéb) and implementation with LUT6 elementéc).

Other specialized blocks can be included like multiplexbugfers phase lockedoop circuits
digital signal proessing elements (DSP) and small RAM memories. This way storage functions or
special operations are faster and not space expensive.

Configurable logielementsmust be interconnected with networks formed by fast switches and
buses. Thdopology of the FPGAletermines the performance of the operationdsuallyFPGA
are organized ir2-level hierarchies,packng groups ofLUTsin blocksor slices This means that
inner block communications are faster thatockto-block communicationswhich require more
switching work and longebuses Special signals like clocks or fast buffeas have dedicated
buses.

A typical65 nm copper procesEPGAcanincludesometens ofthousands olLlUTs 1 MB of RAM
and some dedicated features like I/O banks, Ethernet and PCI gugmal DSP components
everything running aseveralhundreds ofMHz.
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2.1.2 FPGAbased system design process

The FPGA customizing process can be simplified to storing the correct values to memory locations.
This is similar to compiling a program and loadingnito a computer: the creation of an FPGA
based circuit design is a simple process of creating a bitstream to load into the device.

There are several ways to describe the desired circuit, from basic schematics to high level
languages, but usually FPGA dasig start with a hardware description language (HDL, explained

in detail in the following sectio.2in pagel9) like ABELVHDL or Verilog. The implementation
tools optimize this design to fihio an FPGA device through a series of steps, as sholigtnes:

logic synthesis converts high level constructs and behavioral code into logic gates; technology
mapping separates the gates into groupings that best match theAFB@ilable logic; the
placement step assigns the groupings to specific logic blocks, and routing determines the
interconnect resources that will carry the logic signals; finally, bitstream generation creates a
binary file that sets all the FPGA programgipoints to configure the logic block and routing
resources appropriatelfHauck, et al., 2008)

v
Logic Synthesis _‘
A . A

Mapping
4

Placement ;
Source code Bitstream

(HDL) v (binary)
Routing

v

I Bitstream generation

Figured: FPGAvased desigrilow.

.801dzaS 2F (KS Ct Dg theaflexiiligt of soffiviré witNife Perfadr@axce bfy
hardware, an FPGA designer must think differently from designers who use other devices.
Software developers typically write sequential prograthat the microprocessor will execute
stepping rapidly frominstruction to instruction in contrast, an FPGA design requires thinking
about spatial parallelism, which means simultaneously using multiple resources spread across a
chip.

2.1.3 Applications
As reconfigurable devices emulate hardwarthey are more flexible than traditional
programmable devicesCustomers can design their own hardware model for general or specific
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purposes.The biggest vendors are Xilinx and Altera, and thearkets include the autoation
industry and hardware simulation and testing

But newinteresting possibilities have emerged. With one physical device several distinct circuits
can be emulated at speeds slower than real hardware, but some orders faster than software. In
recent years, some research has been done to study software optionzhayi configuring FPGAs

as coprocessors. This includes different strategies, like compilerextigtct common software
patternsand convert them into hardware model® producea software-hardware cecompilation
(O'Rourke, et al., 2006dr, in general, the use of hardware emulation to speedup tempensive
operations like multimedigprocessinSingh, 2009)Anaher field of interestis cryptanalysis
where FPGAgrovidefast brute forcepower (Clayton, et al., 2008kowronek, 2007)n the other

hand, their technology also brings new techniques to prevent some of the newest cryptanalysis
methods like differential power analysis (DRAYi, et al., 2004Mesquita, et al., 2007)

An interesting feature of FPGAs imintime reconfiguration (RTRYhe designer caadd specific
reconfiguration circuits to reprogram the FPGA at runtime and at different levdls allows

interesting possibilities like dynamic sebnfiguration depending on the current requirements,

power saving, etc. For example, it would be possible to have a processor which reconfigures parts

of itself when new peripheralare connectedor disconnected from theomputer, thiswould save

power, space(the processor would have more processing possibilities than the allowed by its

physical resourcesind money fromthe customer whowouldnQii y SSR (2 LIJzNOKF as
hardware along with the peripheréfor exanple, a PCI cardinother consequence is the creation

of a hypothetical market of FPGA circuit designs (intellectual property).

2.2 Hardware Description Languages

Early digital design described digital circuits with schematic diagrams similar to electronic
diagrams, in terms of logic gates and its connections. In the 1980s, schematics were still the
primary means of describindigital circuits and systems, but creation and maintenance was
simplified by the introduction of schematic editor tooRarallel to thedevelopment of higHevel
programming languages, that decade also saw limited use of hardware description languages
(HDL), mainly to describe logic equations to be realized in programmable logic devices (PLD)
(Wakerly, 2006)

Soon it was evident that common logic circuits, like logic equations or finite state machines, could

be represented with high S@St LINE IANI YYA Yy 3 THe firgt Bamjoy Bideapre@r2 y & (i NHzO
commercial use was PALASM (Programmable Array Logic Aesgmlblich could specify logic

equations for realization in PAL devic&his andother competing languages, like CUPL and ABEL,

evolved to support logic minimization and highS @St O 2 y athemN3IzOzsa QI $¢ B A T

In the mid1980san important hnovation occurredwith the development ofVHDL and Verilgg
perhaps the most popular HBfor FPGA desigioth started as simulation languages, allowing a
d2aisSyQa KINRgINBE (G2 0S RSAONAOSR FyR aAaydzZ I SR
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language tols allowed actual hardware designs to be synthesiZemin languagebased
descriptions.

Like C and Java, VHDL and Verilog support modular, hierarchical coding and a rich variety of high

level constructs includingtrong typing arrays, procedure and funoti calls, and conditional and

iterative statements.The two languages are very similar: while VHDL is more similar to ADA,

Verilog has its syntactic roots in C; which to use is, in general, more a preference of the designer

than an architectural decision. dzi K2 Nk 2dzald alé& GKIG a2y O0S &2dz &
fly3dz 3Sas e2dz oAttt KIGS y2 GNRdAzotS GNIXyairAdAzyAy

This sentence has proven to be true as in this project both languages have been used, actually
mixing them in the design: the Plasmaocessor(see the following chapter 4 on page 40) was
designed in VHDL, while the BEE3 DDR2 controller is written in Verilog.

2.2.1 Hierarchical designs

In VHDL designs are structured in units cabedties in Verilog they are callethodules Each
entity/module can instantiate others through a weléfined interface of input/output portsin
Verilogthe program thatmodulescontain has no specidkefinition (the sentences begin right after
the module declaration)but in VHDL it isontained in a structure calledrchitecture in other
words, an enity act as an external wrapper or blabkx of an architecture, which is the actual
implementation of that entity Figure5is an example system with entities and its architectures.

Entity A

Architecture
A

Entity B

Architecture
B

Entity E

Entity C

Architecture
(o

Architecture
E

Entity F

Entity D

Architecture
D

Architecture
F

Figure5: VHDL hierarchical structure.

This design method allows a hierarchical structufn additional benefit is that different
architectures (implementations) can have the same entity (external interfadeing flexibility to
the design becase a module of a design can be changed by another that may be implemented
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differently without having tomodify any parts of the system using it this sense, modules and
entities are similar to class@s objectoriented programming.

In the following setions, the design blocks will be called indistimely modules or entitiesvhen
describing concepts applicable both VHDL and Verilog

2.2.2 Wires, signals and registers

Entities define their external interface with input and output ports of a gisiee (ports wider than
1 bit are called buses)nternal connections are called wires or signals, amérconnect external
ports and logic elements like other entitieB1 Verilog there are two kinds of connectiongres
which act like a logical connégh, andregisters whichusually are usedsflip-flopsthat can hold
their value.In VHDL not exists this distinction and both are cadligshals but in the endit is the
compiler who decides whether to considem wire, register or signas a pure connefn or a
memory register.

These are the basic building elements that combined with logical operators and language
constructs define a digital desigbsually signals, registers and wires represent a logical bit or a
given amount of logical bits (a bus omailti-bit register),but different types can be specifieBor
example, a signal can be of type integer, or even an array dfit32aluesthat will likely be
translated to a multiplexar

Listing1 and Listing2, extracted from(Wakerly, 2006] &a K2 ¢ K2¢ (2 AYLI SYSyid i
Gogz# (¢ 3L GS Ay | 15[ SydaAde yR Ay | SNRf23 Y2
entity Inhibit is
port (
X, Y:in std_logic;
Z: out std_logic
)i
end Inhibit;
architectu re Inhibit_arch of Inibit is
begin o o o
.7 ptR xEAT 8 7 ptsR AT A 9 7 pdzR Al OA p dz
end Inhibit_arch;
ListinglY =1 5[ LINRPINI Y F2N G4KS GAYyKAOAGE 3ALGSo
module Inhibit (
inputX,Y
output Z
)i
assign Z=X & ~Y;
endmodule
Listing2Y +SNAf 23 LINRPIANIY F2NJ 6GKS GAYKAOAGE 3ILGS
b2GS GKS (eL)S RSOfIINIOGAZ2Y AYy +1 5ale IHEE dtandard NBE RS-

defined in(Design Automation Technical Committee of the IEEE Computer Society, \IDIgR) is
a strongtyped language, which means that a value cannot be assigned to a variable unless both
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have exactlythe same type.Verilog is much more flexible in its types and its constructs, and
programstend to be less formal thamiVHDL just like C is more flexible and has maaing
tricks than Java

2.2.3 Behavioral vs. structural elements

Programs written in HDL are different thamraditional sequential programslnstructions do not
execute sequentially, but they are executedoncurently', because the design is expanded
spatially among the circuitry and each instruction is mapped to an actual hardware resource that
will run independently from resource$hese design constructs are calktductural elements

Structural elements arehe top-level instructions of an HDL program, and can be a simple logic

gates construct that performs a logic equation (like the previous exampleistingl and Listing

2). But as it executes the opeiians in parallel to other surrounding elementsi Qa 206 @A 2dza (K
internal behavior is not parallel or concurrent, it is sequential: the designer expects the logic

formula to be performed in a given ordemaintainingi K S 2 LJPriaidityd PhdkRsmctural

elements can be made diehavioral elementshat can be expected to be executed in a given

order.

For example, a state machine is a behavioral element as it performs different operations
depending on the internal state, and usually depends on dadliglock to change this state.
Another example can be a simglg-flop or aRAM memory, which also has to wait for a clock
before reading or writing values.

+1 5[ Qa 1S@& 0SKI Onkoeedgwhich & fa SoWeStiriiof sequentinKs&itementsian
can include one or moreariables which are slightly different than signals and its scope is only the
process.Each process hassensitivity listthat specifies what signals its execution depends on;
every timeone of these signals change, the procesexecuted completelyn Verilog behavioral
constructs are specified insiddwaysclauses, which also include a sensitivity list.

2.3 FPGACAD tools

Nowadays the hardware development is entirely done with the help of computer software.
Computer aided desigiCAD)provides tools for each step of thhardware circuitddevelopment
process, from designing to implementation and simulation.

