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Abstract: Logistics informeation technology, core competencies of professional analyss of vocational students
to explove logistics information technology professional and preductive school-sntarprise cooperation medel, and
train school-enterprise cooperation and productive logistics information technology professional core competencias
stndents to study the mitial mnplementation effect of an analysis, thinking ahsad to develepment, and vocational
colleges for the same productive practice teaching experience provided a useful reference.
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Investigation and Research on the Computer Hardware Series Course and Experiment in LISA

LI Shan-shan, QU7AN Cheng-bin
(Computer Education and Experiment Center. Tsinghua University, Baijing 100084, China)

Abstract: Aftar the investization and research on the computer hardware serdes course and experimant of fypical
colleges m the nudland of USA, we summmanze the comrse satfing, expeniment contents and expermment arangement
of the comespondmg courses i thess colleges. After illustrating the experiment orgamzaton wsmg a detaled course
experiment, we analyze thess courses to find out the lack in teaching and experiment in order to improve the teachmg
guality and experiment level.

Key words: computer education; hardware saies course; experiment orgamization; experiment ananzencent oy
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Transplanting uC/ 0511 kernel to FPGA-based CPU MiniArm

L1 Shanshan' . L1 Yaoqiang' . Liu Jinghan® , Tang Zhizhong'

(1. Labaratary for Computer Education , Tsinghua University , Beijing 100084 , China: 2. The
Fundarmental Industrial Training Center , Tsinghua University , Peijing 100084 | China)

Absteact @ This article introduces FPGA-based CPU called MiniArm . mainly on its instruction set . structure
and detailed implementation] discusses the key technology of transplanting vCf 05 11 kernel to Minifrm ., and
the detailed process of the implement is introduced | analyzes the test method and the result of the transplan-

ting. and finally summarizes the general methods of transplanting op erating system to FPGA-based CPLL
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Survey of Computer Major Curniculum System of USA
QUAN Cheng-bin LT Shar-shan
{Computer Education apd Experiment Cexter, Tsinghua University, Beijing 100084, China)

Abstract: Wa descnibe the computer major cmrienhumn system and fhe cmrienhon constoction idea after the
survey of typical colleges in the midland of USA. Accordng to the analysis of the cumculum svstem, we want to
find cut the main direction on teachng and axpenment m order to improve the teaching quality and experiment level.

Key words: computer major; cwnneulum system; key cowrse; teaching
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i 1. S{EFRIFRIZ

BT R A S, BRI TEIE WASiEeh, FEuEmEEPEE. ®1RIES
BEfFRRE G G, SRR E T R S (.

1 5FASMRISE S EsipE

¥ L

Conmposition I

UIC{CS) Advmced Compositicn - can be cozgplated by choosing cns of e Sollowing opticss - ses techmical Tack requirsmans
‘badoww for datedls: C5 427 and £5 429, C5 492 and 05 493, 05 #59

UIUCECE) BEET 105 - Prinziples of Conposition

iy s Commomizasion Skills

Ll EWGL 108, 102 Tech Writeg Pressnting oc Tech Wity Tech Prasseszg

oT COMEIL o COMHZE Tachmecal Commumication or Varbal and Visnal Copnamication.

i 2: FI127716

TR IR b, & B B SN 2) Computational Science and Enginsering (CSE)

BT AR 7 (Track). UTUC #8M% d(CSAE . Track,

bt AL SRR MR R R, iREE 3) Math Track.

|J".]-|jb_!'l- II‘ILLLIH‘:_L?E f‘ﬁwﬂﬂ%ﬁ‘?’fﬁﬁ‘ikxﬁ?’fﬁ 11 Cs Tra{:kl:CS ?ij—rﬂ}

1 UTUC(CS)ik i B 422 J UTUC i CS 77 (IR 8 i B B Al p et

Heb i Specialization . Ml AR i

UIUCICS)EE I 2 4 I F =1 HULTF LA RRE, e R 1 HRe
I} C5 Track. i,

#£2 UILC M CS AERERERYHS

= H #HitR

A28 357 (was 8 257) Meoarical Methods 1

1G5 421 Prog ing Lamgeapas 2od Compilars

25471 Algecithms

Specialirzion (wlect oo Som the e balow)

T addizional £5 400-leval coumses munbezed 410850 or 498

O of the following thasis project opdom:

125 400 Sonior Thasis, £5 207 Samior Project in C5 I, a=d sither C5 483 Scoiar Project in C5 T ACP or £5 284 Samior
Projuct in O3 I, £5 477 Softwars Engincar=g I and aither £S5 478 Softwars Feginearmg IT or 5 428 Softwars
Enginemi=g I, ACP (Mots: C5 429 is idsatical bo C5 418 vith an additional writing componest Likewise, 05 483 s
sdantical to CF 494 nark am additionel witing componest.)

o |om [ | |
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1} Systems.

(1) C5 423 Operating Systems Design.

(2} C% 43] Embeddad Systerns or C5 433 Computer
System Orgamization.

2) Databases ({£3& 2 ().

(1) C% 410 Intro to Text Info Systems (3 hours).

{2) C5 411 Database Systems.

{3) C5 412 Intro to Data Minmg (3 hours).

1) Graplucs ({115 2 (1)

(1) C5 414 Multineadia Systemns.

{2) C5 418 Computer Graphies L.

{3) C5 419 Production Computer Graphoes.

4} Human-Computer Interaction.

(1) C5% 465 User Interface Design (required).

) BiEE 1.

(1) C5 498 Special Topics in C5, section KE
Secial Computing.

(2 C5 498 Special Topics m CS, section KE
Social Visualization.

5) Languazes.

(1) C% 422 Programmmg Language Design.

(2) C5 426 Compaler Construction.

6) Artificial Intallizence (1% 2 ().

(1) C% 0 Artificial Intelligence.

{2) C% 443 Introduction to Robotics.

{3) €% 446 Machme Learums.

{4) €5 412 Infre to Data Mining.

7y Secwrity (FE1% 2 []).

(1) €5 461 Computer Secunty L.

{2y €% 463 Computer Secunty [1.

{3) C5 460 Secunity Laboratory.

8) Metworking ( (£ 2 []).

(1) C5% 438 Compmmication Networks{raquired) .

(2) C5 425 Distributed Systams or C5 439 Wheless
Networks.

1.2 CSE Track(CSE )

3 2 UIUC i CSE 771 BTV L I AU 0

#£3 UIUC @ CSE HRIZiE R M en
% W

it s |
and Compilars

CE 411 Proganamizg [
0% 473 Algomshens
Dz 44] TefFerential Equatices
L5 337 Wunerical Medtods T
57 Meamarical Madends O or CF 430 Marencal Anshiis

Scisntific Comcantration (Ssa Hst halow)
CE 450 Somtor Thass

[ [ fu [ e |

5 CS #EL etk ) (Sciantifie Concentration)
PR 1 TEE. AT,

1} Aerospace Engmeering: AE 201 and 232, plus
either AE 311 and 312, or AE 352 and 353.

2) Apphed Mathematics: Any three of MATH 442,
445, 481, 438, or 489,

31 Astromonny- ASTE 210 plus any two of ASTE
350, 404, 405, 406, or 414.

4} Atmosphene Scences: ATMS 300 plus any two
of ATIVS 401, 402, 403, or 410.

5) BiolegyIB 150 and MCE 130 plus etther IB
204 or MCB 250,

&) Biomedical Instmeentanon FCE 210, 414, and 415

T) Biomelecular Enginesring:Any three of CHBE
471,472, 473, 474,

3} Chenuezl Engmearing: CHBE 221, 321, and 421.

%) Chemisay: CFHENM 104105, 222 and 223, and 232,

10} Central:GE 320 plus any two of GE 420, GE
424 or ECE 485,

11) Electneal Engmeenng:ECE 329 plus any two
of ECE 440, 441, 442, 450, or 452,

12} Engineermz Meachamies: TAM 210 or 211,
TAM 212, and any one of TAR 251, 335, or 470.

13} Environmental Engineermg:CEE 330 phis any
twro of CEE 434 437, 442 443 or 44,

14) Geneties:ANSC 340, 441, and 446 or #47; or
WICB 250, 418, and 421.

15} Geology-GEOL 107, 108, and any one of
GEQL 401, 411,432 440, op 452,

16) Manufactoring Engimeering:MFGE 310 plus
amy two of MFGE 420, 430, or 450.

17} Matenals Science:MSE 280 plos any two of
LISE 304, 401, 402, 420, or 450,
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18) Mechanical Engimeering: Any three of ME 0],
310,320, 330,340, 370, or 371.

1%} Medeling and Simmlation-Any thres of ANSC
448 ECE 475, GEOQ{ 4658, MSE 482, or MSE 485,

200 Neuroscience:MCB 414 or PSYC 404 plus
any two of MCB 412, 413, 416,417, 419, FSYC 414, 415,

21} Nuclear Enzmeering WPERE 247 plus any two
of WFEE 402, 412 or 455.

22y Operations Research-IE 310 and any two of IE
410°C5 481, IE 411, IE 412, IE 413/C5 482,

23) Optimuzation:Any three of ECE 490, IE 411,
MATEH 482, or MATH 434,

24} Physies:PHYS 325 plus any two of PHY'S 326,
402 427 435 436 460, or 435.

25) Plasma Engineenng:ECE 329 or PHYS 435
plus NFEE 421 and 429,

26) Peychelogy:Any three of PSYC 210, 224 245,
321,358 414,

27Ty Radiclogical Enginearing: NPEE 446 plus any
two of NEEE 433, 441, or 447,

28) Foboties:GE 320, 421, and 422,

28) Signal and Image ProcessingECE 210 plus
any twe of ECE 280, 410, 418, ar 480,

30) Statisties:STAT 410 phus any two of STAT 420,
424 425 426, 428, or 429,

31} Structwral Engmeering CEE 360 plus amy twro
of CEE 470, 471, ox 472,

1.3  Math Track (Math F7 &)
F 42 UIUC ) Math FrrIR9iEHE B Rdangsad,
#4 UIUC 7 Math FERZEEE3r"
¥

#RitE
Saln ing Lamg: end Conmilsss
S5 473 Algerithms
MATH 42] Deffarantial Fauastioes
C8 337 Mumarical Mathods T a=d 5 437 Memarical
Mathods IL bod, or C5 430 Nomwrical A=abyzis
25 473 Foenzad Modsls of Compuizion OF. oze of the
3 following: MATH 413, MATEI 414, MIATE 417, BMATE]
432 MATE 433, MATH 453
El Three additional 400-avsl Mok comses
3 % 499 Sanior Thasis

2 IR RCFERRRR

FAE A S AR 20 5 1), SRR AL RRIRE
(Backgromnd). 0 EB(Core). I IR (Breadth).
I L (Depth) FEH i (Project).

21 EEiigig

ARG AR RAEE, B AN
. HELF LA,

1} Contimous Mathematies.

2} Probabality and Statisties.

3) Phlysical and Life Sciences.

4} Soctal Seiences and the Humanities.

51 Commmmication Skills.

HFMFREEFRHSEE, REEETREESD
H110]:

1) EECS 110 (L) — An Intvoduction to Progamming
for Non-majers using the C.

2y EECS 110 Python)-An hitredustion to Progransmms
for Mon-majors using the Python.

22 iR

LT UMRER A B e o i,

1} EECS 101 — An Intoducton to Conmputer Science
For Exveryone.

2} EECS 111 - Fundamentals of Computer
Programmmng L.

33 EECS 211 - Fundamental: of Computer
Programmmmg I1.

4} EECS 213 - Introdection to Computer Systems.

5} EECS 310 - Diserete Mathematies.

6) EECS 3111 — Introduction to Data Structures.