Major FPGA manufacturers offer complete software suites specially designed for their products.
This project has been implemtd on Xilinx FPGAs like the Spargih starter kit and the Virtex 5
chips used byhe BEE3latform. The tools provided by Xilinx can be used together through a
graphical interface called |ISEgure6 shows the main window of thISE Project Navigator.

! This doesn® mean that the results of each dircuit can be obtained concurrently. Although each behavioral
part can be executed independently of the others, usually they depend on each other and at the end the
iterative behavior of the whole system can be similar to a sequential one.
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Figure6: Xilinx ISE screenshot.
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software suite. The design can include source code written in VHDL or Verilog, Xilinx NGC
hardware circuits, schematic designs and many other formats, along with configuration files for
OKALIQ&a SEGSNYIf LIAyasz osakiondTyieXSDiogran (Xilink $yitiiesizery R Y SY
Tool) compiles the sources into a logic gates design, and other tools route and place the logic into

concrete logic slices.

The user can leave the implementation to the software, or make use of some toolsahatdit

the design in every stage. And the circuits can be simulated on the computer or monitored directly
from the FPGA. This last option is possible thanks to the Xilinx ChipScope Pro software, which
inserts a special core in the design that stores\vhiie of selected wires. The information can be
downloaded and displayed with the ChipScope Analyzer as a waveform. A screenshot can be seen
in Figure?.

This explains why FPGAs are a great help for hardware developers: theg oféan view of the
circuits in every stage of the development process.

2.4 The Berkeley Emulator Engine version 3

Multi-FPGA platforms are wédhown devices. We can find such systems in the late 1980, and they
have evolved in different ways from small refignrable coprocessors attached to a computer to
big supercomputing systenislauck, et al., 2008Yhe BEE3 platform is the lasember of an old

and big family.

Although this project started with a small Xilinx SparBihFPGA bod, mainly because the target
processor was designed over this platform, one of the main goals was to move the system to a
bigger, cuttingedge FPGA platform that would allow a realistic, intensive multiprocessor
emulation. The BEE3 platform largely fldfthese characteristics.

2.4.1 Previous multi -FPGAsystems

There are a lot of systems thatake use of the FPGA technology, but only a few that can be
considered to be built form FPGA or FR{&A devicesln the late 1980 three mulFPGA systems
were built, raving in common that all communicated to a host computer across a standard system
busin a traditional processor/coprocessor arrangemeridtheir primary goal was reconfigurable
computing.

The Programmable Active Memories (PAM) project started by Dig@ipment Corporation

(DEC) includedour Xilinx XC30068eries FPGAs. The PAM Pérlboard contained 25 Xilinx
XC3090 FPGAs in a 5 x 5 array, with four 64 KB RAM banks. It soon was upgraded to the newer
XC4000 seried.ater designs could be plugged tstmndard PCI bus in a PC or workstation, and
commercial versions became popular as research platfofine.Virtual Computer from the Virtual
Computer CorporatiofVCC) was perhaps the first commercially available platform, and it was
slightly different fran PAM. The first versionarranged Xilinx XC4010 devices an@ube
programmable interconnect devicé@s a checkerboargattern. And finally, the Splash systdmilt

for the U.S. Department of Defenseas maybe the most used of these systermke Splash 2
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board consisted of two rows of Xilinx XC4010 devices each with a small local memory. These 16
FPGA/memory pairs were connected to a crossbar switch controlled by another FPGA/memory
pair.

But PAM, VCC and Splash were relatively large systems. Around 1620 deRices had an
expensive costo small systems were developed too. For examplePlRESMoprocessor, which
used a single small FPGA as a coprocessdainge, distributed system.Or the Configurable Array
Logic (CAL)a small FPGA that could recamnre logic cellseach one individually. Later the
company that designed CAL, Algotronix, was acquired by Xiiho developed a second
generationCALcalled XC62Q0

A frequent requirement in those years was the circuit emulati@igital circuitry simaition
became the bottleneck of the design process, and as the processors became large and complex,
FPGA emulators were increasingly valuable to desigrigne of the first notable FPE#ased
hardware emulator was the Rapid Prototyping engine for Multipssoes (RPM), which was
designed to prototype multiplénstruction multipledata (MIMD) memory system&ngels, et al.,

1991) RPM had an array oSPARC processoemmunicating with FPGA devices via an
interconnection bus. Thus the cache and memory controller circuits could be modeled and
emulated, helping the test of different multiprocessor memory systems on a fixed hardware
platform.

On 2005 the Flexible Architecture for Simulation and Testing (FAST) was developedHetast

level parallelism (TLP) architectur@3avis, et al., 2005)ike RPM, it had a fixed processor and
configurable memory and 1/O subsystems: it had 4 tiles each with a MIPS R3000 processor, 1 MB
of RAM memory and two EFAs to model the cache and tlwherency circuitTwo additional
FPGAprovidedthe processor interconnection bushd its controller

As shown in theest of this chaptereven the most moderFPGAbased emulation systems can
be barely compared to the Bipatformsin termsof amount of resources providedlevice speed
or flexibility.

2.4.2 Previous BEEversions

In 20Q the BerkeleyWireless Research Cent@WRCf the University of Californistarted the

design ofa huge FPGhAased system, the Berkeley Emidat Engine (BEELhang, et al., 2003)
The primary goal was tdevelop a digital signal processing engine viithr objectives in mind:
reconfiguration, high performanceapid prototyping and lowpower consumption The firstuse

was related to wireless communicatioresearch

The BEE system had 20 Xilinx ViePGAs and an 1/O bandwidth of 200 gigabits per second. The
authors claim that the system, running at 60 MHz, had an equivalent capacity of 10 million ASIC
gates anda verified output of 60@00 millions 16bit additions per second.
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Fige8: BEE system. Figure9: BEHNterconnection network

A fewyearslater (20() the second version wasesented(Chang, et al., 2005The BEE2, defined
as a higkend reconfigurable computer (HERC), wiasigned to help computationally intensive
problems that involve higiperformance computing and supercomputings the first version, it
was highly customizable and efficient (measured in throughput per unit cost and power
consumption)
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Figurel0: BEE2 system. Figurell: BEE2 architecture.

The main difference with its predecessor was the topgloT he first BEE had a mesh topology with
20 FPGAs connecteatirough crossbars (XBARR contrast, the second version had 4 higgnsity
FPGA¢plus an additional fifth control FPG&9dnnected through a bidirectional ring bus. This last
topology remainedintil the last version, the BEE3.

2.4.3 BEEversion 3

On 2007 the BEE project was consolidated and a number of companies and universities supported
it. While the academia focused on the RAMP research project, industry (especially Microsoft and
Xilinx) developedhe third version of the FPGA platform. Microsoft, aided by some of the RAMP
members, designedcand implementedthe system and licensed it to a new company called
BEECube.

Asexplained in the tite of theNB LI2 NI & . 990Y wSGA G  AISAYWHERKE 2 Y LIdz{d S N.
et al., 2009) the main objective of the BEE3 was quite different than abgective of theinitial
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BEE systenfrom a system that could emulate rapidly prototyped designs, this new vergamn
focused to compter architecture research, in speciardware design testing andultiprocessor
research

The BEEarchitectureis similar to its previous versiprbut the overall complexity has been
NERdzOSR IyR Al R2SayQi NI hadzdohsSttedf-ihe-drt Riknk Viirte2 y |
5 FPGAswith several improvementsompared to the Virtex 2 devices of BEE2 and the previous
Virtex 4. They provide sirput lookup tables, which improves logic density over the earlier-four
input LUTs. They also have largdock RAMs, and better 1/0O pin design, which improves signal
integrity. The LUTs may also be employed ak@4memories. The LX155T parts used in BEE3
contain 97,280 LUTlipflop pairs, 212 36Kit Block RAMs, and 128 DSP slices.
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DDR2 DIMM3 DDR2 DIMM3

Figurel2: BEE3 main PCB subsystems.

As seen irFigurel2, each FPGA has two DDE® RAM channels with two DIMMs per channel
resulting in up to 16 GB by each FPGA and 64 GB for the whole siFft@Asr@ communicated
through a bidirectional ring buffer with an interface similar to DDR#re are also 40 differential

pins wired to a Samtec QSH connector. This connector can be used to add interfaces to other
devices using daughter cards or provide théyfiwonnected FPGA interconnect to augment the

ring wiring. The FPGA mulfigabit transceivers provide two CX4 interfaces and oneERfess

(PCIE) interface. The CX4 interfaces can be used as two 10 Gb Ethernet ports with a XAUI interface
and the eightane PCExpress interface supplies endpoint functionality. Each FPGA also has an

% During the development of this project, Xilinx released its new Virtex 6 FPGA family, but Virtex 5 can be still
considered cuttingedge devices.
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embedded 1 Gb Ethernet (GbE) MAC hard macro that is coupled to a Broadcom PHY chip. The
other major components on the BEE3 PCB are thetimaal clock (RTC) and EEPROM taat be

used by an OS and to store MAC addresses and other-§p&8#ic information. In addition, there

are several usecontrolled LEDs and a global and an FB@Zific reset button located on the

BEE3 PCB and on the enclosure front panel.

The board is ackaged in a 2U raekountable enclosuréhat helps the development of scalable
systems For example, the RAMP Blue project provides up to 1008 processors using 21 BEE2
boards on a 42U raqBurke, et al., 2008)

2.4.4 The BEE3DDRZ2 controller

Due to itshigh O2a Gz AdG A& 200A2dza GKIFG GKA&A SydZ GAz2y
simulators(Davis, et al., 2009)o guarantee the continuity of research projects like RAMP and

attract the interest of other researchers and companies the BEE3 pkform, a minimal

development software stackand had to be availableF N2 Y Ct D! RS&aA3ayaz 2NJ a:
traditional software to run on them, like operative systems and software libraries.

The objective was to create a community that shared research as@yyds, all of them based on
the same hardware platforrOne of the first blocks of this buildingtise DDR2nemory controller
(Thacker, 2009}hat gives access to the complex BEE3 memory systeraly available from
Microsot Research

As explained before, the BEE3 system contains four VarfeRGAs. Each FPGA controls four DDR2
DIMMSs, organized as two independenrC2MM memory channels. The DDR2 controfleailable

from Microsoftmanages one of those channele designs written in the Verilog HDL language,
and contains two DDR2 modules to control the two ranks of the DIMM, and two instances of a
small processor called TC5 which includes a small program that calibrates the controllers.

The DDR2 controller has three fitfirst-out (FIFO) queues: one for address and cor{adingle

bit indicating whether it is a read or a write operatioprgne for write data (before a write
operation) and one for the read data (after a read operation). The user hardware can interface
those FIFOs and some control signals to communicate a request to the controller, which process
them.