23 EiRE

EHERELE T AL kS TR SR
Ak, FREEARE, ALeTLESF
Fl b 1 s,

231 Theory

13 EECS 336 — Design and Analvsis of Algomthms.
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2y MATH 374 - Theory of Computabibity and
Turing Machines.

3y EECS 328 — Mumencal Metheds.

4) EECS 335 — Intreduction to the Theory of
Computation.

5y EECS 356 — Foumal Specificaton and Venfication.

2.3.2 Systems

1} EECS 322 — Compiler Construction.

2y EECS 339 — Introduction te Databases.

3y EECS 340 - Infroduction te MNetworkmz ..

4y EECS 343 — Operating Systems.

5y EECS 303 — Digital Logic Design.

6) EECS 345 — Distabuted Systems.

Ty EECS 346 — Microprocessor Systems Design.

By EECS 350 — Infroduction te Secunty.

9) EECS 358 — Paralle] Systems.

10) EECS 361 — Comyputer Architecturs.

11} EECS 397 — Feal-fima Systerns.

12) EECS 440 - Advanced Networkmg.

13) EECS #4] - Fesource Virtnalization.

14y EECS 442 — Dymamic Beharnor of Applications,
Hosts, and Netwrorks.

13) EECS 443 — Advanced Operating Svstems.

16) EECS 450 — Intemet Secunity.

17y EECS 464 — Advanced Databases.

233 Arificial Imelligence

1) EECS 325 — Al Programming .

2y EECS 337 — Semantc Information Processing.
3y EECS 344 - Desizn of Conguter Problam Solvers.
4y EECS 348 — Introduction to AL

5) EECS 349 — Machine Leaming.

6) EECS 360 — Modeals with Mult-zgant Lanzuages.
7y EECS 395495 — AT For Interactive Entertamment..
B) EECS 395495 — Enowledze Fepresentation.
0y EECS 395/4935 — Behavior-based Foboties.

234 Interfaces

1} EECS 130 — Human-Cemputer Intaraction.

2y EECS 15] — Infroducton to Computer Craplocs.

3} EECS 332 - Machine Perception of Music.

4} EECS 370 — Computer Game Dazign.

5) EECS 332 — Dizital Image Analysis.

&) EECS 195 — Intermediate Computer Graphies.

Ty EECS 395 — Advanced Computer Graphies.

3} EECS 385/495 — Conoputer Animation.

9) EECS 195/495 — Graphies and Parception.

10y EECS 395/495 — Imagze-based Medeling and
Eendermz.

11} EECS 395485 — Human-canterad Produet Desizn.

235 Software Development

1} EECS 338 — Pacionm m Intellizent Information
Systems.

2} EECS 394-1 7 — Software Project Manageameant.

3) EECS 195 — ETFM cowrses.

24 FEiRRE
FEFN N EERTTREASS, BT TRE
ek 3 TR

241 Theory

13 EECS 336 — Design and Analy=is of Alzorithms.

2y MATH 308 — Graph Theory (added for 2005-00).

31 MATH 374 - Theory of Congnrizbdity and Tunns
Machinas.

4y EECS 395/495 — Current Topacs in Algorthms.,

51 EECS 457 - Advanced Algonthms.

&) EECS 3128 — Numerieal Methods.

Ty EECS 335 — Introduction to the Theory of
Computation.

3) EECS 356 - Formal Specification and Vanfication.

%y EECS 357 - Intvoduction to VLEI CAD.

10y EECS 395/495 — Algeaithmes for Bininfmmaties.
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113y EECS 395455 — Alronthome Research for

e-Commarce.

12y EECS 43% — VL5 Algorithmics.
13} EECS 399 - Independent Study.

242 Systems

13 EECS 322 — Compiler Constuction.

2y EECS 339 - Introduction to Databases.

3}y EECS 340 - Introduction te Networkmg.

4y EECS 343 — Operating Systems.

5y EECS 36] — Computer Archutecture.

&) EECS 345 — Dustnbuted Systems.

Ty EECS 350 — Infroduetion te Secunty.

B} EECS 354 — Network Penetration & Securnty.
9y EECS 358 — Paralle] Systems.

10 EECS 395 — Appropuriate Selected Topies - with

advisor approval.

11} EECS 440 — Advanced Netwoirking.
12y EECS M1 - Fasowrce Virtualization.
13y EECS 442 — Drmanve Behavior of Appleations,

Hosts, and Networks.

14y EECS 443 — Advanced Operating Systems.
15} EECS 450 — Infemet Sacunity.

168y EECS 464 — Advanced Databases.

17y EECS 395 — Independent Study.

243 Arificial Inteligence

1} EECS 325 - AT Programmms.

2y EECS 337 - Semantic Information Processing.
3) EECS 344 — Desizn of Congputer Problem Solvers.
43 EECS 348 - Infroduction to AL

5) EECS 349 — Machine Leaming.

&) EECS 3680 — Models with Mult-agent L msnagas .
7y EECS 3595455 — Al For Intevactive Entertamment.
By} EECS 395/495 — Enowladge Fepresentation.
9y EECS 395/495 — Behavior-basad Fobotics.

10y EECS 395 — Independent Smudy.

244 Interfaces

13 EECS 330 — Human-Conputer Interaction.

2y EECS 35] — Infreduction to Computer Graphoes.
3} EECS 332 - Machine Perception of Music.

4) EECS 3T — Computer Game Design.

5} EECS 332 — Digital Image Analysis.

6) EECS 195 — Intermediate Computer Graphies.
Ty EECS 195 — Advanced Computer Graplucs.

§) EECS 3585/455 — Computer Animation.

9% EECS 195485 — Graplues and Parception.

10) EECS 395/495 — Image-based Modeling and

Fendermg.

11} EECS 395495 — Human-centeved Prochet Desizn.
12} EECS 399 — Indepandent Study.

5 Secunty

1} EECS 350 — Introduction to Conputer Seouity.
1) EECS 450 — Intemet Security.
3) EECS 5104 Conpuer Secwity and Infrmation

Assurance.

4y EECS 122 — Compiler Construction.

5} EECS 139 — Introduction to Database Svstems.
5) EECS 340 — Intvoduction to Networking.

Ty EECS 343 — Operatmgz Systems.

8) EECS 345 - Dishibuted Svstems.

9} EECS 354 — Network Penetration and Security.
10) EECS 395 — Appropriate Selected Topies -

with advisor approval.

11y EECS 440 - Advanced Networks.

12} EECS 441 — Resowrce Virtualization.

13) EECS 443 — Advanced Operating Systems.
14) EECS 399 — Independent Study.

25 REiEit

S Y AR T M R i L

EEMFENTF:

1) —4-#% I E EECS 399 Project.

2) F-T-—4 A EECS 399 Projects.

3) —1~ EECS 399 Project Fl—( il # it
4) AITERE. =
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Introduction to the Course Lab-Project for Principles and Practice of Compiler Construction

WANG Sheng-yuan, DONG Yuan, ZHANG Su-gin
(Deparment of Computer Sciznce and Techoology, Tsinghva University, Bedfing 100084, China)

Abstract: The lab-project is very important in the course Principles and Practice of Compiler Consmuction. The Decafhfind
project 15 the major lab-project of this course for the undergraduates in Department of Computer Science and Technology in
Tamghnz Univerzity. In the project, smdents will come throngh 45 phases of coding experience to implement 8 smuple
object-oriented langusge oo the basis of the project framework The project is helpful for both the theoretical study and the
practical mainmg in developing software system. The backgrowmd, content and amangement of the Decafhlind projact are briefly

miroduced m the papar.

Eey words: principles and practice of compiler consmucton; course lab-project; Decafhlingd project



The Exploration for Computer System Capacity
Tramning in Experimental Teaching

Li Shan-shan, Quan Cheng-bin, Chen Yong-qiang
Diepartment of Computer Science and Techoolozy
Tsinghmz University
Bayjing, China
lishanshan quanch ckenvonggiangidtsinghua edu.cn

Absrrocs—Computer system capability is an  essemfial
capability for the computer professional nndergraduate stndents,
and the system capacity fraining become: an important target for
the computer professional education. Computer system design
experiment is the key method to achieve thiz target. This paper
mntroduces the exploration in traising computer system capability
aof the Dept. C5&T Tsinghua University, which establish a series
of conrse erperiments to form 3 computer sysiem experiment.
This paper focnses on the experimental feaching, from the course
contents adjustment to course experiments integration, to achieve
an erperimental teaching system for system capacity training.
And this paper presents some key points for the computer system
experiment, and gives a sample experiment embodiment of the
computer s¥item experiment for the computer system capability
traming.

Eeywords—Compurer System Capacity; Experimencal Teaching

I. INTRODUCTION

For the computer professional smdents, the systematic
view of the computer system becomes more znd more
imporznt. In their eyes, the computer should be 2 completed
organic whole which can work coordinately, mot just the
softarare or hardware part working separately.

In Computer Science Curricula 2013(C52013), the
Svstem-level perspective becomes one of the expected
charactaristics of the compurer science graduates. It reguires
the graduates of 3 computer science program think at multple
levels of demil and absmaction. This understanding should
mwanscend the implementation detatls of the wvarions
COMIpOLERts 10 encompass an appreciation for the smucthure of
computer systems and the processes involved in their
construction and analysis. They need to recognize the context
in which 8 computer system may fupction, ncluding its
interactions with people and the physical world.[1]

In Chipa, the Guidance Commitee of Computer
Professional Eduncation of Ministry of Education also reguires
o enhance the system ability maiung in computer aducation
apd practice. It listed four main abilines of the computer
professiomal, whick sare computational-thinking  ability,
algorithm design and analysis ability, program design and
implementation ability and system ability. The system ability
includes system cogmition, system desizp, system application
and system nmplementation.[2]

In order to meet these requirament, computer professional
smudents are reguired to have the capabilities of the system
desizn and system applicadon These capacities requires the
smdents o master basic computer system  koowlsdgze,
tnderstand the inferaction befwesn cowmputer hardware and
software systems. It 15 just the computsr system capacity
training requirements.

The compurer system capacity is a comprebensive abilicy,
which mcludes the nse of the system level view consciously,
imderstanding the integrity, relevance, hierarchy, dynamic and
opening of the computer system and also requires the smdents
be able to uze a systemarc approach to master the collaborare
of the computer bardware and software, understand the
mechanism of interaction betwaen them[3].

In order to meet the peeds of compurer system capacity
traiping. the core courses of the compurer scisoce
mndergraduate curriculum system should be adjusted to make
the correlaton berween the course comtent closer, and let the
courses connections smoother. Similarly, the experimental
teaching of these courses should be camried our around the
COMPUtET SVSTELD CApacity traiming. If requires the course
experiments connected seamlessly, that iz the course
experiment shonld undertske the contemt of the previous
course experiment and at the same tme prepare for the
subsequent course experiment. Thas all these experiments will
evenmally form an intezral expernnental teaching system.

II. EXPERTMENTAL TEACHING IN SYSTEM

The experiment or practice raining 15 an important method
1o help the student to understand the knowledze of the courses.
In the C52013 the Project Expernience 1z listed as the
characteristics of the computer science graduates. It mentions
that all graduates of compurer science programs should have
besn involved in at least one subsmntial project. Such projects
should challenze smdents by being imtegrative, requiring
evaluztion of potendal solutons, and requiring work on a
larger scala than typical course projects. Smdents should have
oppormnites to develop their interpersonal communication
skills as part of their project expertence[l]. The experiment of
computer system is a good project for this requiremen:, which
wead the students to complet2 by team work and is ap
integration praciice of several courses In experimental
taaching .



The currant computer curriculum system includes a large
mumber of computer systems related courses, such as Digital
Logic Circuits, Assembly Lanzuage, Computer Organization,
Computer Architecture, Compile Theory, Operafing Systems,
Embedded Svstems, etc. Each of these courses has itz own
separated experiment contents, bur these experiments are not
zood or emough for helping smdents to build systematc
knowledze of the computer hardware and software systems.
Through these courses leaming and experiments praciics, the
smdents have in-depth understanding of the subsystem
introduced m these courses, but they have mnot such
understanding on the interaction berween the varions
subsystems of other courses or on bow these subsystems
integrated to one computer system. That is the smdents have
not really grasp the computer knowledze m svstematic level.

The main reasons for this simation we think are the
following two aspects:

{1y Inthe teaching process, these courses are planned and
carried ont mdependsntly. And these courses emphasize the
integrity and systematic for their own self-knowlsdze system,
thns @ caunses the redundancy of the knowledze, and
meanwhile it slso leads to insufficiency of the interconnection
content betwesn the consequent courses, so it is difficult o
form 3 complete computer system knowledze system for the
smdents.

(1) Inthe experiment process, these courses focus on the
smdy of their own content, so the experimenr is lack of the
continuity of the leading course experiments, as weall as the
supports for the subsequent course experiments. Avd most of
the experiments are mainly the simple verification of the
principle, lack of the practice for complex integrated system
desizn.

Computer experiment teaching i3 an integrated process,
which need high comelation betwesn the courses. The
experiments need overall planning from the systematic laval,
in arder to effectively develop spd waining smdeats” ability in
computer svstem capabilines[4]. Therefore it 15 demandad o
adjust the experiment teaching svstem.

First of all, on the teaching principle, the coursss should
focus on how to bmprove the level of the system capability
waining. Based on the idea of "Foous system, Emphasizing
experiments, Building capacity”, the related courses should
adjnst the conrses” content to fir for the system level teaching.

Second, experiment teaching content pead to be plamned
mnified, in order to sat up 8 complete knowledge system on
systemztic level for the smdents, from the underlying
hardwars to the operating svstem and the compiler, o form a
complete experimental teacking systam.

Furthermore, it is neseded to estzblish a unified teaching
experiment platform, thns each course experiment will ke on
the same implementation carrier, which iz helpful for the
coherance in thess experiments, and also convenient to CarTy
out the experiments.

Finally, the target of the experiments iz that the smdents
can design and implement an educations]l computer system,
which is based on a certain instruction set, and on it they can

min an operatng svatem kernel and implement a compiler for
thizs system. The computer hardware, 0% and compiler are all
implementad by the students themselves. Throngh the practce
on this system experiment, the smdents will comprebend the
COmMPUtET on systemanic view and the system capability will be
improved greatly.

01, CoMPUTER 5YSTEM EXPERIMENT

In order to make np the deficiencies of the students system
capacity in the teaching of compurer professional courses, the
Guidance Commitee of Computer Professionsl Education
suggests everal universities to amemprt the systam axperiment
project, in order to explore an appreach on the inegration of
course experiments using the methods of the enginsering
educanon, to form a systematic experiment of the computer
professtonal. The computer depariments of Tsinghwa
University, Bethang Unversity, Zhejizng University, etc all
jomed this project, and have made some progress in the
exploration process.

In Tsinghna university, the Computer Experiment
Teaching center is the Mational Demonsmation Center{3], n
order 1o achieve the objectives of the svetem experiment, we
made following changes in the system related courses and
experiments: adjust and optimize the courses content, integrate
the experiments, design the expermmental system and develop
the experiment platform In the past thres vears, we
continnously improve our system experiment, and gradually
formed a protorype of the experimental teaching system for
the goal of system capaciny raming.

A. Planning Experimenial Teaching Unified

Baszad on the computer professional curmiculum system, we
anzlyzed the kpowledge pomis of each conrses ralated 1o the
system experiment, and listed the overlapped teaching content
in each courses, found back the compection content missed
before berwesn the consequence courses. Im the teaching
process, these courses are planped unified snd cooperated with
each other.

The computar systemn experiment mainly invelves Digital
Logic Circutr, Assembly Languaze, Computer Orzanization,
Operating System, Compiler Theory, these five courses. In
order to meet the requirements of the computer svsem
experiment, the experiments of these courses were analyzed
and admsted, focusing on the interconnections of the confents
between the course experiments. The detail adjustment
contents is shown in Table L.

These adjustment of the entite experiments is intended to
link up the experiments] teaching contents in each courses to
form a complets computer svstem experiment This system
experinment will smengthen the framing of compuisr system
capability.

B. Syrtem Experimant Design

The computer system experiment is 2 complex system
leval expermment. The smdents need to design and implement
a complete computer system. They should complete several
stages in each course, and i the Computer System Desizn



TASLEL ADMIETMENT AND OFTRMIZATION [N EXFERIMENTS

Course Name

Dhgital Logic
Circait

adjustmear or opomizatien content

L. Serengthen the sxpaziments of using
programmakds logic devics. including g2t loval to
componsnt level desizn

1 Empkasis om the axperiment of the comprater
componane.

3. Learn Bow to use the cormssponding EDA tool for
complax systam dasign.

Assazbly

Languags

L. Introduce t&s assezobly languags as the izterfacs
and coznection of the bardwars and softwars
syEtem

1 Add MIPS izstruction set sxpsziments, inckdizg
imtarnzpt and sxcoption kandlimg, virmal mezmory
mazpgemuest, 4o

3. Add the sxperiment of typical T cods expressed
= azsemily laznags lovel and the disassemily
wxparimazt,

L. Desigz 2=d znalysis of mstructon system based
e MIPS mstuction sat

1. Tha desizn and toplepestation of 2 simpls
computar systems, iz which the SPU at least
wappests the subeet of the destgned mstructon wat
with Multi-cyck or pipslinod.

3. The dusigoed TP should suppaort miamepts,
zmclnding soff inteerupt and bardwars intecraps.

4. Add the TLB socperimant of t2e virual memery
mIZAFEmEL

Compatar
Chganizaton

L. The desigoed instruction s&i | processer @m
Compater Organizatton courss Lo te targat
plasform of the oparzting sy,

1. Stepgthen the combimatioz of operafing sytem
theory 22d wxpaerinsezt. Reguire to complats a
simplified mmizd OF that can ks able fo wezk en the
real hardware pletform.

3. Empkasize that the core algortims of sach
uxparizvzt cen fomn an orgazic whels The
uxparizzezt will uwss its pravious sxperiments cods,
and granmally form 2 completa spxall epezatng
rslem

Oparatizg Systen

Compilsr Thaory L. The designed instruction set | processer is the
target platform of the compilar.

1 Implanse=t a compiler t2at suppaorts the
uxparizzeztal platform wsed in previous courses.
3. Add the sxperimant of oprimizaton for tha
spectfic axpenmuamtal systen,

conrse they will evenmally integrated previous experiments to
form 2 complete computer system. 3o, the relevanf courses
should adjust the experimental system and experimental
content, treat their own experiment as the module or base of
the finzl comprehensive system experiment.

Assembly Language and Digital Legic Circoit iz the
experimental foundaton courses, providing an experimental
basis for other courses; the experiments of Compurer
Orzamization, Operaopg System apd Compiler Theory will
become the parts of computer systems. The experiments of
Computer Organization will implement the basic hardware,
and Operating System experiments will be the software parts.
The following are the experiments of thase wo courses.

The experiments of Computer Organization will
implement the hardware part of the system experiment, with
three-level experiment comtents: vertfication level, desizn
leval and comprehensive level experiment content. The final
experiment is o design a computer hardware which can nm sn
assambly program called monitor program that can manage
the hardwars resources of the experiment platform.

Lzb 1 (Insmacton Set Lab). This 1z a venfication
experiment, writing the sssembler langnage programs in the
simulator using the instmcton set for the desizned CPU. This
experiment is in order to let the students be familiar with the
instraction set and understand the fupcoon of the simulater
and monitor program.

Lab 2 {Component Lak). Design and implement the AL
Let the smdents learn the basic ALL design methods and dara
path, and to be familiar with the hardware experiment
platform. The designed ALU will be used sz important
component of the CPU in the following experiments.

Lzb 3 (Memorv& [0 Lab). Design a state machine to
access the memory and IO on the platform. It is 2 design level
experiment, which will help the smdents to comprehend the
MEmory access tming and learn bow the data exchangad on
the bz,

Lab 4 (Hardware System Lzk). Desizn and implement a
complete computer hardwars svstem on the platform, and the
monitoring program can rn npon the designsd hardeeare CPU
core. A data mansfer program will load the binary code of the
monitor program directly imto the memory, and then the
desizoed compuater will mn the monitor program, which will
communicate with PC. This experiment is a comprebensive
experiment that zllows smdents to learn how to desizn an
tnderlying hardware of the education computer, znd this
computer should support the O5 in the Operatng System
COUTSE.

Operating svstem is the basic software o the computer
system, and it is oghtly mtegrated with the hardware[§]. In
order to support the hardware designed in Computer
Organization, Operation System course’s experiments were
bazed on weore 05 and ransplanted to the new platform(7].

Lzb 0 (experimental operating system environments and
tonls)It amms to ler the students understand and become
fam:liar with the tools and process n the wheole course
experiments, inchiding kernel debuzgzing, simulatar, etc.

Lzb 1 (starmp process). It will implement the bootloader
for loading and mnning the operating system, In order to
tnderstand the process of starung the bootloader, bootloader's
files, the boot process of the ncore 0%, and intermapt handling
mechanism.

Lzb I (physical memory management) & Lab 3 (virmal
memory management). These labs will help the smdent to
1mderstand how the system manazes the memory.

Lzb 2 (kernel thread management)d Lab 3 (user process
management)d Labd (scheduler)®& Lsb 7 (syochronous
mutex). These labs will help the smdents undsrstand the
process of the kernel thread creamon and execution, and
tnderstand how to nmplement the context switching,



Lak & (File System). It requires the smdents to nnderstand
the file system and 1ts implementation technigns.

After these labs_ the smdents will grasp a simple operation
system of ncore in the simulator, and in following course they
will run it on their desizped hardware.

£, Experiment Plagform

The unified planped system experiment peeds a umified
platform to support the experiment deployment. This platform
need to support each course experiments, aod can support the
comprebensive compnier system experiment as well. The plas-
form includes not only the zcteal hardwars circurt board, bar
also the soffware wools, which contains the debugging rools,
simmlator, zssembler, compiler and other tools. All of the
placform should support 2 simple, standardized msmuction st
Zo we choose about 30 MIPS like insmuctons as our
mstruction set, and designed the circwit board, named
THINPAD(TsingHua mIli FPAD)[E], as the hardware carrier.
We also developed some software tools, including system
simmlator, assembler, compiler, terminal program and etc. And
we have mm the teaching operating system ucors on rthis
platform. In addition, the corresponding compiler was
developed. The program generated by this compiler can be nin
in the ucore. Thus the system experiment platform was
established and has besn wsed in the course expsriment
teaching.

1) Hardware piatform.

The figura 1 is the compositon of the hardware plarform.
The circuit board uses the programmable logic device as the
experiment carrier. This programmables device 1z 3 FPGA,
which is the experiment chip that will act as the CPU of the
experiment commputer system. The students need to design and
implement 3 CPU using the EDA tools, and configurs the
desizn inte the experiment chip. The platform provides two

separate memory sectons(Base Memory and Extend memory),

2ot as the mstmcton memory and dars memory. The flash is
nsed o store the operation system and FS232 interface 1z the
inputoutput of the experiment computer. And thers are
several peripherals to help debugging, such as LEDs, switches.
these devices like SRAM memory, Flash memory and other
peripherals are all commected to the experiment chips via
several buses.

Espenmem
Chip
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2} Sgftware tools

For the system experiment and the bardware platform, we
developed several software tools to help the smdents
completing the experiman:. The following is the main toals:

a) fnsrrucnion mmulator.  This  smomlator can belp
students complets software simulation and debuzging. The
students can use this simulator debug their assembly program,
avoiding directly debug on the hardware platform.