The RAM address is 28 bits in length and points tmeaof 256 bits (32 bytes) so the overall
address space BGB Figurel3shows theDDRZontrollerdata and address pathwith itscontrol,
data and testingsignals.As seen in that diagram, the module has different clock domatGLK
(master clockor DDR2 250 MHz), CLK (half of MGbKlogic 125 MHzand MCLK90 (MCLK it
a lag of 90°)These clocks are fine tuned to work with the DDR®ng requirements buttaken as
a black box, itan be said that the controller interface works at 125 MHz
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Figurel3: BEE3 DDR controlleiata and address path

The inherent complexity of the DDR2 protocol needs some calibration to assure the correctness of
data communications. &tdcoding the operations and DDR2 signalimyld be highly complex as

it is difficult to program certain timings and delays in a heaide-based state machinggnd such
design would be poorly changeablastead of that, Chuck Thacker took an elegant architectural
decision implementing a simple, flexible processor that can interact directly with the DDR2
controller. This way the calibradn can be coded as a prograthat can be modified and
customized and more actions can be performed like testing and debug@ingd actually they are
performed) This processor is th€C5 (Tiny Computer version &)36bit RISC soft processan

RS232 catroller; a block diagram is shown kigurel4.

The TCSsimple instruction setincludes 3registers format operations for integer arithmetic,
conditional execution and I/Oeverything performed over a bank of 512-B# registes. The
processor controls an optional tester module and some special control signals of the DDR2
controller; some of these signals are accessed by the software through special ports, and some are
hardwired to ALU output

The usual behaviaf TCSs to peform some calibration operations and release the control of the
controller, but this program can be modified and interfaced to Nd@dstom logic Thus a given
system could calibrate, test or perform any other operatfmogrammed in the TC5 memotyg
the DDR2 RAM
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Figurel4: TC5 block diagram

Instructions are stored in a reashly 36 Kbis memory of the FPGA. A simple but also smart
designed compiler, the Tiny Compiler, converts programs into machine code that can be loaded to
the FPGA memory before running Tthe exampleprogramincluded with the desigmperforms a
calibration, which takes around 4 ms, and interfaces the RS232 port with a smathahetn be
operated from any computer with this port and a serial communaratierminal like Microsof a

HyperTerminal o6 S 6 A MirylcOra
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3 MIPSand the RISC architectures

Historically, the evolution of computer architecturdsas been dominated by families of
increasingly complex processors. Underked pressures, complex instruction set computer (¢ISC
architectures introduced more and more new instructions that added specific featlikeshigh
level languages or operating system support, or just aggregatedesiogerations to save space
and sometimes time.

The prevalence of higlevel languages, the development of compilers that can optimize at the

microcode level and the advances in memory and bus speeds favoogvir, that a new

conception of processor aniecture had appearedto focus on some problems of the CISC

architecture. The Reduced Instruction Set Computer (Réshitecture€ &ey ideasgo beyond

reducing or simplifying the instruction set, which is more a siffect, and the whole conception
SYSNHS&a FTNRY G(GKS Fylfeara 2F GKS aNBIfé¢ ySSRa 27
of the operations provided by the process&erhaps the best definition can be foundikane, et

al., 1992)

RISC concepts emerged from a statistical analysis of how software actually
uses the resources of the processor.

Although the RISC architectures are mepopularasthe CIS@rez S aLISOAl ft & Ay (KS C
x86 architecture and its ebcendants, vast markets have emerged in the field of embedded

systems like mobile phones and portable computeMIPS, SPARC, ARM and Pow&rPC
architectures are becoming populfor their simplicity, small size and low power consume.

3.1 MIPS, the RISC pionees

In 1981 a team from the Stanford Univerdigaded by John L. Hennesstarted to work with the
principles of the RISC architecture, like pipelining and reducing and simplifying the instruction set.
Soon theresearchersfound great benefits, such as th@ossibility of increasing the processba
clock andreducing the size of thehips, along with other side benefits, likauniform ISAand a

1t iK2dAK t26SNX/ 6La 1y26y o0& o0SAydsstillkslelyLtes @Sa a2 NJ dz
can be found in the new Cell multicore architecture, developed by Sony, Toshiba and IBM, which makes use
of a similar ISA, and is manufactured in ASIC designs sold by IBM.
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shorter design cycldn 198t some of the researchers created a company to exploit commercially
their new designthe Microprocessor without Interlocked Pipeline Stage8PS.

The first MIPS designghe Rseries, are 32bit processors with no significant architectural
variations, but some interesting implementation modificatioRer examplethe R4000 processor
introduces the duapagetranslation lookaside buffer (TLB) entries and R6000 integrates its TLB in
the secondary cacheAfter a few newyears MIPS standardized themrchitecturesin two
specifications: MIPS 32 and MIPS 64

This workfocuses on the R3000 an&4000designs and their instructions set MIPS |

In the following sections some of the MIPS Ri&Bitectural principles arbriefly discussedMost

of the information has been extracted fro(Kane, et al., 1992kdited by MPS Technologies, Inc.

It covers in an exhaustive way the MIPS R2000 and R3000 architectures, with dozens of technical
details about hardware implementation (which in MI@Ssignsis carefully separated from
specification). This book is also interestingdase it helps to understand why the designers took
ddzOK | NOKAGSOGdzNT f R SAGualythe MRS akchitectiir& Bas ey ddwRiS 2 F
the time this book was writteland the designs introduced have had many changes

3.1.1 Efficient pipelining
When the Stanford team was researching the RISC architecture, pipelining was a well known

(§SOKYAljdSz FyR 200A2date y2é6lRlIeda AlG A& y2i +y

been developed into its full potentiédbweetman, 2007)

Figurel5 shows how the instructions are executed in a classical processor: each instruction must
be executed completely before executing the next.

Execution flow

v

Instruction 1 Instruction 2 Instruction 3 Instruction 4 Instruction 5
Figurel5: clasical instruction execution flow.

Dividing the instructions in stages can help to optimize this processing flow. Each stage is
processed by specific units, which after processing the current instruction and delivering the
NBadz Ga (2 (K BavetduaitiuntdzifeAwhde inRiidicn y6 Qaimpleted, birtstead,

it can start to process the next instructiofhis behavior is shown Figurel6.
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Stage 1

Stage 2

Pipelining carpotentially reduce the number of cycles per instruction by a factor equal to the
depth of the pipeline, but fulfilling this potential requires the pipeline always be fil@sC
architectures take advantage of the pipelining techrég. In fact, modern architectures tend to
superpipelingheir designs. For instance, Pentium 4 lagsipelinewith more than 20 stages. But

the inherenty complex CIS{Dstruction sets can include instructions that neestious numbersof

cycles to executeThishappens for examplepecausethose instructions execute some additional
stages, like memory access or special arithmetic operations, producing delays while the following
instructions wait for the busy resource3hese delaysnust be guaranteed by the interlockin
mechanismsand thed 6 dzo ad&used ih the pipelinare clearly shown iffigurel7: instructions

that execute special stages, filled with red diagonal lines, cause delays that are propagated

Stage 3

Instruction 1 Instruction 1 Instruction 1 Instruction J

Stage 4

Instruction2| Instruction2 | Instruction2

Stage 1

Stage 2

Stage 3

Instruction3| Instructior8

Stage 1

Stage 2

Instruction ]
Stage 5

JInstruction2}instruction2
Stage 4 Stage 5

JInstruction3
Stage 3 Stage 4

Instruction4|
Stage 1

Stage 2 Stage 3

Instruction5fInstruction5| Instruction5 | Instruction5|Instruction5
Stage 1 Sage 2 Stage 3 Stage 4 Stage 5

Current execution

| Instruction3|Instruction3

Stage 5

Stage 4

Figurel6: idealy pipelined executio flow.

through the following instructions.

Execution flow

Stage 5

linstruction4finstruction4| Instruction4 Instruction4

v

NN

<4—— delay—p>

<4— delay—p N

< delay—

Figurel?: instructionswith different execution time carcause delays in the execution flow.

Although some designs like superscalar processors solved this problem through replicating the
resourcesfor the Stanford MIPS team this wasa architectural issueFor them, this was a critical
problem, as it became the name of their design (ME®&hds fora YA ONR LINR OS 4 4 2 NA

AYGSNI 201 SR LI LISt mithBut deldyls B Beipipdlinei KA OK Y SI v &

Suchcomplex pipeline designs afar awayfrom the MIPSphilosophy(Kane, et al., 1992)
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A primary goal of RISC designs is to define an instruction set where
execution of most, if not all, instructions requires a uniform number of
cycles and, ideally, achieves a minimum execution rate for each clock cycle.

3.1.2 A reduced and simple instruction set

The rule followed by the MIPS teamhile designing their instruction set was to add a new
instruction if, and only if, there was a signifitgmerformance improvementSpecifically, there
should be at least a verifiable 1% performance gain over a rangeplitationgKane, et al., 1992;
Mashley, 1989)

A reduced and simple instruction set is necessarauoid instructions with variable execution
time, and to allowa high clock rateAs in other RISC architectures, this causes an increase in the
number of instructions per taskand can be argued that in RISC architectures more instructions
are necessaryhtan in a CISC architectutdIPS designers tried to solve this problem at software
level with an intense compilation optimization.

This is possible thanks to the reduced instruction set and some MIPS special fdéearesd and
branch slots in a MIPSrocessor, the next instruction after jumphé branch slot) is always
executed no matter the evaluation of the branch condition, and the result of a load instruction is
only available after one instruction (the load sldt) the code shown ihisting3, the instruction 4
cannotobtain the value loaded by the instruction 2 immediatedgthe no-operation instruction3

must be inserted aadelay.

loadrl, A

load r2, B

nop H load delay slot
addr3,rl, r 2

Listing3: load delay slot.

Anothertypical CISC featurthe operating systendledicated instructionsare not usually included

in the MIPS architectures because the designers observed that compilers rarely use it. Following
the simplicity wle, system management tasks are managed by softwérepossible with
combinations of simple instructiond his can be observed in the input/output interface (it is
YILIWISR G2 YSY2NE X8 snmut inskusthods eqhivialgnd dr the iyiterruption
returning mechanism used in the primitive desigassgecial instruction to enable interruptions
inserted in a branch delay slot).

A side benefit of the reduced instruction set is the simplicity of instruction operation codes

(opcodey, as most of thel y & G NHzOG A2y a R2y Qi ySSR O02YLX SE | NHddzY
ISA there are 3 types of instructianthe FType (immediate), the-Type (jump) and the -Rype
(register).Figurel8 shows the three formats and its fields.
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Figurel8: MIPS instructiortypes.

All the MIPS instructions can be fit in one of these three types, althégughYS 2 F (G KSY R2y Qf
all the fields

3.1.3 Load/ Store architecture

Memory communication tends to be bottleneck for the modern processors, due to the
difference of speeds between the processor and the memory system, the latency of big memory
banks or contentions in multiprocessor systerfibese issuesan cause a longer execution time

for memory instrctions.