B) Arzembler. Thiz assembler can convert assembly
language to binary code of the hardware platform. This tool
can help the student to write some simple assembly program
for their desizned computer svatem.

c) Datg communicaiion program. This program can
load stora the data or program inte the memory/Flash on the
board.

d) Monitor program. Befors mmning the operating
system on the hardware, this program is a relagvely complex
program which can be a preliminary test on the hardware
systemn implementation It can work as 8 mini operating
system to mavage the plaform’s resources and testing
ProOErams.

@) GO0 compiler. As the operating system is written in
C, tha GCC compiler can compile the operating system to the
instmcrnon ser. Of course, this GCC compiler was modified for
experiment platform, and it ouly used for the operating system
(ncore) compilation.

Al Hardware simuigtor: This simmlator is 2 bardware
simulator which is spectfically designed for our experiment
CPU. In tlus simulator, the smdent can ger the signzal value of
the designed hardwara [9]

D. Computer System Design Course

In order to integrate the experiments of system related
courses, we add a new course in the cwmicalmm called
Computer System Design course, which is an experimental
opeming course. This cowrse bas been selacred as the
Challenging Courses of Tsinghua Universiny.

Afrer completon of previous courses, the students will use
the knowledze learped im Digital Logic Cirowit, Aszembly
Langnage, Computer Organization, Operating Svstem and
Compiler Theory, etc. to desizn and implement an imtegral
simple computer system independently in this course. It will
improve the smdents” problem solving skills and the computer
system capacity.

E. Experimgnt Procers and Evaluanion

The system experiment iovelves sewveral courses’
experiment. In each course, the smdents need to finish a part
of experiment which will be prepared for the pext course
experiment. As the system experiment is very complax, so it
wead the smdents to complate meam work. They will keep
working togather in the whole system experiment. which will
improve their communication and collaboraton skills.

The final experiment evaluation contain mwo aspects:



On= is on-zsite checking, the teams need to show their
experiment to the tescher or TA, that Iz runming their
experiment computer on the platform. The teacher or TA will
check whether they have implemented the basic function
required znd walidste whether their compurer cap mn the
operation system (ucore) and the testing programs successfully.
And if they have completed some addional functions, they
will zet some extra points on their scores. At last the reacher
or TA will zive an evalustion result of their experiment.

Tha other 1z presentation, each team will give a
presentation to other teams, and these teams will zive a
evaluation result for this presentation. Becansze the smdents
doing the experiment together, they will know each other
more clearly. And the presentation will improve their exprass
shiliry.

Thus, Combined rthesz mwe evalustion
evaluation will be relatvely fair.

resulf, our

IV. ACHEVEMENTS

The computer system experiment has gradually camried ont
i the wndersraduare teaching of the Department of Computer
Sciencedr Technologies, Tsinghua University. The teaching
experimental platform hss been used in the cowurse
experiments, and got good results. Some smdents has
completed the system experiment: the wcors has mun on their
designed CPU, and some spplications can be compiled by
therr own compiler and moning successfully in the system.
After complete the real first compurer system, the sudents
have an epormons sense of achievement Figure 2 15 a
computer system implementad in the experimsnt course,
which is running a slide shown program.

Through the computer system experiment, the smdens
zenerally reflect that they understand the computer system
mare desply and this experiment is good for ther

Fiz 2. Cemputer syseam: implercsted iz sxperimant

comprehending the knowledze in these corresponding courses.
All courses use the unified experiment platform brings more
conventent for the smdents experiments. The computer system
experiment gave them a placform to use their knowledge and
skills, and ir helps them zet more profound undsrstandmg of
the mechanizms and principles of computer system.

V. SUMMARY

Computer system capacity training is an important target
for computer nnderzraduate teacking, in which experimental
teach plays an mnpemsnt rele. Depr. ©5&T Tsmmghua
University explored several vears on it and esw=blished an
experimental system which has been deploved and ot some
achievement in the teaching process. Thromgh this
experimental system, the students' computer system capability
basz effecuvely improved.
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ABSTRACT

This paper presents a M O0C-ready online FRGA labomtory plat-
form which targets computer sy stem experiments. Goal of design
is to provide userwith highly approximate experience and results
az offline experiments. Rich fancticrs are implemented by utilizing
Sai” FPGA as the controller of lab board. The design details and
effects are discussed in this paper.

CCS CONCEPTS

+Sacial and professional topics — Computing education pro-
grams; + Hardware — Reconfigurable logic and FPGAs; Logic
circuits, « Computer systems organization — Architedtures,

KEYWORDS
FPGA: MOOC; Bemate Lab; Digital Cireuwit

1 INTRODUCTION

The computer system is cne af the key curriculum for computer
science major students. Conrses such as Digital Cirewit, Compater
Organization, Compiler and Openting Sy stem introduce computer
system in different aspects. To deepen the understanding of the
computer architechire, experiments are umally necessary in these
courses. For caomprehensive and systematic understanding of com-
puter system, the knowledge wnits intraduced in all of these courses
should be covered in the experiments [T]

In Camputer Organization course, sthdents are required to build
some function units with digital circuits including ALL (4 rithmetic
Logical Unit), serial port, memory contreller, and simple processars.
Atthis stage, the precessar is capable of running a menitor pragram.

Light-weight cperating system can be ported to this processor as
the training of Operating Sy stem course. Finally, students may build
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a self-contained computer sy stem which implements a specific 154
(=g MIPS32) based on prior works The light-weight operating
system running on the computer verifies the correctness of imple-
mentation. Shdents may alsa modify the compiler to suppart their
commpuber system.

To suppart the experiments mentioned above, platform must
provide programmable logic and essantial 10 functions. The FPGA
based development boards are the commen chaice. How ever, the
emergingways of remote sducation like MO0C (Massive Open On-
line Course) makes it hard for students to do experiments with
beards in hand. The experiment have to be done online. Further-
mare, ¥iO0C requires more resources since the students enralled
can be much more than cffline classes

In this paper we represent a remate FPGA experiment platform
optimized for experiments of computer system curriculum. We
hare designed an FFGA lab board and software, which suppeorts
bath cnline and affline experiments. Figure 1 gives the remate ussr
interface and photo of lab board. The goal is that experience of
daing experiment online should approcimate to offline experiment,
and the result of online experiment should be repraducible offline.
In online scenarie, s number of lab boards are installed in the
server room, connected to server via netwark Students operate o
visualized board inweb browser, all of the operations are executed

on assigned board.

2 RELATED WORK

Some cnline FPGA lab designs have been proposed in previous
warks. In [1], by connecting ¥'O ports of FPGA development board
to parallel part of FC, the concept of remote FPGA lab was tested.
To display the state of real hardweare, Webcam was used in [6]
and [2). [6] utilized the Altera's In Sy stem Memory Conbent Editor
with legic inside FPGA to implement virtual switches, [2] used
lowr -cast BCT as the an adapter between FPGA and FC Onby
basic user 1/0 control provided in implementations above, they
are not suitable for complicated experiments. In [3] a laboratony
system with visualized view was pressnted. It was based an NI
lab equipment and LabView saftwrare. In [4] and [5] the system-
specific logic in FPGA cooperated with external USE contraller
to transfer data betwesn user logic and servers. To run an this
platform, user's logic have to be integrated to given wrapper code



Figure 1: Web Ul and lab board

before compilaticn. Communication through USE also limited the
scalabiliby of system, because ane server may wark with few boards
considering the bandwidth of USE hest cantroller.

Anather appreach of online digital cirevit laba ratory is building
a platform based an simulaticn. [8] presented o weh-hased elec-
tronic cirouit simulation system, in which the SPICE simulation
engine is chosen. A major issue of using such simulation system
for experiments of computer system curriculum is that, the per-
formance of cycle accurate simulator is not encugh to suppart a
complicated designieg MIFS32 CPU). Simulation of a processor
running cperating system is almost not possible. Besides, the ex-
periment results of simulation may not be as accurate as the results

produced by real hardware,

3 TYPICAL EXPERIMENTS

This secticn lists same typical experiments related to computer
system curriculum. Flatferm design should meet the requirements
ot the following ex periments.

3.1 Dhigital Circuit Basics

Asatutorial of digital sy stem design, basic input, cutput and state
machine design methodclagies are introduced in this experiment.
Far example, the task can be building a counter with segment
display. Additionally, the counter can be controlled by switches,
then switch debouncing logic is required.

Ancther example is A LU Arithmetic Logic Unit) implementation.
ALU designing requires understanding of combinational arithmetic
cirenits. In this experiment, the ALY designed inside the FPGA
takes input from switches, and displays results an LED.

3.2 RAM Access

Memaory is cne of the main parts of computer system. Memany
reading and writing are the basic cperations of the processor In
the BAM access experiment, students have to design o memany
contraller, which generates the signals meeting the timing of SRA M.
If data read from RAM matches they written, the im plementation
is considered correct.

3.3 Serial Port Communication

Serial port communication is a basis of follow-up experiments.
Smdents need to make communication with other devicejsg PC)
by readingfwriting regigters of seral part controller chips, Besides
the communication ite=lf, the techniques of bus arbitration are also

important, Because serial controller chip shares bus with memory,
50 bus contention have to be properly handled by hardware Logic.

3.4 MIPS CPU Implementation

Implementing a ¥1F5 processor can be a harder task, the theory of
computer organization is applied to the practice. Students should
implement a processar, which compatible to a given simplifisd MIPS
154, A monitar program is also provided to verify the processar
implementtion.

As a challenge task, additional functions such as TLE and ex-
cepticn are required to be implemented. This task requires desper
understanding of the pracessor architechure and implementation
techniques, With these essential functions, an aperating system
can be parted and runs on the precessor.

4 LABORATORY PLATFORM DESIGN
4.1 Owverview

The propesed platform consists of o number of lab boards and at
least ane server, shown in Figure 2. All of the user interactiviny
aud.]abombory muﬂg\ementjobﬁ are pmoescsed.ou the server, while
the ussr-implemented FPGA logic mns lab baards. Each userweill
be assigned to ane lab board after logged in. When users exit the
system, the board assigned will be recycled and ready for nect user.

Each lab beoard consists of bwa subsystems: The laboratery sub-
system and controller subsy stem. A1 rescurces of the laboratany
subsystem are apen to the user assigned ta this lab board, which
means the FFGA is fully programmable for user, nothing is reserved
for remote contrel. The controller subsy stem maonitors the labora-
tory mbsystem, and exchanges data between labaratory subsystem
and semvers.

For example, if users turn an a switch cn remote UL the server
will send this request to contraller subsystem, which s=t= the logic
level of carrespending switch of laboratory subsystem to high. Then,
the usar-programmed logic in laboratory subsystem may drive an
LED high, thislevel change will be captured by controller subsystem,
which sends the event to server, resulting in the corresponding LED
highlighted an remate UL

4.2 Laboratory Subsvstem

4217 Or-bowrd Rescwrces. Labaratory subsystem feahares o Xil-
inx Artin-T series FPGA, with 101,440 logic cells, which is capa-
ble of running most experiments related to computer architecture



P!
—~ .'*'Q}‘-sl

A—
o il\r S Irberrit ':\_I\ﬁ 'I-' A
Lab Board - l\_

Leb Board /
rFP(_"A Dmlq—l
leborxiary LED commikes
[ 1 v il Ll
sbEgEiam g BukmyEem

Figure 2: Remote laboratory platform architecture

curriculum. Large logic minkes it possible for students to
implement more advanced functions such as Caches,

Four 2 MB 16-hit SRAM are crganized as two independent units,
with 1 Mega 3 32-bit in each unit. The address, data and contral
signals of two units are separately routed to FPGA. This memarny
schema is nseful for some simple architecture, where instructions
and data are stored in twudﬂuﬂ:tmmylplm Brcause m.ll‘.l.‘l.ll:-
tions and data can be simul usly d l b
can be avaided. Users may alse merge two memory units into o
single 83 B memory unitwith ghe logie. By using all 8 ME memorny
on board, running most embedded operating systems is possible.

The parallel bus signals between FPAG and SEAM are routed to
controller subsystem, hence the contraller is able to monitor the
memary sccess transactioms an bus.

An 8ME 16-bit MOR Flash memory is presented as non-volatile
storage. User may use this storage to implement file system. This is
alsouseful for storing O image. Loading image form Flash is faster
tham serial port, which saves time while debugging hardware logic.

Simple D components are also provided for users. 32-bit DIF
swritch, 2 push-button with hardware debouncing and 4 push-button
without debouncing are directly connected to FPGA, acting as the
user input. Two T-seg disploy and 16 LEDs are connected to FPGA
as ohservable signal cutput.

Severnl wires connecting lab FPGA and controller subsystem
directly are reserved for extension fiunctions. M ore periphemls (eg.
F5/2 keyboard) can be emulated by controller with these wires.

Additicnally, a parallel-ta-IV1 encoder chip on board makes
it possible for user logic to generate graphical cutput in offline

SCEnATio.

422 FPGA In-system Configrration. One of the esentinl fune-
tions of remote FPGA lob is to configure the FPGA remotehy. The
common way to configure FPGA through JTAG requires Xilime
propristary tocls, making it hard to be integrated into third party
srstem.

Our platform utilizes the *Slove Serial Configuration” mode of
Nilim: FPGA. As shown in Figure 3, only one INIT B signal and
two serial data serials are required to configure the FRGA. An
additicnal DOME signal can be commected to monitor the status of
configuration.

CCLK—— BCK

DIN |—] w05
Loa FRGA i B Grip MM

DONER----3 BRI

Figure 3: Slave configuration mode connections

Zyng Lab FPGA

THELF BUF

>

Figure 4: Switch and FPGA connection circait

The bitstream file {* hit) uploaded by user is firstly parsed by
libochf !t exctract the confignration data. Then Fyng sends o low-
level pulse on IMIT_B pin to put the lab FRGA into configuration
state, the configuration data ean be transmitted tolah FPGA through
Zrurite SFI connections. With SP1 dock running up to 50MHz, the
whiale configuration process finishes in less than 1 second.

4.3 Contrmoller Subsystem

421 Controlfer Care. The contraller subsystem is construcbed.
of a Xilime Zyng-T SoC FPGA, which integrated an A BM Cortex-49
processor into the FPGA fabric. FPGA and ARM CPU share the
DDR memory:

Comsidering that same functions (=g LED sampling and swibch.
ecatrol) quine igh [0 exparity, and scme (e g bus anslyses) e~
quires real-time processing, the FPGA is a suitable choice, However,
petwark communication with server requires software imv dvement.
By implementing harbw are interface in FPGA, ication soff-
m!mm]bskllgntuhladmugnd'bmhﬂmmﬂm

The commection between CPU and server is established on 100084
Ethemet. The Ethernet port on board is design to be PoE-compatible.
With the suppart of powering the board over Ethemnet cable, mas-
sive deployment is simplified.

432 IO Sampling and Condrol All user I/O signals for lab
FPGA, such as LED and switch connections, are also routed to
Tyng for remete display and control. The GFIO core implemented
in programmable logic of Zyng handles the [0 sampling and con-
trol. The sample rate of LED is ower 100Hz, encugh for human
obseration. To avaid the collision of different logic level st by
physical switch and Zyng, the circwit design described by Figure 4

isused.

Uhttps.t gittb comiw konszal N b



Inthe affline use scenario, the pin of Frng is set to high-impedance
mode, then physical switch works, While the pin of Zyng is set to
drive mode in cnoline scenario, then remaote control overrides the
state of phy sical switch,

For several physical switch without hardware debouncing, the
switch bounring is emulated by logic in Zyng, to ensure that ex-
periment results anline matches affline ones.

433 Memory BosAnafyrer. The memary bus analyzerfunction
is designed to help students debug their memory access timing. Like
most logic analyzer, this function is able to record the transactions
on memory bus and display them as woaveform. With the help of
analyzer, comman problems like insufficient address setup time can
be easily figured out. Wrong contral flow implementation can alse
be located by checking the memory access ssquence.

Since all memory singles betwreen SRAM and Lab FPGA are also
connected to programmable logic part of Zyng, all memary accesses
can by monitored by controller. When memory bus acquisition
started, the logic implemented in Zyng waits for WR and RD as-
sartion, then stares the address, data and timing information to
internal FIFO for buffering. Finally the data in FIFO is written to
juin:] - and ferred to senver for display:. The acquisition
can be started and stopped manually, ar stops automatically when
running out of internal starage.

434 Serial PortController Emwlation. To suppart the serial port
experiment, this platform emmulated a 8250 UART compatible serial
part controller It is a hardware logic implemented in programmable
logic instead of a real chip. Data received from serial port iswrapped
and transferred to server via network, while user input from server
is umwrapped and written to date FIFO of serial port controller.
Beromse of the requirement that serial controller shares bus with
memary, the address u.ndlktnpun of the controller can reuse the
pins of memary bus analyzer, which saves 1i0 pins of Zyng.

435 Static Memory Controller. Static memory controller is a
part of the programmuable logic in controller subsystem. This mem-
ory controller is able to read and write the SRAM of lab FPGA
through interconnects cn board. It enly works when lab FPGA is
unconfigured, otherwise user logic may also access SEAM and cans=
contention The basic idea to integrate such a memaory contraller is
to help assess the work of students. After design of students writes
datn into SRAM, teacher may put lab FPGA into uneonfignired state
then check the content in SRAM using this function. SRAM read

]
Figure 5: Different images used to emulate the physical state
of buttons, DIP switches and LEDs

The Limm system boots from a SD card connected to Zyng
for now. However, considering the convenience of software up-
grade in massive deployment, the design can be changed that, onby
beotloader stored an board, while root file system mounts from

4.4 Remote User Interface

44,1 Server Architecture. In our platform, server is the center
of the whole sy stem. It manages all of the lab boards by assigning
free boards to authenticated users and recycling resources from
disconnected users.

The server program is built cver Nodejs, an event-driven asrn-
chronous [0 framesradk, which is capable of handling large mam-
ber of concurrent requests. The major mle of server is to exchange
data between boards and browsers. Because board 1D stabe (:.g.
LELY) changes and serial port communication produce very small
amounts of datn, the server may theorstically handle hundreds of
online users at the same time. However, this mamber is usualhy
limited by the number of physical boards deployed.

Both server-to-hrowssr and server-to-board date transfers are
teed on Socket 10 * | which is a erces-platform bidirecticnal com-
mumnication library weritten in Jovaseripts. & native C++ implementa-
tion of Socket10 is also available, and is used in Fynq on board. For
the server-to-browser datn trarsfers, medem Websocket protocd is
used to achieve lower latency than traditional long polling method.
Dt tramsferred over Scdkeb]d is serialized to JSOM{JavaScript Ob-
jeot Notation] instead of raw binary data, preventing campatibility
isrues among various system amvironment.

We choase MongoDE ¥ as the database, storing user information
and metadata. Currently we have bgged user opemtions in an
experiment. These data may be anabyzed to optimize the platharm

and write function is expesed on web I like s=rial
function.

436 Cordrol $oftuware. Inthe ARM side of Zyng $oC, an cmbed-
ded Limme controls all of the hardware modules in programmable
lagic such as If0 sampling and serial port. The main procedure of
controlling software is an event loop, which handles events from
when receiving an event.

Serial part communication function was implemented with the
Boost? Asioframework. Data sent by lab FRGA triggers pre-regist=red
callback fanctions, which then sends the data to server

hittpa eww. bonst org

design.

44.7 Vismalized Operation. The visualized beard is shown in
the main panel, with three kinds of components: LED {including
segment display), DIF switch and button. LED state changes be-
tween narmal and highlighted to repres=nt the actual harderare
state changes. One clicking on a DIF switch toggles its state be-
twreen 0 and 1. Pressing and helding on button sets its state to 1,
while releasing s=t= its state back to 0. Different images are ussd to
emulate the physical state of soritches.

-



Theweb Ul iswritten in pure HTML, C55 and Joascriptswithout
dependency of cbsolete Flash ar 4 pplet technologies, achieving
qu.i:kpagcr:lp-mne n.n.d]ug]lbmwmmmputihilty

443 Serial Port. Two metheds of serial communications are
provided on UL simple serial input box and terminal emulator. For
simple communication with serinl port, user enters text on input
text boxe and click send button, while reply from board shows on
receiving text area. This function is usually used by students who
wrant to test the hardwrare design. They may send some commands
to hardware and get replies of hardwars.

In operating system experiments, an unir-like shell is commaonhy
required. To suppert the interactive shell in 05 experiments, our
platform provides o terminal emulator based on xterm.js * library.
It behaves just like a narmal terminal emulater in unix-like system.

The parameters of serial port such as baudrate, stop bits and
parity check are adjustable with dropdown mem before opening
the port. In terminal emulator, the antomatic newline character
conversion betwesn *r*, "in" and "r in" can be mamaally selected
by users, making it convenient for users to work with all kinds of
target operating systems inside the board.

An serial port AFLis also provided for user-devel oped application
to communicate with program inside board. The AP is useful for
user-customized functions. As an example, 2 user implemented file
transfer tool could wark with this API to transfer file to board from
computer

444 BosSigna Waveform Display: Asthe front-end of memorny
bus analyzer, o timing disgram display with WavaDrom * is imple-
mented referring BeagleLogic ©. After the signal acquisiticn, the
singles of memory bus are displayed on the page with time bar and
measurement tools. Users may visually find out the timing problem
by comparing the actual timing value with timing characteristics
:p:niﬁ:dbymamnqchip datasheet.

5 DESIGN FEATURES

Design of our platform is optimized for massive deployment to
sappart the 3 005 With PoE function presented, only an Ethernet
cable is needed for one board, no more socessories are requirsd.

All signal sampling and controls are non-intrusive, no medifica
ticn of user design is needed for remote experiment. The results of
online experiments would be the same as the offline ones.

The diffialty of debugging timing problem on memaory bus is
very common among students. Because of the lack of efficient debug
toals, they may spend lots of time figuring cut where the problem
is. To schve this issue, cur platform offers the memary bus analyzer
function. The tacl helps user check the timing visually, and locate
the problem when menitor program mans abneemally.

SRAM read and write functions assist in laboratory asssssment.
Checking content in memory chips becomes really sasy now.

& DEMONSTRATION
In this section we verify the cpabilities of remote lab by nanning
an actual work from students. It is an implementation of 5-stage

*nttps atermjs.ocg!
“Tittpy fwarvackom com!
? nbtp:\ baaghaloglcgithub. ln!

pipeline MIFS32 processor and its peripherals, which is capable of
running uCore aperating system and modified Limmne kernel. This
design utilized 7922K LUIT, TOOOK FF, and 16 BRAM |, which is less
than 20% of the available resounces of the lab FPGA on our platform.

The steps are shown in Figure 6. Firstly, user logs in and uploads
the it file to the plu.tfnrmT]lgudl&.mg on resek 'llunonletp\m-
cessor begin executing the bootloader stared in the block RAM of
FPGA. The LED indicates that the bootloader nins. Bun the host
program of bootloader, which loads image of 03 into the SRAM via
serial port, and jumps to entry of 05, Later, logs of boot process are
printed in the terminal window. &fter the boot process, user can
now interacts with 08 in terminal emulator.