To eliminate the negative impact of such instructions, RI&Ignsimplement a load and store
architecture in which the processor has many registers, all operations are performed on operands
held in processor registers and main memory is accessBdby load and store instructions.

This approach produces several benefits, like reducing the number of memory accesses,
simplifying the instruction set and helping compilers to optimize the register allocation.

3.1.4 Design abstraction

MIPS designs were licead to many companies that build their own implementations. Those
implementationshad to usethe standard architecture, while clearly separating their own specific
features.To allow extensions without modifying the architecture, a special interface wsigrokd:

the coprocessofs

MIPS processors have a set of coprocessors that contain their own registeabdrk custom

pipelineto LISNF 2 N & LISOAlf AyailiNHOilAz2yaod ¢KSasS dzyraida R
a separated unit from the processasélf. For instance the Coprocessor 0 is highly integraiittl

the processor. But licensed designs coimdude their own coprocessors to extend the design

and changes to the existing coprocesseveuld cause, at most, changes to the kerng@r

privileged code in genera), but the standard ISAand thus the user codewould remain

unmodified

* Later came the Application Specific instructions seefsions (ASE), which allow ISA extensions to the
MIPS32 and MIPS64 standards.
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The mostwell-known coprocessorare the Coprocessor 0 (System Coprocessor), which manages
the virtual memory and exception handling; and the Coproce$g&itoating Poit Coprocessor).

3.1.5 An architecture aware of the memory system

MIPS designers were pioneers implementinga 2 YS 2 F  { K Sknoiv2 fedhdigQes ¢ St f
especially in its memory systenfparated caches for data and instructios-chip primary and
secondarycachesdouble-page resizableTLB entries and other techniquage currently common

features thatwere introddzOS R Ay ( K Searly @ $his Qiyes anlidéd of the high
integration between the processor and the memaystem thanks to the overallimplicity of the
architecture. This integration allows a high performance data communication over the computer

The interesting MIPS memory modefaddressing, paging and cachiriglexplained in the next
sections, while compared with the Plasma and Hooeyle models.

3.1.6 Limitations
Although the elegance of the RISC architecture, especially in the MIPS dié®@gmnsire a number
of limitations and constraints thatan surprisex86 programmers.

e 32 general purpose2-bit registers.This is not a limitation, buas in other architectures
has some constraintand conventions that limit their usag@he register O is read only
and its value is always zero. The regi€teris eserved for the returraddress when calling
& dzo NP dzii AApERAadiR A:{pi®@ssar registérs | ApRendixB: instruction sef ~ F 2 NJ
more information about the CPU regist€s dzarid B&Jump And Link (JAL) instruction.

¢ No testing flags or condition codes. Comparisons for conditional ére@amust be explicit
and always are performed and stored on registers.

e Single addressing mode. Loads and stores select the memory location with a base register
modified by a 1ébit signed displacement.

e 32-bit operations. While data can be load and stoneth different lengths (1, 2 and 4
bytes), data on registers is always treated as data of full register length.

¢ No unaligned memory accesses. There is some support for unaligned data access at word
level (32 bit), but hatfvords must be aligned.

¢ No speciabtack support. There is one register reserved by convention to contain the stack
LR2AYGSNE o0dzi GKSNB AayQild Fye aLISOAlLf KINRgLF N
pop.

e Minimal interrupt and exception support. As said (@Bweetman, 20074 LG A& KI NR (2
K2g GKS KIFINRgINB O02dA R R2 fSaaové 2KSy KIyRfA
hardly distinguishablethe processor saves the returning address, modifies the machine
state just enough to let theoperating syssm know what happened and disables
interruptions. Context switchesand execution state saving and restoriraye left to the
software.
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3.2 The MIPSR3000 processor

After having exposed the MIPS32 architecture general guidelines in the previous sections, it is
possible to show now the R3000 architecture specific detRiB000 is very similar to thearlier

R2000 processor and only includes some minor performance improvements, like a faster clock rate
and a bigger cache.

R3000 is a 3Bit RISC processor witlh 5step gpeline,an onchip System Control Coprocessor
(Coprocessor 0) and two level 1 caches for data and instructitunming at 25 MHz it could reach
up to 20 VA>equivalentMillions of Instructions Per Second (VRIXPS) while other popular
processors like 80386 only reached 5 VAXPS(Mashley, 1989)

CPO Control CPU

(System Control Coprocessor) I

| Master Pipeline / Bus Control |

i o~

Exception / Control General Registers
Registers (32x32)
Memory Local ALU
] Management Control Shifter
Unit Registers Logic Multiplier / Divider
Translation Lookaside Address Adder
Buffer PC Increment / Mux
(64 entries, software
managed)

Virtual Page Number / Virtual Address

Physical

Address
37 3231 12 11 0 ~
[AsiD=6bits|| PFN=6bits | Address (offset = 12 bits) | Data (32 + 4)

Figure19: the R3000 functional block diagram.

Figure 19 shows the block diagram for the R3000 processor as defind&ane, et al., 1992;
Mashley, 1989)A master bus communicates the CPU with the System Control Coprocessor (or any
other, like the CP1 or Floating Point Unilhstructions and data words are B2 wide. Data
includes 4 wite-enable bitsto allow byte, half word (2 bytes) or word (4 bytes) writlegels The

CPO has its own registefsr memory management and exception handlirand controls a 64

entry, full associative TLB
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Figure20: the 5-stageR3000 pipeline.

IF RD ALU MEM WB
I-Cache RF OP D-Cache WB
TLB TLB
M H M H . M . H M M
oneX:ycIe

The 5stage pipeline is a classic design. Consists in an instruction fetch (IF), the decoding and
operands reading (RD), arithmetic and address calcula#dr)( memory operation (MEM, if
needed), and registewrite back (WB)In Figure20 a graphical representation can be seen with

the stages, resources utilization and timing specificatioms specified inKane, et al., 1992;
Mashley, 1989)Note that some resources operate at double spdedlf cycle}o allow dual usage
during one cyclethe TLB at IF and Aldthgesand the register bank at RD and WB stagbss

allows an efficient processing becaube usage of CPU resources doesn®@overlap. Note alsothat,

as a consequence of the Load / Store desilyming the ALU stage operands are either registers or
hardcoded immediate constants; thasemory accesss not necessary fahe ALU operands and it

is only done after the ALUstage. This last optindi | G A 2 y

processor.

LINROI Of &

g2dzZ Ry Qi

As theprimary objectiveof this work is not the R3000 architecture itself, detailed information
about the instruction set, and the CPU and CPO registars be found irsectionsé® Appendix A:
processor registets - 60RppendixB: instruction sef. In the followingchapters, all references
to processor architectures should bsompared tg and considered asmodifications of the
architecture described in this sectiemlessindicated otherwise.

3.3 RISCprocessors as soft cores
Reconfigurable devices like FPGABR be used in a range of fields, most of them requiring one or
more procesmg units In contrast of traditional processors, or hard processors, in reconfigurable
devicesunits like the processor can be implemented only using logic syntliésisis, translating
a functional model of the desigimto the device resourcesBoft processoreffer a number of
benefits like fast design, easy testing arstylow cost.

Soft processor architectureshould address some of the limitations that reconfigurable devices
i NJ Rallihite@ yumiiedof |dgikreshiReEs andIbk® O S 4 & 2 N&
processing spee(l00¢ 200 MHz) The RISC architecture seems to solve these problems, because
it targets high speed and reduced use of resource I (i Qriost BfKh@ soft processor designs
available nowadaysare actually RISC architecturesnother reason is that most of the soft
processorsmplementpreviously existing architectures, like MIPS, PowerPC, ARM or SRAERC

are simple and easy to implemen€ISC architectuseare complex and expensive to implement

KI S O2YLJ NBR

and test

G2
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The same argumentsan be applied to a chip multiprocessor when using several soft cores as
processing elementRISC architectures are easily customizable and require few resources, so they
can be integrated into a bigmore thanl6 processorsmultiprocessorchip.
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4 Plasma, an open RISC processor

In previous chapters the MIPS R3000 processor has been introdlitedate 1980 RISC processor
executed the MIPS | instruction set at 25 MHz amcluded aSystem Control Coprocessar
known asCoprocessor Owvhich provided viual memory andexceptionhandling In this chapter a
MIPS R3008ompatible processor is exposed and compaxethe original design

As the general lines of the R3000 architecture have already been explained previously, only
significant architectural diérences andutstanding implementation detailgill be referenced in
the nextparagraphs.

4.1 Plasma CPU

The Plasma CPU is a small synthesizableit32ISC microprocessor designed by Steve Rhoads
(Rhoads, 2001)This soft processor is an open source implementatioiHDLof the MIPS R3000
processorreleased to the public domain on OpenCores, a repository of open hardware designs.

The architecture isrganized in two levels: the CPU, which accomplishes the requirements for the
MIPS | instruction set, anather included subgstems; and thePlasma backplanghat
interconnects the computer components and interfaces with the FEGérnalports.

The Plasma CPU has 9 modubesoverview of the interconnections can be seefigue 21. The
program counér unit controls what instruction will be loaded by the memory controller. When
loaded, the main controller converts the opcode into akéOvery long word instruction (VLWI)
that controls the rest of the modules: the register bank, the ALU with the arteghift and
multiplication units,and a central bus multiplexeiSee chapters9 ¢ Appendix A: processor
registers 2y 7WJladAdSl0 6 Appendix B: instruction sef 2y 7BJHfd & detailed
specification of what registers are available on the register bank, their usage, and how the
registers are coded into the instruction opcodes.
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include any memory management unit (MMU) or a translation lookaside buffer (TLB). This makes
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Figue 21: Plasma CPU block diagram.
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those pipeline stages dedicated to memory addrasslation unnecessaryThus, the pipeline
has 2 stages and can be extended tas3shown irFigure22. In 2stage mode, the stages D and
ALU must be performed in the same cydiote that the stages with dashed lines and light
background are optionahnd they can take more than 1 cycleoperations performed on each
stage may seem to take one half only for simplicity of the illustratiom data and instruction
caches, named different for clarity, are actually only one device.

Figure22: Plasma pipeline.

RD D ALU IM
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1
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The pipeline could seem long, thus fast, but in fiachas some interlocksifter fetching the
instruction (RD stage), the opcode is decoded (D) and the operands argfraadded,from the
register bank asynchronously (RJontol signals and operands are processed by the ALU unit,
which performs any calculation needed (ALU); in case of a multiplication or divisiapehation
would take more than one cycle and thdole pipeline remains paused until the result is available
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memory controller request the next instructiq¢iv) and the cache checks if it is availafii€ache)

if so, the next instruction is retrieved from the cache, else the pipeline is paused until the main
memory is accessed (IMI. it is a memory access instruction, like a load or a store, the same
process is repeated: the cache checks if the desired data illalea(D Cache), and if not the CPU
remains stalled until the main memory performs the operati@M). Finally the resulting data,
which can come from the ALU or memory stages, is stored on a register if n@&@3d

The throughput of the pipeline is apgpximately 1cycle or clock per instruction (CPlwhen
retrievinginstructionsfrom the cache But if instructions are not cached or they access data that
Aay Qi OCRd&eSan@ackil® & more depending on the RAM memory latency.

4.2 Plasma system

Plasma incldes an interface specially designed for the Xilinx SpeBEstarter kit. This board has
a SpartarBE FPGAnda variety ofstandard ports like RS232 (UART}HIBEVGA)PS/2 (mouse or
keyboard) andRJ45 (Ethernet)t is programmed througla USB JTA@ort. It also includes some
development components like buttons, LEDs and an LCD display.

The CPU communicates with the rest of subsystems with some control wires and one bus for
address and another for dataigure 23 is a block thgram of the Plasma CPU awother
subsystems, the interconnection bus and the external pdrte design includes an internal RAM
with the boot program a memory cachea DDR controller, an UART controller and an optional
Ethernet controller. RAM accessare driven transparently through the Ethernet controller; this
way, when receiving or sending packets the Ethernet controller can load and storésidtdo

the RAM memory without interfering with the CRitfough direct memory access (DMA)

RJ45 port

I

DMA
DDR RAI- {5 DDR K= Ethernet CPU
10 10
Other I/C [ ¢} Bus
10 10 10
Internal
UART Cache RAM
l[ Spartan3E

RS232 port

Figure23: Plasma subsystems.
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Thedesign haonly alLlcacheof 4 KBwith 128 32bit lines directmapped and writethrough.
Data is indexed with a physical address and checked with a physic@hiagcache isery similar

to the R3000processor, except for the refilling method: in the original design data from the RAM
memory can be retrieved in blocks of 4 words (16 bytes) or njkene, et al., 1992hile in
Plasma the RAM is agsed with blocks df, 2 or 4 byte¢l word).

The internal RAMisesthe FPGA RAM blocksd contains the instructions, data and stack of the
first program loaded by the processdt.can be a simple program or a boot loader that loads an
operating systemrbm a Flash drive, or from an external port like Ethernet or UART.

Ethernet and UART controllers interface directly the external pins. Other, pkesthe VGA
connector, LEDs or board buttons must be controlled through a general register mapped to
memoryas seen in the next section.

4.3 Memory mapping

l'a aLt{ | NOKAGSOGdNE R2S3ay Qhiardwas Gfcazofed RSURHA OF G SR |
special registers mapped to memor¥he CPU interfaces peripherals with interruptions and

loading and storing valudés addresseslefined by the architecture.

In Plasmaas seen imable2, there arefive main regions, and all data is accessed with physical
addresgs. The first regiorcontains the boot program and the contents of the cactiee second

region is a slice of 1 MB of the DDR RAM memory; the third is the receiving and sending DMA
regions for the Ethernet controller; the fourth is the I/O hardware register mappings; the fifth and
last is the64 MBFlash memory mapping.

Address Description Size

0x0000 0000 Internal RAM 4 KB

0x0000 1000 Cache contents 4 KB
8

0x1000 0000 | DDR RAM 1 MB
8

0x13FE 0000 Ethernet sendng DMA region 64 KB

0x13FF 0000 Ethernet receiving DMA region 64 KB
8

0x2000 0000 UART read/write 32 bits

0x2000 0010 IRQ mask 32 bits

0x2000 0020 IRQ status 32 hits

0x2000 0030 GPI output set bits 32 hits

0x2000 0040 GPI output clear bits 32 hits

0x2000 0050 GPl input 32 bhits

0x2000 0060 Counter 32 bits

0x2000 0070 Ethernet transmit count 32 bits
8

0x3000 0000 | Flash memory Upto 64 MB

Table2: Plasma memory mapping.
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Although the Spartail3E hass4 MB of DDR RANRe original Pasma design is limited to 1 MB,
and the cache is configured to cache this only 1 MB in 4TKB.means that the external RAM
mapping ranges frorix10000000 to 0x1000FFFF.

Thelnterrupt Request (IRQ) register shethe status ofsome devices like the UART controller or

the Ethernet controller; the IRQ mask bits specify when a change in the IRQ status register will
cause an interruption of the procesr execution. This way the software can control when to
receive interrupts and what interrupts are enabled. Counter is a special register that increments
every cycle, and its bit number 18 is mapped into the IRQ register. This allows precise timing
interrupts every500,000 cycles approximatelyafound 0.02secondsvhenrunning at 25 MHz).

The general purpose interface (GPI) ports control any component not mapped to a specific
register, like LEDs, buttons or the VGA port.

4.4 Why CPO is so important

As said befdl B> GKS tfFaYl LINEOSaa&2 N TR2iBgoseQimponraytOf dzRS |
limitations to the design. For example, as in MIPS R3000 the floating point unit is the Coprocessor

1, called R3010Plasma can only perform integer operations.

But the Coprocesor 0 or System Control Coprocessosoigntegrated in the designhat R3000
actually included it inside the chipCPO contains the circuitry and registers responsible of
managing the virtual memory, operating modes and exceptions. These thremhanisms are
essential forbasicoperating systenfeatures like useaccounts memory paging and swapping,
separation between programs and kernahd many others. In other words, this processor could
only run obsolete operative systems like #0®S, butnever modern GNU/Inux or Microsoft
Windows.

As there is no MMU or TLB, software addresses are always physical, so programs must be
compiled and linked with the final location in mind/hich is extremelyinconvenient for the

programmer L i R2S&ay Qi & dzLJLJ2 Nliare $hiertubtibdis, As@ ofitical ergbrg fiké K I NR
accessinginvalid or noRSEA&GAy3 YSY2NE | RRNB&aasSa o0GKS L2 Lz
executingincorrect opcodes are nataughtby the operative system. Moreover, all the code can

execute privileged instruains and access critical memory regions relative to the kernel or the

hardware, so in the best case a software error will cause the whole systbehave erratally or

hang in the worse case will damage external hardware.

lf 6K2dAK t f | dudd anyRa $ha yuldfionalltigs supported by CPO, to provide
interruptions (but not exceptions or errorg) CPO register is emulated by the ordinary register
bank. The Exception Program Counter (EPC) register holds the returning address when the
processoris interrupted byan IRQ, allowing th@®Sinterruption service routine (ISR) to know
where to jump after the interruption has been served.

® Knowing that GNU/Linux can be run in practically everything that has a processor maybe it should be
removed from the previous sentence.
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4.5 Differences with R3000

Differences between Plasma and R3000 can be classified in two kinds: those that are direct
consequence®f the author@ decisions and those caused by severe legsirictions like patents

hold by MIPS Technologies.

In the first group, aside from what has been explained in previous sections, only one is significant
and it is related to the multiplicationnit. When performing an integer multiplication or division,

the MIPS R3000 architecture leaves the calculations to a special unit, which after a few cycles
stores the result in two special registers called LO and HI: one for the low part and one liggtthe

part of the result

As many other original decisionthe MIPS R3000 architectufgas an optimization to avoid

pausing the whole CPU while performing those tiexpensive operationsnstead of thisthe CPU

canprocessthe pipeline while the multipliation unit calculates the resuibdependently. If the

software tries to access the unir readng the result registers before the operation is done, then

the CPU is effectively paused. A smart compiler will take this in accourit aiititry to delay he

retrieval of a multiplicatioror divisionresultto allow the maximum number of instructions to be

performed in parallel.t £ F &Yl R2Say Qi AyOfdzRS GKAA& 2LIGAYAT L
multiplication or a division the pipeline execution is paused uhéloperation is done.

Limitations caused by legal issues are caused by legal patents that cover unaligned memory
accessesAn unaligned memory access isr@mory access that affects more thamme memory
line.

a) ol1]|2]|3 b) 0l1]|2 3
41567 <SS 45|67
8 | 910|112 8|9 /10 11
12 13 14 15 <SS 1213 14] 15

Figure24: aligned accesses (a) and unaligned accesses (b).

This happens when the software tries to access a stride of data that is made of adjacent parts of
contiguous memory lines, when usually memory can only manage onedieach accessThis
depends on the organization of the memory atitk data sizeghat the processorcan manage.
Figure24 shows a memory organized in lines of 4 bytes with examples of aligned aca@sshs (

left, green blocks are accesses of 1, 2 and 44)yand unaligned accesses (on the right, red blocks
are accesses of @nd 4 bytes).Usually the compilers try to insert gaps inside data structures to
avoid this kind of problem@and today, even when most CISC processors support unaligned
accesses, theyra rare

In the MIPS 1 instruction set, there is a set of special load/store instructions that allow partial
unaligned acces®ut theseinstructions LWL, LWR, SWL, and SVdre covered by US Patent
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number 4,814,976(Hansen, et al., 1989However, this patent expired on December 23, 2006
(unfortunately 5 years after the Plasma design was started), so these instructions could be now
supported byPlasma.
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5 The Honeycomb processor

This project aims to build a flexible multiprocessarchitecture that could be run on an FPGA
platform. The Plasma processor was chosen to be the processing element of the system because it
had several advantages: it is compatible with a real, fairly used architecture as MIPS R3000; it is a
simple and srall RISC implementation; and it is available in the public domain. But it lacked of a
few features, as explained in the previous chapter, which could compromise the suitability

system

In this chapter a version of Plasma with integrated Coproce8sisr presented. This extended
design has been called Honeycomb.

5.1 Coprocessor 0

The integrated System Control Coprocessor or Coprocessor 0 is defined in the MIPS standard as a
logically separated unit with its own registers and pipelinethe originaldesdy 2y f & 2yS 2F |/
registers was implemented. It was the Exception Program Counter (EPC) register, needed to

LINE GARS AYUSNNHzZLIGAZ2Y &dzZLR2NIX FyR Ad 6l & &ad2NBF
register bank.

To implement a real CPO unit the whdet of registers had to beddedand the data patthad to

be separated from the processing register bamke EPC register was moved to this new unit and
the data path between the control unit and the register bank was intercepted in a way that
accesseso EPC and other CPO registers were managed no more by the registerHigunie25
shows the CPU in black and the CPO in red.
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Figure25: block diagram of the Honeycomb CPU.

The control unitconfigureswhat registers are read and written with the souricelex (RS) target
index (RTand the destination index (RD) bussese&Ehbusseshave 5 bits to specify up to 32
different registersand an additional bit to specify ifig ageneral purpose registdfGPR)or a CPO
register.The corresponding data signals are output, and the bus multiplexer unit is configured to
route the data from the origin unit to the destination unRossible source and destination units
are GPRs, CPO registers, main memory or laleld immediate valugsand the multiple
combinations are listed ifiable3.