Upinad Your Orsgn

e

i) Upload bitstream {b) 05 image loading

i) 05 boot process id) Interactive terminal

Figure fi Demonstration of remote experiment steps

Memory bus analyzer can be activated at amy time while the user-
deigned logic running. Then we manually stopped the scquisition
after a while. The sampled bus access sequence is displayed in a
list. The corresponding signal timing is drown as waveform when
clinking on 4 specific memory access cycle

7 CONCLUSION AND FUTURE WORK

W have pressnted a remote FPGA lab platform designed for com-
puter system curricnlim evperiments. The platform make it possi-
bl for MOOC students to d o course experiments with real hardware
cnline. It also helps students debug the hardware logic design issues.

In cur futare wark, the cnline HDL editing, simulation and cam-
pilation functions will be integrated, making the platform mare
convenient, The debugging fanction would be enhanced with the
supporting of user-defined triggers and internal signal probes. Ex-
ample of typiral experiments will be provided to help beginners
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FREs ERicy=1 | g2 5| BE|=1(E0EAIEEEDE G Ee

[ Jivumjimizamli ix interesting ol

g

A P b

H
S

w

gx

'}

1irl
=m0 T0

r
addiu
11 r1

H

length : 2477 lines : 221 Ln:35 Col:9 Sel:0]|0 Dos\Windows UTF-8 w/o BOM INS

REFFE) VGA B Ros i N &l
THENLARAREEL is very interesting! 1]

We really enjoy it!!!
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M. it

4.1 BAEER:

BATCLRA AR 32 2 MIPS $544EHI3 /K CPU IR B I Lt , 45 & FRATTAT
FSZHL THCO MIPS $8 A4 M HARESR, it 16 £k CPU MIBUHEIE R, Sk
IBSCRERE, A m s ORI an R

| ]
Bh

il

[PusTE 435

1PPE-0d

4.2 Tt

K iy 75 ) AR E SO T, £ cpuvhd EIEITA TTit, I HA%lRL
PEm it A BETHE R B R] o SR IR (0 AR AR PP AT AT 23 RS, B2
A BE 8 S AF I P S RIS A A 1 )5 30k S ARG 2.

4.3 I -

£ get_pc,IF_ID,ID_EXE,EXE_MEM,MEM_WB, X S6[ B 25 17 25 Rk 5 Ayt
5%, R ck [ cpu BEPEEITHAME . RRIRETBP R A BRI B AR widt AT — kB,
B E— BB S RALHE A B £ . mem BB —AMIE T E 1) mem
I, A E AR S I AR o oA 1) o U B R B R B R 4 5 5 5E,
X AE R AR AR A A H A AR . X R A A S B R R AR 7 5,
FERAT G — 2D UK R R SN o AT R E R T i B AR AN, T3RA1
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RIS S AN R ko

h. BRBHER

5.1 PC #§4&¥#E#|——Choose_pc 5 if stay

76 IF W B A & A B S, R B — 5 R R ILY e 1
ft. Choose_Pe TEFFSRIL T A b —F iR EL, BEWHE L— R84 MRS
B SEFEHEEEI R 484 M pe FORIE. I B, ) BRI AL, [
(ERRA BT, BT 2K PRSI LA PC ML, & HLF if_stay TEAFSE
B

5.2 PA%Es——Decode

FATLIL PS8 T ZAE R AT 48 & P S A ik, BUET T — 2P
A A HE TP U MR A 20 1 ) g . ORISR TIRE LR L, NN R B IIIE S,
AN A7 BT o

5.3 FiEssE——Redfile

FANFR A — IS B 11 NMEFA 74 8 M IE 27 /745 (0000 — 0100) + sp(1000) +
ih(1001) + T ZifFa. HA, N TEMERR M IERIEIT, TATE T A28 1005 55
K CHE4HULEH LS T3 1), HAWZFAEREBIRAT AN 16 FL(E S H4 . Regfile f N
Decode BB T —21, SN TF A4 gm 5 T LU Y AH R 27 A7 2% b 130 A i 25 45 1)
Ay AAF AR HEM S DIBE HH RegWrite #5145 S50, 7EMBh EFHVRHAR 415 RegWrite
G 58 1 MR N BRSO\ BIH R 27 2

5.4 FZEfH|FHER—ID

TR G, 1D PO AT BT, FEMETNEN: a. LihsniaH S
ALU [ RIS EAD A RS b AR BT3RS, PN ELar A8 45 Rx.
Ry(H T #5855 B8 1 75 kA 5e), DL AN HfFEST: o BHES, afFlNfFx
HES. FAREET, ULHEE N IR AFERFFRIANES: d 4
FHATEREE T 2 S S RAEXT R pe fH, AfEHT H 1 TE 2 R Bk &0 /5 2k 18
PC {H#%; Choose_PC. HH1, N7 Sz (EFAI(ET UG, FATXS 16 M4 #4T T
HHTAY, R B 0-29 1X 30 MEEAY, AbEEEHCA Mapper (WL F—#B50), 1E
ID 5% Mapper BEAT TG ALEEAT B G

5.5 #54-WLgt

—Mapper

BN 16 A, AT EEAT ARG S, v 7R S AU RE, FATR
TR T TALEE, K 30 SkFE MG H] 0-29 1X 30 MEAGER . WU R



WK CPU Bt SEBL ERIRE FES. BA. KRN

#He s #e g e Gt
NOP 0 SW 10 LW_SP 20
ADDIU3 1 ADDU 11 MFIH 21
AND 2 SUBU 12 MFPC 22
CMP 3 ADDIU 13 MTIH 23
LW 4 ADDSP3 14 SLTI 24
NOT 5 BEQZ 15 SW_SP 25
OR 6 BNEZ 16 MTSP 26
SLL 7 CMPI 17 ADDSP 27
SLLV 8 JR 18 BTEQZ 28
SRA 9 LI 19 B 29
5.6 BEFFRRR

BT SEURIE B NG, FRATT— AR 9 B A A7 45 1 Dl e 2 e 35 42 4% b AR
BMER, BT BART AN B IEAT 45 A PO RSEERS B, SRS BA TS, REERA1Z
IR R A IRIEE, FEMCUFHAAEEE: 1) RKE- I — KR S2 R
B 5 ML T, BT URIER R T8 2 1E T B AT IEfR IR A7, i
BB PC A 2) A T ARIE— S E RS ST Be% IERAIEAT, BLarfEasiR
GFHARAE T BEANRK CPU I 7858 . BB A7 as Wi A P83, RA N
I ISR R INA HEAT BRI, X AEORIE T A RA AR . FATH BB A7
A if_id, id_exe, alu_exe,mem_wb, —ILPUAN, FEIASEY B A — N BCAT
178 o

5.7 ¥IEE I EL——Passer

PARAL R 2B BIHAR R . BRI R AE WB [ BUA T A7 A S |, 4n
BRI R RE AR 2 AR AT 2] WB BrBe(AR S [B]), NI B 6 st i 2 2% 5 17
e EOHTE AR . H M S AR 55, 1 EXE_MEM BFH MEM_WB i Btar /7 &
B R BIAHRL T PASSER AEH G ST Bdla b 5, JFARAE Bt b R 5 75 LA
MRMIER, ERUEREHIES, 154 EXE B =B SE2S, =Bk BT
BAE R .

5.8 Bt —ConflictCheck

e ph o] LB S5 B RAS B, (H AR B S0 VE S B 1B DL B e 4
HOEEAIM A= 5¢ walll s 3= e S X PO E Y =17

F R L TR LW 54 o LW R A L Z0EE MEM B B2 R 2 J5 4 AT LASRER,
L TR EH I E S AR . FYIE, 28 %44 (W1 ADDIV)TE
EXE M Bt, ALU T5EH ZF 728 R IO, (HEE— B4 (LW FE2)I8TE MEM I, VAT
WAL T o IR I AL A B A HR A T — AN

5 TSR =SSR kRS TR 4. BEQZ. BNEZ A1 JR. % MIPS Y14 {14 F2
BR, FTELAEAN D SCREAE R Z 5 IN—A nop i8] . FAE 1D B Bush b3 5 = Bk

-8-




WK CPU Bt SEBL ERIRE FES. BA. KRN

FEEA), FREU SCBEELY PC M, IXFE nop G BRI BLEENS HUE] IEHINTE 4. (H
& BEQZ. BNEZ fll JR =2kiBH), 4 >C ki PC IRINTE B 2@ H 27 8eiifd, 2%
oL LW, X EEAE R ELE IR A HEAT B EXE B B eI I I 55 s R 15 3, IRt R
HRE AN UL, 4% BEQZ. BNEZ A1 IR =4&18A], 92t b2l 7 e 1%,
— R AN nop,  REBELE_E I 5RATE 5

Z B ARSI B TG 1 2 B A A DL B R AR S S, RS
SAEL 1D BYBAHNERAE, 11D M BO ARG SIE R, R BIEHE—ANE IO .

59 T #FfF#H——TReg

FFATSAE )5, BATAIL BTEQZ IXZ54R4, PC A M AN 75 22 21158 H 37
R (E b TR S B M2 ttk), PIb3RATH BTWQZ(LL K B)FR 2 HIALEE A EXE B
BBRATE] 71D BB AR ARIEE A BTN T — nop Z )5, 5484
—E RERS RN IEHANT PC, /D A 15 TR e AT AR . ik, AT T %
A I F A s E P X B HOR, JF AR

5.10 Flash B g 3h#EH——Flash

RIS, AT T Flash H A3 ThEE. R4 FPGA & B FEL R 2R (1), FRAIT
BB FE W Flash, BIRIFHLE SR, CPU &50¥ Flash HHEE I IR 78 4
B BOEE AR RAM2 e Wk, —SRERGE BRI EALN S sl R, —okDy
i 7.

Flash AR A7 TTARAE I Flash Hilik, EN—2%F0 2N 1B H 2 7 5t
—RAEA MY, BAKK) Boot MEELLKLE AN RAM 2 7E Flash ) EJZTuff,
MemoryController B AbFE[F],

5.11 AHFAEREHEHE——MemoryController

R TNV, AR IS B RIS 5. 5
IR, INAFAR S IR 238 ¥ S 5 17 1) L A BRAT M) VGA 19 RE. T
ANFEBERHAFE R 2= DT, Wity A% E PR AT AT, (HER sk
W, A TAETEERSAEA, RATHEANAES. B OERE. veA BHl#ERE3 7
— NIt H . 7E MemoryController #375, RBUE NAF LB MHRINZ, HI1E
{55 VGA TEIL R AR o

5.12 H i@ EHE——MemoryController_serial

TR ACRS 5 A U5 IR ARRS AE[R] M, AEX HUK BFOO S I 17—
ARG, RIVTIA NAERK BFOO A7 E, HL9RT & DS U)o X e A S 1A
TR ISR T O Tt 5U0R. £ DS, 8/ 78
F B RAE IR T

513 VGA H#— VGA play

-9.-
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¥ B OF00-OFFF P AP B N AT, A3 A7 B NI Z R Re s s R bi s L.
—SLRELE B P R B ) 40 A, OhIH) 30 AN AT AE AR S TR G IR 15 o8 5 BA
X 4r7E MemoryController HSEI . [FBS 573 4MEIAL— AN TCAF 523 VGA 1) Bk 7R T

&b
Heo

s EEBERSHFER

6.1 PC #§43&#H]——Choose pc 5 if stay

PC_add1

PC_br

PC_Jr

Branch

T_reg PC_next

>

Bf

Rx_data_bf

Pc_bf_addl

Pc_bf

P A N A S U A

Pc_add1 BN ABREIF % pcfd
PC_jr BN W ) R B I pe (H
Pc_br N W B Bk BTEQZ BhEEE I pe 14
Branch N HIWTN b BAIE R ) F5AIE 2 BTEQZ B2 FEBRFE TR 2
T_reg AN T AHARNE
Bf W AR N BNEZ B0 BEQZ 155
Rx_data_bf I  BNEZ 5 BEQZ " AWt 75 A7 48 I 1E
Pc_bf_add1 N WF BNEZ 5 BEQZ ANEEELIH 4% pc 1E
Pc_bf IN 0% BNEZ 5 BEQZ BkE: PC IR — 4 HIME
Pc_next Wil EIHMN 2 PCIIME

BT T—2% PCHZMEN, TAIX AR MBI, AU
-10-
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D HBEEARIIHLR AT, pe=petl

2) WRBEHEAR ST B 154, WAL E N peeLRIEL, £ 1D B BRI 453257
BIACMEL, AN 1D B BERHE 5 AE AL BIX B

3) WERBEFEAR A2 Ir 184, BRI A EONTR E A A ae iOME, FHEE BN
DXL FFAF AR PO BT 55 RO R 9, [R] IR I8 11 S A 4% 10 B G
—AMRAMARERL, ERXEFEMA .

4) WIRBEFEAE S BTEQZ 154, BREAALEDN po+ L HIAL, RN 72 T %47
SV, A T S AFEE ALU i B o] DAS 3], BRI UK TSR,
AN BT 55 AL L

5) WRBkF A4 /L BNEZ B BEQZ 154, WEFENLE Y pe+ L RIKL, 75 Z0 45
SE A AF AR B RO RINT, T DA L S5 RO bl R, IR B B AR AF A B I — A
JIA RE 2L . AR B HEIMA R

KA

entity choose pc is

port(
pc_addl:in std logic wvector(lS downto O} ;
pc_Jjr :in std logic vector(l:S downte O);
pc br @ in =td logic wector(l: downto O}
rx data bf:in =td logic wector(l: downto O);
T reg : in =std logicy
bf ! in std logic wvector(l downto 0);
branch : in =std logic wector(l downto O} ;
pc_bfiin =td logic wector(lS downto O);
pc_bf addl:in std logic vector(l: downte O}
pc_next : ont std logic wector(lS downto O)

)
end choose pcy

H.Ar bf 5 branch AE#IE S, 1M pc_addl,pc_jr,pc_br 252 %W 5 4 BBk 4L
FIMAIE . Pc_next ;2ME—HHAE N T — %820 pc AL B, 1445 IF-ID Br B &7
1745

-11-
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case bf is
when "01"=>--hegz
if (rx _data bBf=x"0000") then
t_pc_next:=pc_bf;
else
t pc next:=pc bf addl:
end if;
when "10"=>--hnez
if :rx_data_bff=x“iiii“} then
t pc next:=pc bif:
else
t_pc next:=pc_bf addl;
end if;
when "00"=>
case branch is
when "01"=>--Jx1
t pc nmext:i=pc Jjr;
when "10"=>—-hLegz
if (T_reg="0"}) then
T _pc nexti=pc br;
else
t_pc next:=pc_addl:;
end if;
when "11"=»>—-k
t_pc next:i=pc br;
when others==>
t_pc_next:=pc_addl;
end case;

when others=>null’
end ocase:!

If_stay XA SEH:

-12 -
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entity if stay is

port |
pc_in : in std logic wector(l: downto O} ;
pc_stay:in std logicy
pc_orig:in std logic wvector (1S downto O0);
pc_out : ont std logic_vector(lS downte O)

) :

end if stay;

architecture Behavioral of if =stay is
shared variable © pc : =std logic wvector(l> downto O}
begin

process (pc_stay,pc _in,pc orig)
begin
if (pc_stay="l"} then
t_poi=pc_orig;
else
t_poi=pc_in;
end if;
pc_out <=t _pc:
end process;
end Behavioral;

Pc_orig #&_—%& pc MME, RABHEANTES WIS T ER pc K3 L —
% pc HITE DL

6.2 FEflaAEHR —— 1D

-13-



K CPU HETHSEZEL IR B, EA. KRBT
AlLUop
Rst Opandl
R Opand2
Instruction Qut SW.
PC ADD1 Reg_sw_num
stall Memread
Memwrite
: I D Regwrite
Reg_datal MemtoReg
Reg_data2 Rx ,Ry, Rd
Branch
Pc_addl_out
Pc ir ,pc_br, pc bf
pc_bf_add1l
Bf
ttyepe
R R A S S T
BS54 fBEERE FE5EN
Instruction LETIAN RN R R S
PC_add1 LN 45 PC N 1 A PC 1
stall LTI S S, EHA nop I 2 HE|
Reg_datal. 2 LETAN B 77 AE 2 HE R N0, AR 48 21545 Opand
55
Aluop Lingad] &3 B iz A 1R RS
Opand1/2 i &35 312 5 A% I AN AR S
Out_sw i H SW 52 Rk H 21 4% s
Reg_sw_num gl SW 184 H 2| 1 Z5 17 2 g
Memread. Memwrite %t WAL EES
regwrite i HERERES
Memtoreg i BN ZF A7 418 & AR A W5
RX « ry i B HRE RN T AAas T, HT IR R
K
Ry e o TR FHEAB N T T
Branch Linga] HIWTEk TR N ARG S
Pc_add1_out Lingad] fEH 3T — 2K PC N 1 ¥ PC
Pc_jr,pc_br it B354 F1 beqz, bnez i M [T PC 1
Pc_bf,pc_bf_add1
Bf i FIr & BEQZ i 4% BNEQZ 1155
ttype i FIWTHE] T FFRTE RN A

-14 -



WK cpu B SEIR

KRR FES. BA. KRN

P SR A S 0 B $R RS, 1D B A AT BT, &

EARHT N A
a. fEIBAIZEIS ALU R IE IS SERSA I MR IERL 5 3heh, BT 3 (iS5,
gy S F
ARG FX WD FX |
000 ADD 100 NOT
001 SUB 101 SLL
010 AND 110 SRA
011 OR 111 NO

b. LSBT AEM T, WNMLATHEMT R, Ry LR DN EFLEM T

Forb, HTPITU T80 55 B R SR,  ASRIX KR B E— KR B A E A
a0 B S5 MO AT B AR . WIRAR S I AR O H N T 2, A
e fE R E N 1L, W

g s PRl CEERER
i

case op link is

when 13 =>--ADDIU
Cpandl <= Reg datal;
Cpand2 <= imm8;
Ry<="1111";
Ex<=regl;
Rd <= regl;
tmp op := ALU ADD;

o FEHES, BFENFRESHES. FEEEES, UK S AR NS
S EUMEDY 0, XTI —LeR & H{E BT IRE, WL

when 4 | 20 => —-LW | LW_SF

tmp memread = '1';
tmp regwrite := '1°";
tmp memtoreg :="1':

——MenWrite

when 25|10 =»> --5W_S5P|5W
tmp memwrite := '1';

——BReglrite

when 13[1]14|11]12]|2 [19]|21|22|5|6]|718]|9]|27|23|26=>

—-ADDIU|ADDIUS |ADDSES |ADDU |AND | LI |[MFIH|NOT |CR|S5LL|S5LLV | SRA| SUBU | addsp |mtsp
tmp_regwrite = '1°';
tmp memtoreg :='0"';

d. FAFIATEREESR S 5 5 MAHXT NI pe 8, ZffHT I 1095 &2 BhAe R S

5 BAL 3 PC %5 Choose_PC. EIXHLH RIS A

1) beqz, bnez XM HIWIE 5 H bf f£H);

-15-
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case op_link is

when 15=>--bedqz
pc_bf<=pc addl+immi;
pc_bf addl <=pc_addl:
bf <="01";

when l16=>—-bnez
pc_bf<=pc addl+immi;
pc_bf addl<=pc addl:
bf<="10";

2) B, JR, BTEQZ GX=4kIMHIW{55 M branch £ H)

case op_link is

when 25=»>--E
branch<="11";
pc_br <=pc_addl + immll;

when 18=>--JR
branch<="01";
pc_jr <=Reg datal;

when 28=>—--BtEQZ
branch<="10";
pc_br <=pc addl+immZ;

3) HE| T ZAFIE S M H Ttype (L1625 Treg HEAT AL
case op link is=s
when 3|17=» --CHMF CMPI
ttype<="01";

when 24=» —--5LTI
ttype<="10";

6.3 HIEFHEHR —PASSER

'EX_MEM_RegWrite
'EX_MEM Rd ForwardA

PASSER

\ J

\\H ///

HAE S5 BN Sk BB BRI MR, — Mg EXE i
K, AEEARA TR EM A7 E R 1% %TE A 1E EXE Y BT, —Mh ALU BR
BERLER, F EXELMEM Z0E MEM_WB PN B /7o Rl eI R 55 —Fho
MEM M5, RIJEELE4 B A4 2 %4 T8 2178 MEM BYBAE R, —
WA EL 4S5, AT MEM_WB B BX 25 77 % rh A
TR &S T S

-16-



WK cpu BT SEEL TR FHES. B KRB
5B 45K BEHR BEEX
il
EX_MEM_RegWrite i\ EXE_MEM B B ZF 748 RN A7 #5155
EX_MEM_Rd LN EXE_MEM By B 25 A7 10T H (1 25 A7 s g 5
MEM_WB_RegWrite % A\ MEM_WB [ Bt A fr s H s A4 515 5
MEM_WB_Rd LITPN MEM_WB [fi Bt 2 {745 HH 11 B ) 2 788 g
ID_EX_Rx TP ID_EXE Bt Bear £ o B SR — IR A AR 2 i 5
ID_EX_Ry LN ID_EXE By BL a7 A7 a5 o 58 IR AP de
ID_EX_RSW A ID_EXE BBt 2 {748 HHE T SW 84, /75 NME M Z A7
T
ForwardA Lingan ALU RS A IR E S
ForwardB Lingad] ALU #1550 B kR G5
ForwardSW Linhy SW 2 5 NEIIEFEE S
PR E I T 2 A R ——
EXE ZKE [
-t MEXE S
if ( EX _MEM RegWrite = '1°
LND (EX MEX Rd = ID EX Ex) ) then
temp Forwardh := "107";
end if;
if ( EX _MEM RegWrite = '1°
LND (EX MEX Rd = ID EX Ry) ) then
temp ForwardB := "107";
end if:;
if ( EX _MEM RegWrite = '1°
LND (EX MEX Rd = ID EX RSW) ) then
temp ForwardSW := "10";
end if:;

T HAREIE R TE EXE BB ALU A BLIE R, Bt DK 55 B 54 2 10 B0 EL e 4
AF ALU BB ) = BRIEFR4% o ALU B BOLA A =BRIESE3S (A F1 B), 23 5il%F ALU 1
PR RO AT IR B . AT HAR I R AW, 125518 2 IEHAT ) EXE BB, ATDLAI
Wrok N, B84 FHESFA R0 ALY RS RS 27 /728 HE), HE N
TSR 5 AR SRR A I ANR /A28 gm 5 AR R, I RT A BE e, A il

AR

MEM 255 [

-17 -
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——taMhEM Shs
if { MEM WE ERegWrite = '1°
LND NOT( (EX MEM RegWrite = '1') AND (EX MEX Rd = ID EX Ex))
END (MEM WE Rd = ID EX Ex) ) then
temp Forwardf = "01";
end if;

if ( MEM WE RegWrite = '1°'
LND MOT( EX MEM RegWrite = '"1' AND EX MEX ERd
LND (MEM WE Rd = ID EX Ry) ) then
temp ForwardB := "O01";
end if;

ID EX Ry)

if | MEM WE RegWrite = '1°
LND MOT( EX MEM RegWrite = 'l1' LAND EX MEX Rd
LND (MEM WE Rd = ID EX REW) } then
temp Forward3Ww := "017:
end if;

ID EX_RSW)

P MEM RE A IR, —RAFKIES AW f Z R EFAaHE S b —
AR AN AR, W AE L AUHE b — 248 2 58 MEM it B 4 g
MEM_WB BBty fras A3 2. 73— Mol A 56482  E M 2R ar A a2 b b
AR ALU TR IR, AR KR E4T 3 EXE BB, b ESRdR4 30173 wB B
BAERIFARSTEHG 0], Fr LA 25 i MEM_WB B Bt 25 17 a4 1B -

B R IEAEAFE RS, RTS8 RN A A7 a8 15 0 75 400 75 18
filtn, X =% 4

LIR11

LIR12

ADDIU3R3R13

PAT = R80T, BAZZERW RL P (A M 02 2 11dF 1, BIFEZZM EXE_MEM
B B oy 7 e A A TTAEA MEM_WB B Bt 25 A7 ds e 5. i LR 3, A1 Bk MEM
E R, AL EXE B2 17— DA, H&S0E: bR e b
FAR KRBT, (BRM E— SRR SR AR R, AT MEM_WB BB #
A7 ax R K IKAE RN RATIAE PASSER HC HL, Sekaill EXE B [, FAI MEM H [,
PARIRE AN B R o 3% 0E, &E0F B =2%46 4, MISseE i EXE B HERGE S, W
A MEM B, BAABAIE] T MEM B, HEATS ARSI L L
FARRABIR PR, R — SR WA Bl i R B %A, LA EXE B Rk
B9 At MEM BRIEFE S8 05, APl =262 RE IR 2 Bof i R (AP
EXE_MEM Bjr Brarf7as THIMED .