Origin Destination Example instruction
Immediate value GPR I-type instructions
GPR Memory ST

Memory GPR LD

GPR GPR R-type instructions
GPR PC Branchinstructions
PC GPR JAL

GPR CPO MTCO

CPO GPR MFCO

CPO CPO TLBP

PC CPO SYSCALL

CPO PC ERET
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Table3: Honeycomb datapaths.

CPO put and getdata from the data pattthroughreadngthe RS and RD indexes and writiog

new buscalled TLB Gimilar to the C bus that collects tid_Uresults The bus multiplexer can
connect this TLB C bus to the RD (B0 to GPRThe opposite, moving data from a GPR to a CP0O
register, isshown graphically ifrigure26: the desired GPR is output from the register bank to RS,

and RT outputs the GPR 0 (always zero); these busses are connected to A and B and the ALU
performs an OR that leaves the unmodified value of RT on C, which is connected to RD. Finally CPO
reads thevalue of RD and stores it in the corresponding register specifiadebi®D index bus of

the control unit

1
1
1
1
' i
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Figure26: data path of a MTCO instruction.

Similar operations are performed when executing special operations like BlY,SREAK or ERET,
which are involved with interruptions and exceptionn. these cases, PC is stored or retrieved
FNRY [/t nQa TOinpglemeBCPA @gisteidXnd allow reading and writing ttathem
the control, register bank, PC and bus mudti@r units had to be modified.

5.2 Virtual memory

The CPO unit was actually implemented as a TLB with some additional features, as most of its
functions derive from the physical to virtual address translatiéor example, exceptions can be
caused by TLB faits accesses to privileged memory regions from +porileged programs, both
exceptions detected when translating the addresses.
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Virtual memory is an addressing technique to extend physical memory. Instead of accessing data
with the actual address whereis stored, the physical address, the system can specify an arbitrary
address called virtual address. This method brings a lot of benefits: different programs can address
its data with the same virtual address although having different assigned memorg,zah&h
simplify software developments aconsequence of the previous, virtual memory can be bigger
than physical memory, and the memory not being used at the moment can be moved to the hard
disk (memory swapping); aral the accesses have to be traaield, so additional security checks

can be performed. For example, if a program tries to access a memory region of another program,
or a privileged memory region, the TLB unit can throw an excetrorinux, it is the widely
1Y26Yy &a&asSa3y SyriFlgiree2two pdesktsingve the same virtual address mapping:
the lower addresses correspond to code, the middle to data and the upper to stack. Both
programs share the same virtual addresses, but when translated those addrgssnt to
different regions that not necessarily are contiguous or preserve the salatveorder.

Virtual memory Physical memory

Stack | Stack

Process A Data Code

Code Stack

Stack Data

Process B Data — Data
Code

N Code

Figure27: example of the virtual and physical mappings of two processes.

The previous example suggis two questions: how identical virtual addresses can be
distinguished, and what the size of the translation regigd-or the first question, there are
different methods: to program the TLB unit with the translations of only one program at time, or

to add additional information to distinguish similar virtual addresses, which is the method used by
MIPS. For the second question, the regions to be translated are called pages, and the size is usually
about 4 KB, but can be different depending on the systtonexample, a storage server can use

big pages because data regions are big§enaller the page size, bigger tamount of resources

needed to store the table of translatiomsd lesser the efficiency of the translation hardware

5.2.1 Virtual m emory regions

In MIPS the virtual memory has a size of 4 GB and has got 4 different(kares et al., 1992)

The lower 2 GBr user spacean be used by ordinary programs without any special privileayes

can be mapped to any physiaddress. The upper 1 GB, the kernel space, is also mapped, but can
be accessed only by software when in privileged mode like the operating system; this region can
be used by kernel threads. The two 512 MB slices between the user region (kuseg) and éhe kern
region (kseg2) always point to the lowest 512 MB of the physical mearahfike kseg2 both are
privileged regionsBoth regionsshare the same memoyyhe lowest 512 MBbut the accesses to
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the lower slice (kseg0) are registered by the cache whileatioesses to the upper slice (ksegl) go
directly to the RAMThis can be useful to make accesses without modifying the cache, or when it
is not ready yetFigure28 shows the virtual and physical memory mappings and their relations

Virtual memory

Physical memory

I—};{zr Gt kseg2
512 ME ksegl
512 ME kseg0 4GB
2 Gt kuseg
Lower

Figure28: MIPS memory mapping.

An interesting property of the MIPS virtual memory mapping is that the highest half of the
memory can only be accessed from privileged code, while the lowest halfcarsdd by user
programs. This waysimply checking the first bit of a memory address tells if a request needs
privileges (1) or not (0).

5.2.2 TLB hardware

Plasmdssueghe memory requests during the Aldd IM stages (seeFigure22 on page41l). In this
stage the memory controller sets the corresponding signals and in thepigsaline stageeither

the cache has that value stored or a DDR request is stqaptional stages IM and DM)in
Honeycomb, hie memay controllerwas modified to ask for an address translation before sending
the memory request to uppeunits. This is equivalent to insert an intermediate step in the ALU
stage,as seen ifrigure29.

RD D ALU IM DM WB
M |\ ,I ': |\ ,I
PC F D R | ALU YN ! NN wB
TLE [ I 1
_——— I__',f_ﬁ.____l L
| Cach :DCache:
EEEE
N J N J
Y Y
one cycle X 2YS

Figure29: Honeycomb pipeline.

The memory controller receives the physical address from the C bus, whose value can come from
a register or an arithmetic operation of the ALThe physical address is communicated to the TLB
and thevirtual address is returned, both through dedicated budesFigure30 the translation
process is represented with a yellow star inside the TLB unit.
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Figure30: data path of a Honeycomb address transia.

But inserting this intermediate step in the pipeline adds some delay to the ALU stage, enlarging
the cycle period and reducing the maximum frequency at which the processor can run. To avoid
this problem the address translation has to be a fast precg@mething difficult in an FPGA device
because hardware circuits that perforaearchesover aset of data entries areither small and

fast butsynchronousor asynchronous but expensive in time and resources.

At first a content addressable memory (CAMjas build using FPGA logic slices to obtain an
asynchronous search circuit, but the performance of the CPU drasticalip s&dl/eral units and
the utilization of FPGA logic resourcegew up twice.When the CP0O wasnoughtested and
robust, this CAM waeeplaced by a synchronous versiprovided by XilinXXilinx, 2008) It uses
FPGA RAM blocks amdn perform a search in one cycle and write an entry in two cydles.
schematic diagram is shown kigure31.

DIN[n:0] MATCH_ADDR]j:0] [
WR_ADDR[m:0] MULTIPLE_MATCH [———
DATA_MASK[n:0] SINGLE_MATCH e
CMP_DIN[n:0] MATCH [———

CMP_DATA_MASK[n:0]

y CLK BUSY [
EN READ_WARNING [
WE

Figure31: Xilinx CAM core schematic symbol.
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As itis a synchronous circuit that should end its function beforarthen pipeline cycle has ended,
the CAM unit runs with a clock almost two times faster than fhmcessor.Actually the
Honeycomb CPU works at 25 MHz, while the CAM has a clock of 125 MHz.

>
g
g
0
b
S
A 4
e
>
S

——» TLB entry data
1

v
L

Figure32: TLB hardware blocks.

The CAM only checks any entry matches the current virtual address (SINGLE_MPRigGie3i),

and in this case tells the index of that entry (MATCH_AD&¥R$hown irFigure32 a small RAM
memory stores the data of the TLB entries, and when there is a match data is retrieved from the
correponding index obtained from the CAM.

5.2.3 TLB registers and instructions

This CAM looks if a given physical address has a virtual translation previously specified by the
software. CPO has some registers and instructions that allow the software to program the 64

entries of the TLBEach TLB entry has two-BR registersi K| i Kl @S GKS &l YS F2NJ
EntryHi and EntryLo registersirst, with the instruction MTCO the EntryHi and EntryLo registers

are written with the values of the physical frame and the esponding virtual page along with

other attributes. Then the Index register is written with the numerical value of the TLB entry that

will be programmed. Finally, the TLBWSstruction makes an effective copy of the EntryHi and

EntryLo registers to the diged TLB entryFigure33 shows the fields of those registers; darkened

bits cannot be written and its value is always zero.

EntryLo: |31 PFN | ASID V/M
20 6 6

EntryHi: | VPN IN| 'il XIGW
20 1 1 8

Index:

Figure33: EntryLo, EntryHi and Index registers.

The virtual page number field (VPN) of the Entry High registéine part of thevirtual address that

will be replacedwith the physical frame number field (PFN) of the Entry Low register, both being

20 bits wide Theapplication specific ID (ASHMId alows distinguishing between entries with the

sameVPN and if the G bit is set an entry will on be used if it has the same ASID than bt is

on EntryHi at that moment. This way the OS can select what subset of TLB entries will Herused

example duing a process witchonly changing the ASID field of Entryliithe N bit is se(non

cacheabley I O0S&aasSa G2 GKFIG LI 3IAS 62y Ql0 o6 The®b®OKSR 06 dzi
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(dirty) allows writing access to the page; if it is not set, any writerafon to the data on that
page will cause an exceptiofhe V bii(valid)specifies if the entry is validFinally, if the G bit is set
(global) the ASID field is ignoredid the entry will match even if it has an ASID different than
EntryHi.

Thereadonly Random register contains a value from 8 to 63 tHatreasesvery cyclewhen
arrives to 8 jumps back to 63} can be used to write a random TLB emtiithout using the Index
register. Thiss done with the TLBWR instruction, as showrListing4, where GPR 4 and 5 hold
the values of the new TLB entrigntries from 0 to “&re not affected bythis method, so the
operating system can use them to haldtical TLB pagetike the ones that store thpagetable.

lui r4, 0x0000

ori r4, 0x0040

lui r5, 0x1000

ori r5, 0x0200

mtcO r4, entry hi

mtcO 5, entry lo

tlbwr

nop

tibp

mfcO r6, index

bltz r6, FAIL
Listing4: programming a random TLB entry.

In the previous listing, EntryHi is programmed with the VPN spording to addresses beginning

with 0x00000 and an ASID equal to 1. EntryLo is mapped to the PFN beginning with 0x10000 and
only the V flag set. This means thdtthe ASID matcheagccesses to the 4 KB memory region from
0x00000000 to OxOOOOOFFF will bedirected to the physical region from 0x10000000 to
0x10000FFFand any attempt to write on that region will cause an exception

The instruction TLBALB probeghecks if the value stored in EntryHi match any entry in the [TLB.

there is a matching eng, the index of that entry is stored in the Index field of the Index register.

¢KS t o0A0G 2F GKIG NBIA &GS NBe scaltwae Sah chédK 8 f giverkK SNB A
virtual memory is mapped by the TLB by programming the EntryHi register andatiegethe TLBP

instruction, and then checking if the Index registends-negative.ln Listing4 this is checked with

the BLTZ (branch if less than zero), which would jump to the tedeananaged LB failure.

et V2

And last, the insuction TLBR (TLB read) performs the inverse operation than TLBWI. When
executed, it copies the contents of the TLB entry specified by the Index register to the EntryHi and
EntryLo registerdt is not recommendable to modify the EntryHi register becatiselds the ASID

field that will be compared with the matchingonglobalTLB entries.

5.2.4 The translation process

Every time the memory controller wants to perform a memory request, the TLB translates first the
virtual address into a physical address. Thame two types of translations: mapped and
unmapped or directly mappedTlhe first is used with virtual addresses in the kuseg or kseg2
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regions, which may or may not have got a translation defibgda TLB entryFor unmapped
addresses, corresponding to ttkeegO and kseg1l regions, the first three bits of the address are set
to 0 to map to the lowest 512 MB of the physical memdrige decision proceshat follows the
TLB, extracted frorfKane, et al., 19920s represented ifrigure34.

A 4

Unmappec Uncached and
access unmapped acces

Figure34: TLB address translation flowchart.
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the requested address d.B refill exception is thrown. If there is a match but the bit V is unset a

G¢[. AYyOlLftARé SEOSLIIA2Y Ad (GKNBSYS FYR | GNRGAYS
G¢[. Y2RAFAOIGARZ2YyE SEOSLIIA2Yy® LT GhebpriviemsNBSy i &2 7
FYyR GNAXRSa (2 | O00Saa I LINAGAfSISR NBIAAgtingp1asSans

5 shows the VHDL code responsible of detecting if a memory access is valid or an exception should
be thrown.

process (tlb_func, ram_out, reset, w_op, mapped, is_hit, address_in( downto 29),
rs_index( ©5), rd_index( ), status( )
variable  exception_sig_var : tlb_exception_type;
variable disable_cache var: std_logic
begin
exception_sig_var := TLB_NOE XCEP;
disable_cache var ="'

if (rs_index( 5)="' 1' or rd_index( 5)=' 1" and status( 4)="' 1' then
exception_sig_var := TLB_CPUNUSABLE; -- read or write to CPO in user mode
elsif tlb_func =TLB_HIT and reset=" ' then
if mapped=" 1" then
if address_in( downto 30)=" " and status( 4)="' 1' then
exception_sig_var := TLB_ADDR_EXCEP; -- access to kseg2 in user mode
elsif is_hit=" ' then
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exception_sig_var := TLB_REFILL;

elsif  ram_out(BIT_V) =" " then
exception_sig_var := TLB_INVALID;
elsif  ram_out(BIT_D) ="' " and w_op=" 1" then
exception_sig_var := TLB_MODIFIED;
else
disable_cache_var := ram_out(BIT_N) or reset;
end if ;
elsif  status( 4)=" 1' then
exception_sig_var := TLB_ADDR_EXCEP;
elsif  address_in( downto 29)=" " then -- ksegl
disable_cache_var ="' "
end if ;

end if ;
exception_sig <= exception_sig_var;
disable_cache <= disable_cache_var or reset;
end process ;
Listing5: VHDLcode thatchecks addresses correctneissHoneycomb

{ $S (KS yS3FEicepiod Baindlirtjof pame57 for detailed information about hardware
and instructions related to exceptions, and how are caused and managed.

5.2.5 Memory mapping

The Plasma memory mapping was designedptoysical memory accessds Honeycomhuses
virtual addressingvith some special featurekke the memory regions kseg0 and ksegl that are
unmapped To maintain some specific Plasma mechanisms like the IRQ registers the memory
mapping had to be changed.

Another important limitation was that the original design onlyedsl MB of RAM memory, which
AadayQl Sy2dAK F2NJ Yz2ald 2LISNIiGAy3a deaasSvyaso ¢KS
bit space, which equals to 4 GB of RAMernal RAMcache, IR@egisters and/O registers where
moved from the memory region 0x200000 to the lowest addresses of tpaysicaimemory, and

where compacted in a region of 16 KBgure35 shows the difference between the two memory
models: on Plasma only a small portion of the memory space can be addresséel, invhi
Honeycombthe memory mappings (IRQ, 1/O and internal RAM) are placed in a small contiguous
portion of 16 KBFlash and Ethernet mappings can be mapped to any address of the physical
memory, and the rest of the memory space is managed by the DDR Ré#d that the sizes are

not proportional, but onhillustrative

56



Unused
memory

\_/

_/\ DDR —<<

Flash----=7~

Ethernet- -

IRQ + /0
Internal RAM + cach—

»)
L

Figure35: comparison between Plasma and Honeycomb memory mappings.

The actual addresses of I/O ports and other memory mappings carubd fa Table4. The lower

16 KB can be accessed through the unmapped memory regions kseg0O or ksegl just adding
0x800000000 or 0XA0000000 to the address, respectidtyernet DMA regions and the Flash
memory mappind? 2 Y Q (i fided afidesd, but can be mapped by the software.

Address Description Size
0x0000 0000 Internal RAM 4 KB
0x0000 1000 Cache contents 4 KB
0x0000 0000 UART read/write 32 bits
0x0000 0010 IRQ mask 32 bits
0x0000 0020 IRQ status 32 bits
0x0000 0030 GPI atput set bits 32 bits
0x0000 0040 GPI output clear bits 32 bits
0x0000 0050 GPI input 32 bits
0x0000 0060 Counter 32 bits
0x0000 0070 Ethernet transmit count 32 bits
0x0000 00AO CPUID 32 bits
8

? Ethernet sending DMA region 64 KB
? Ethernet receiving DMA region 64 KB
? Flash memory Up to 64 MB

Table4: Honeycomb memory mapping.

The rest of the address space is considered as DDR RAW\W register was introduced called
CPUID that contains the number of the core. This &fulisfor multiprocessors that need to
distinguish between different cores.

5.3 Exception handling

Plasma had interruption support for hardware IRQs, like a simple clock, Ethernet, Flash or UART.
But in MIPS, interrupts differ from exceptions, and even fronomsr Interrupts are external
signals that the processor usually can ignore and process when it considers it is the best moment.
For example, in Plasma an interrupt cannot be processed during a branch slot because the
returning address could be wrong.
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Excepions are mandatory because abort possibly dangerous actiéies CPO not all the
exceptions are dangerous, but sometintagy are the only method to inform the software that it
should take a decision about something importantHoneycomb there are 5 iatruptions and 4
exceptions.

5.3.1 Interruption mechanism

In Plasma when an interruption was detected (the masked IRQ register had a kitssgtial was
enabled and the control unit injecte@l NOP instruction anthe address of the interruption service
routine (ISR)Before jumping to that address, the processor saved the current PC to the special
register EPC and disabled the interruptions to avoid an infinite IAéer one cycle the processor
was executing the ISR, locatedthé physicaladdress 0x3@n boot code of the internal RAM)

This code could be later patched by the operating system to jump to a custor8dBRarecould

know what signal caused the interruptigast reading thelRQ status and IRQ mask registers
through its 1/0 ports Before returnng, a MTCO instruction, which altered the Status register
simulated by the register bank like the EPC register, enabled the interruptions again. This
instruction was located in the branch slot of the jump instruction that returned to the address that
the processor was executing before processing the exception.

In Honeycomb this registeifEPC and Stathas been moved to the CPO, so now the coprocessor is
informed to save the PC when an interruption is throwat the same time, it disables the
interruptions and enters privileged modenodifying the Status registeAnd n the CPO there is
another register calledCausé, which contains information about the causes of the interruption.
IRQ information is routed to CPO to be stored in the Cause register.

When a interruption is detected, the current instruction always ends correctly. But when an
exception is found, all signals affecting the state of the machine like registers and memory are
intercepted and abortedThis is done at ALU stage, because until tie$t A y a 4 NHzOG A 2 v
any permanent changeThe control unit stops the current execution and enters the
interruption/exception service modelisting6 shows the code of the control unit that sets the
control signals to servan interruption or an exception.

if intr_signal =" " or syscall_var /= EXC_NOEXCEP then
alu_function := ALU_NOTHING;
pc_source := FROM_EXCEPTION,;
shift_function := SHIFT_NOTHING;
mult_function := MULT_NOTHING;
mem_source ;= MEM_FETCH,;
tl b_function := TLB_EJMP;

if intr_signal =" ' then
exception_var := EXC_INT;
else
exception_var := syscall_var;
end if ;
end if ;

Listing6: interruption service VHDL code.

Interruptions are thrown by external lndware and registered by CPO, but exceptions are thrown
and registered by CR&tting the appropriate registers
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5.3.2 Interruption and exception registers

Aside from EPC, there are more registers involved in the interruption and exception mechanism.
One of the most important is the Status registeits lowest bif IE, enables or disables
interruptions, and the next bjtEL,shows if the system is serving an exception. The field KU
enables or disables the privileged moddis registeractually more based in R40 than in R3000,

is shown irFigure36.

31 0
Status: S/ S SIS IS S S S S S A S A/ EL 1]
1 2 11

30
Figure36: Status register.

The Cause register has information about the status of the IRQs and can be used during the service
of an nterruption or exception to know the cause of the evemhe fields of this register can be
seen inFigure37: 5 bits for the interrupts pending (IP) and 5 bits for the exception code (EC).

31 0
Cause: ASSSSASASISAAAA  ° WA EC Y
16 5 4 5 2

Figure37: Cause register.

The EC field contains the code of the cause of the interruptiod its possible values are listed in

Tableb. If it is an interruptionthe IPfield shows the status of the IRQ signatsl can be used to

know whatdevicecaused the eventA TLB modification has its own exception code. All other TLB
SEOSLIiAzya INB O2RSR 6A0GK GKS ac¢[. SEOSWIiAzyée O
(load or instruction fetch) or a write (storeperation.If a user program tries to access a privileged

YSY2NE NB3IA2Z2Yy 61aS3anxz 1asSam 2N 1aS3uov Fy a! RRN
distinguishing between readg and wriing operations Similarly, executing privileged instructions

like MTCO oMFCO nolLINRA @A £ SASR O2RS gAftf GKNBg Ilthed/ 2 LINR OS
interruption was caused by the software through a SYSCALL or BREAK instruction, the exception

code will be one of those.

O
o)
Q
9]

Cause

Interruption

TLB modification

TLB exception (load or instruction fetch)
TLB exception (store)

Address error (load or instruction fetch)
Address error (store)

System callexception

Breakpoint exception

1 Coprocessor unusable
Table5: exception causeodes.

PO hhwWwMNEO

Other error codes are used by MIPS but are not applicable to Honeycomb.
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5.3.3 TLB exceptions

When the TLB throws a custom exception, some additional registers are modified to help the
memory managing software solving the problem as fast as possible, $&dd1B misses usually
need accessing huge data structures from the RAM and affect the system performance.

31 0
BadVAddr: | PTEBase | BadVPN A
11 19 2

Figure38: BadVAddrregister.

The Bad Virtual Address register (BadVAddr) that displays the mecsttly virtual address that

failed to have a valid translatioit.is just a 3zbit address, and can be used for diagnostic purposes
and to inform the user about what address caused the excepliittis a critical errorThe Context
register is similg but only stores the VPHits of the address that caused the errd8ddVvVPM It

has another field called page table entry base (PTEBase), which can be set by the software.
Combined this two fields, the total value of the register can be used as the ssltiyeaccess the

page table of the operating systeoptimizingthe TLB refill process.

5.3.4 Returning from interruptions

Ly ttlFayl GKSNBE AayQid Fye aLSOAlf AYaidNuzOldAzy
advantage of the branch delay slot of MIPS talae interruptions before jumping to the code. In
Listing7 the register 26 holds the returning address (obtained from E&@) register 27 contains

a value that will enable interruptions when copied to the status register.

mfcO 26, epc

ori 27,0, Ox1
ir 26
mtcO 27, status
Listing7: Plasma assembler code for returning from an interruption.

This mechanism is good enough when the actions to be done while returning from an interruption
can be programmech just one instructionBut in Honeycomb more things have to be done and it
must be done in one instructionn R3000 there is an instruction that does this work, the return
from exception (RFE) instruction, which enables the interruptions and does athrethings, but

it must be placed also in a branch delay slear Honeycomb the exception return (ERET)
instruction, which belongs to the R4000 architectuveas chosen

ERET was chosen because it synthesizes the previous code in one instructiompsittguthe
returning address (hold by EPC), enables interruptions and restores the privileges previous to the
interruption. It is the only jump instruction of MIPS that does not have delay slot.

To implement this instruction the control unit, which decodbe opcodes, had to be modified
along with the PC unit and obviously the CPO.

when TLB_EJMP =>
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status( 0)<=' 0} - disable interrupts

status( 1)<=' 1 - enter exception mode
status( 4)<=' 0% - enter kernel mode
epc<=pc&"

when TLB_ERET =>
status( 0)<=' 1% -- enable interrupts
status( 1)<=' 0% -- exit exception mode
status( 4)<=' 1 -- enter user mode

Listing8: TLB code for throwing and returning froimterruptions.

The TLB_EJMP and TLB_ERET arep®rating modes of the TLB. Each cycle, the control unit tells

the TLB to do a given operation, usually only TLB_HIT (normal function), or simply TLB_NOTHING,
which disables the TLB during that cy€¢her modes are TLB_P, TLB_R, TLB_WI and TLB_WR that
correspond to the fouTLBinstructions.

5.4 Operating modes

2 A0K GKS FANRG 2LISNYGAy3a aeadSya Al 6SOIFYS S@OAR
critical instructions and hardware interfaceBhe memory management unit (MMU) solved this

problem allowhg additional checks to be performed during the memory translation.

Usually processors work with two operating modes, one for the critical functions, and one for
ordinary programs that could damage the systeFhe first one is the privileged or kernel mgode
used by the operating systems and hardware drivers. While in privileged mode, the software has
access to all the resources of the system.

The user mode is used for the rest of the software, and to have access to the resources has to use
the interfaces povided by the operating systenBystem callds a mechanism used by nen
privileged software to interact with the operating system. When a program launches a system call,
it generates an artificial interruption that is served by the operating system inlggad mode.

When the operating system has ended processing the request, or denying it, returns to the non
privileged mode and jumps back to the user program.

In Honeycomb the privileges of the software are controlled by the KU field of the Status register
When the processor starts, the code runs in kernel matlben the operating system has set up
the computer, it launches user programs in user moéley attempt of a user program to access
privileged regions of the memory, or to execute privileged ingtons, will cause an exception.

As explained before, only interruptions, exceptions and system callseotar the privileged
mode, and those events are handled by the ISR.
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6 The Beehive multiprocessor system

Recentlythe chip-multiprocessor(CMP)architectues havearisenin consequence of both the

difficulty to continue integrating the microprocessors and the increasing performance of the
systemon-chip technologiesuch as FPGAo0 accomplish with the Moore law, it is necessary to

Y203S FTNRY G(RSa¥YBt ENSNI2YyaY2NBE YR Y2NB LI NI ff St

To continue increasinghe speed of processors, instead of reducing the size of microprocssor
resources, these resources can be used to integrate simple, small components that can operate in
parallel. This is theaim of this project: building a large, reconfigurable CMP system, made of small
components thatire not necessarily fast but are small.

Beehiv&is the multiprocessor systerdesigned for BEE3 anbluild with single Honeycomb
processorslt has been develogkaround the DDR module build biyhacker, 2009)dapting and
extending the example code

6.1 Beehive architecture

The obijective for this project was to set up a functional multiprocessor system, so before starting
to innovate andexperiment with sophisticated methods, a simple hastocol systemhas been

build to provide coherency to the systerfihis bus routes the DDR requests of the processors to
an arbiter that decides which request serves and interfaces the DDR controller.

The system has two clock domains, one for the bus, the arbiter and the part of the bus clients that
interfaces the bus, and another for the processors and the part of the bus clients that interfaces
the processorsin the whole system there are five clocH$ie result is a multilayer interface that
communicates processors running at 25 MHz with a DDR controller that runs at 125 MHz and
interfaces with a DDR RAM at 250 MHigure39 shows the block architecture of Beehive and the
clock domains.

® While writing this document | realigethat the authors of BEE3 started a similar project at almost the same

time, a big multiprocessor system for the BEE3 platf(@avis, etal., 2008 ! & G(KS (62 GSIYa RA
the existence of the other, we all happily ckos 1 KS &+ YS 20@A2dza yIYS a. SSKA @S¢
work, | decided to maintain the name and, if necessary, change it in the future as the project evolves.
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Figure39: Beehive architecture.

This high complexity is due to various reasons. The terminal components of the bus system, the
DDR controller and the Honeycomb processor, are designed itk at@ given speed. Honeycomb

is an extension of the Plasma processor, which emulates the MIPS R3000 that run at 25 MHz. The
DDR controller is finrtuned to work with a DDR200 RAMand modifying the design can cause

fatal consequences

To maintain the cberence between the different clock domains several finite state machines
(FSM) have been implemented. At each contact point between two clock domains, two FSM
synchronize the data exchange with handshaking mechani$his. slows the performance, but

the main objective of this work is robustness rather than speed.

A minor detail that shows the complexity of merging several designs in a single system is the
difference in design methods. While Honeycomb is build in VHDL, like PtasnizDR controller,

the bus arbiter and the bus clients are written in Verilddthough this and other difficulties can

be solvedkasily the system is not as well designed as a system completely designed from scratch.

6.2 Honeycomb, the Beehive processor

Several minor modificationsad to be done to the Honeycomb processor before inserting it in the
Beehive system. Firsg simple mechanism was included to allow the software distinguishing
betweeneach processor.

A new register was added to the memory mapping with a uniqudiB8&entifier. The current
system allows up to 256 processors, but this number can be increased with only some small
changes to the design.

Another problem was related with the way that the bus client detected the memory requests from
the processor. As Honeyconmhaintained the read or write request raised during the whole
request, the new signal new_req was added. Its value is high during only one cycle at the
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beginning of each request, helping the bus client to clearly detect a new request and distinguish it
from previous requests.

6.3 The bus state machines

A DDR request has four states during its, lif@ich can be seen iRigure40. When the processor

makes a read or a write request, thEocessosside of thebus client tries to acquirehe bus

6a! Olj dzA NB. 2 K&y ¢ G X&I ®%8a | NDAGSNI aSt SOGa GKFG NBIjd:
AaadzsSRéE adladSvzr aSyRa Al G2 OKBussiéoithebdslightNRE f £ SNI |
GKFG GKS NBIljdzSad Kl a otstd.yhede§udddsSsaRs inthisvetaty wzd thei a SNIIS
processold A RS 2F (G(KS o6dza Ot ASyd NBIFfAT S&a Foz2dzi AdG |

Finally,the busside of the bus clientlears thereq_served signal and the processor is ready to

make a newequest.

-req_issued -req_served acquire_bus req_served

req_issued req_served

—acquire_bus

Acquire
bus

Reques
issued

Reques
served

Bus
releasec

-req_served

Figure40: Beehivebus request life cycle.

The processor has two FSM, one for the processor clock domain and one for the bus clock domain

and both can be seen Figure4lT y 2GS GKI G aAé YIFI1Sa NBFSNByOS G2
bus client The processeside FSM runs at the same speed than the processor, and uses a
handshaking mechanism to synchronize with the bus arbiter, when doing a request, and another
handshaking mechanism with the bsgde FSMwhen serving the requesiVhen the CPU makes a

request through the rd_req or wr_req signals, the processide part of the bus client leaves the

CPU paused and tries to acquire the bus with the acquire_bus sifhah waits until the

req_served signal is up, which depends on the-¢ide part of the bus client.
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Figure41: Bus client lus-sideand processoiside FSM.

The busside part waits for the signals thadicate that a request has been dornor a write
operation, this signal is wr_served, set by the bus arbiter during 1 cycle after processing the
request. When readingdt watches the state of two FIFOs: one FIFO that stores the IDs of the CPUs
that havemade a read request and one FIFO at the DDR controller that stores the read data. The
busside FSM waitantil the readdata FIFO is not empty (RBempty = 0, which means that there is
data available) and the ID FIFO shows that the owner of that data igrdoessor connected to

that client.

As shown inFigure42, the bus arbiter is a-4tate machine that selects a request from the
processor and pushes it to the corresponding FIFO queue of the DDR controller. A read request
takes ore cycle and a write request takes two cycles. At Idle state, the arbiter checks iiglaene

bus requesteadingthe acquire_bus sighaland also checlkthat this request has not been served
before with the req_issued signdf so, the state changes kither Read, for readings, or Write A,

for writings. During the Idle state the arbiter performs some cleaning functions like setting
rd_served to 0, and if the acquire_bbss been cleared, which means that the processor has
realized that a previous re@st is done, also clearsq_issued
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wr_served[*] = 0 —-AFfull
-acquire_bus[ifb NS Ij Y[iA=0 -WBfull
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Figure42: Beehivebus arbiterFSM

When changing to the Read state or the Write A state, the bus arbiter setd NI y i SRE aA Ay |
with the number of the processahat made the requestWhile sending the request to the DDR

controller, the arbiter has to ensure that the corresponding FIFOs (the write bufferfiongsand

the address FIFO for both readings and writiry®) not full with the signals AFfull and WBfu
Figure43shows the actors of the system and what signals use to communigttethers

Busside

RBempty client

req_served

DDR
controller

AFfull
Processo

WriteWB

ReadCmd acquire_bus

rd_req
wr_req

Figure43: Beehive intercommunication schema.

After writing, the arbiter sets thevr_served for the processor that is making the request for one
cycle.The busside part of the bus client detects this signal and raises the req_served signal. When
reading, the bus arbiter only sends the request to the DDR controller and it is the &oisvdtio

has the responsibility of detecting when the request is se