F4h, FHECHRER B 55 R AL B, FRATTEG N T — M {5 5 ID_EX_RSW F1—4>
55 ForwardSW, X2 150X SW R &b PR A

W ERC=E =Rl v MR SR I

SW rx ry immediate

MEMI[R[x]+Sign_extend(immediate)] <- R[y]

T ELLE EXE Y BUH ALY TS N HEE, ALU BT ASERAE ) BN Rx 274728 1)
TSN (HREE ANRME Ry AT AR AR R, THZEAR ALU P
VE%, DN RR 2O Hok B = BRIG Sas ML RIS 5
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ForwardA. ForwardB F1 ForwardSW F W A2 15 5 3R~ , A AN B 15 San R 36

¥RES  HEREENRE X

Forward=00 ID_EXE [ B %57 4% PR BRI V) 0] S A7 25 1S 2

Forward=10 EXE_MEM [fr Bt 77 f7ds  HRVEELHH EXE_MEM BY B Zr 172855 R A5 21

Forward=01 MEM_WB P Bt arfeat  #REEtH MEM_WB i Bt 27 77 4 4% i 15 2

ANV, FEIRERER MIPS 528, 0 SHFRAIMELRLSRE 0, Frbixt o5
AT A E AN ROZANEAG IR 1) 78 FEVa st e Ba % A if, 7% A W b R 1) 27
fFasRfiid 0 Safras, WHZ, WAXNHK, FAHHGELRE 0. HESE T sk
FRIARRY, Horp R R 0 FAras, A DABRATIE SEOLR sk B H AN B B TE

6.4 BB ——ConflictCheck

@« B

PC_ADDO

ID_EX MemRead Stall
ID_EX_Rd ) . ) PC_STAY
IF_ID_Rx COnﬂlct PC_ORIG
IF_ID_Ry

y Check

A 4

B S A A s N i B, b &5 5 18 (&

B 5B RIS

PC_ADDO E—%4841 PCin— 5 A
ID_EX_MemRead ID_EXE fM R ZF A8 N FiLfE S
ID_EX_Rd ID_EXE M BY 2748 1 H M B A7 28 g
IF_ID_Rx IF_ID B Bt 27 A7 2% R 28— IR ST 28 e '
IF_ID_Ry IF_ID B Bt 27 A7 2% I 28 IR ST A7 28 e '
BF R FR IRt

stall B ES

PC_STAY PC R ¥FE S

PC_ORIG El% A\ f) PC_ADDO FI{E

FERE IS5 S AR R, — I PR
—JE, BB R NIEIE A (@iL ID_EX_MemRead 15 5 HII), %54
1 H M7 5 558 &AM H T — MEF AR SHERN, KHEEERL.
B 25 46484 IEAE 1D BY B, — BRIE] Stall (55, mhor R pra fHE 5iE %,
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XFEHAATE S BARMISE T, (B A, AT T —% nop, HELRZEE T —
AN AR T IRBIE IR, =184 MAHEEE 484 Mkl —i, (Hi2
FIRIE R RAR, SAEH pc M BZM—, N THIfR PC 1L, B A §tit
FBTE A7 kTR A PC, Ak Stall {55 RN, HE21 PC Al PC fRFFE 5 i
fl4h PC LBk B, ik IF BUEIIEHIY PC.

T, M 4484 L BEQZ. BNEZ. JR b i, DZREE AR, X
Hi BF(Branch Flag)>KHI7, 7E ID BrECIRASSRIAZIG S HIRALE, HIEiLEE N BF
Y5 E R II B TT, 24 BF JY 01(BEQZ)/10(BNEZ)/11(JR)I, #EATH5.

TXFEALEE AT DLA CRA% ) o A5 B E R AR EE, (HR2IEH — /NN A, LR
TR EN IF_ID M B A A7 d it R N S AA A g5, (2P IR AE 1D (i Bid
B G E SR Rx AT Ry A28 1IN [R]328 /ST — A A 1, BT CARATIAE IF B BB EAT T Rx,
Ry [I3REL.

6.5 T &HFfF#——TReg

AT

Oprandl
Oprand2

TReg

T A A A N a0 EEETR, SE SRR N R
Oprandl 2 —#fE%L
Oprandl #f —#/E%L
TType X T AT ERERZRAL, 02 CMP, 14 SLTI
Tout T 2728 OME
TReg MEHLALH 61 57 T T A7 8 (B IUAFAE 2 A, B 5T T A s AT . BN
T EE 1D B BUst SR BB IER G T, MR B —2%9547F EXE BB, [RIILTE TReg #5
BT TEMHE, JEARAAEZE. SANEES— B RESL, TR
SERP S, CARHROR 1D B B4 SR — 2 REECE ERA I T 4. A48 4% Bkt 2
T A P45 482 CMP HI SLTI 3 5%, R4 TType HIWTZIBI 2516 %, FRARAE#HAE
ek T, WERH—ANEERRAE, 3 Tout Firth 2.

6.6 Flash H)B3tEH——Flash
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Address

Flash_read Flash_byte

Clk ) ) Flash_vpen

reset Flash_ce

FLASH Flash_oe

Flash_we
Flash_rp
Flash_addr
Flash_data
Dataout

BHUREED b, K &E 508 LT
554 fEEE X
Address FREUCHE R Flash Hitk, A EEBEHEN
Flash_read Flash ({55, IAS 58 0 B L flash, 5 WA A AN, o b EBEHfE A
Clk I 85 5
Reset ShifEs
Flash_byte Flash #/Ffis, By 1, RIFR
Flash_vpen Flash 5{&%", BN 1
Flash_ce Flash figEf55, BEHNO
Flash_oe Flash 21 g
Flash_we  Flash E1{fif¢
Flash_rp Flash T/ERI, BN 1
Flash_addr % iH 2| flash ik
Flash_data = Flash i [F] %54
Dataout A& W 31 _E R B ERE (Flash B2 N 25)

SERL— X Flash BLHURE A IS AMMIRE (P IE), 4718 BOOT_STARTL.
BOOT START2 . BOOT_START3 . BOOT ADDRREADY . BOOT DATAREAD .

BOOT_START1 BOOT_START2
2|2 ERRS, B YHRFlash b i, BOOT_START3
EflashS Y BEREE )5 )
&R 00FF
BOOT ADDRREADY
BOOT_DATAREAD2 BOOT_DATAREAD - Ty
Eie, et G e e Irfiflashin(= S, (Mgl

B iEE B9ETIE B, hEiRiEe éﬂﬁ‘uﬁi&ﬂ% Bgﬁ?ﬁéa%ﬁ‘ja
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BOOT_DATAREAD2, RFSHL A Z RIS L~ E A

6.7 WHEEEHR —MemoryController

e D\
1
Address1
Address2
Clk : —) Mem Ory — gu:pu::
rese utpu
dataWrite memoryAddr
MemRead memorvOE
er memoryRW.
\\Hﬁ- ) /'I

ENEBOR R (AW kWA S Y), Kb S5 SRR N RPR:

(L CREPS

Address1 Fe4 itk
Address2 Bzt
Clk I EhE S
Reset XA RS
dataWrite 225 AR (BE S 1116 4)
MemWrite WS
MemRead WS
Outputl B R4
Output2 e
memoryAddr %31 RAM _E i hE
memoryEN RAM Jy i ffifig
memoryOE RAM 11 g
memoryRW RAM 5 fiifE

8 MIPS KR, AT RGOS, N R R R 4 o T A, B
F RAM1 7454 H RAM2 17508 . (H 2 SLPhrifEid 2, FRATRINEE T-H AL
BILTCIEfR R EE RIS, RN TR E K Term 5454 . B RAML FHFA7844
4, RAM2 AR, 0T8N AR 2 e 4, 35 72 [FI i 5 48 2 T 218 A%
RAMI 2k, A, AP BIFEF ASBEAAE RAM2, PRDNIXAE S VB K AR 4544
M. FEIN_LE RAML FIE A G M2k, B mT Aeid sEHE A n) £ s H 1) 02 & 2R
PSR2 AL

HETFULEE, BATEREF MBS —FTE RAM2 2, RAMI R4
FTH T8 8.
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p

M2 i 4B 23S SHAR TS R PRI ? i, IRATRR— RN
KHE M (BHERAES . BURs . B O@EE) I NUARE, 2 abEEuE. &$
5 BRI S DL — N RMIRES o B — IR U5 iR (A 1 %gmﬁk’ﬁ‘zlﬂﬁb,
HFEBEL X VYRGS, [FFFH MemRead. MemWrite 255 5 K15l /E B E M 7
BTN R, AR, WERAE, AREFEHTLEERA T —MRE. [
I, 42 Flash B S S IESGIL AR ZBE R R, — BJE3), SG@k17 Flash Nz

™ “
BOOTINIT

-~

- s . BOOT_READFLASH BOOT WRITERA
T B Fiashth— 455 RS \ RAMD

AN J/ AN J/
p t* . U R TR RS
PAUSE Y
EFRH, FEH
BT T 1R [ BOOT READY |
5S> B Eshinghsete,
f s . EfAflashizE )
Ve ™ Ve Y Ve l' ™
RWRAM
b SERIAL READIR
mﬁﬁa{ﬁ;}mmﬂa s = Y
AN A AN J

BREE, Findseml, HENEI CPU EHA . BEAMRER PRSI T A

Flash H B SIINESERE ST, cpu 21 1 1E % PIAF U7 Ak R & TUAVIRES . d2 i@
EITETT USRI EE R PSS, (HSR R, cpu MK G ﬁ\éﬁx%%ﬁiﬁﬁﬁ?ﬁ
IVOfE . FATTEE 25M I B0 30 N A7 15 iR0358 45, T cpu M40 R A H 0 4y 2 —,
6.25M. iR, 6.25M EAREMS IR TCIR, B 50M 8RN B A7 15 344, cpu
FEASEEE] 12.5M B, HEARER T

6.8 E B I ——MemoryController serial

RSV E S MemoryController —£(, 7E SERIAL H3EfT 8 DI 5 WS -
7E RWRAM H KX V% N 7752 5 2 15 WieBFOO B2 A H L3S, tnH e s
W ORI B R, B B IS SR AU .

6.9 VGA EEH——VGA_play
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R
CLK G
Reset _ B

~ VGA_Play
Wetrl HS
Waddr VS
wdata
NS

BEER  E5EN

Clk i85 5 -50M
Reset ShifES
R RGB ZitafH
G RGB Zil . E
B RGB ZitafH

HS WRES
'S RIS ES
Wectrl BHESEYS

Waddr T A7 5 Huhk
Wdata BAESHEIE

FIH Xlilinx [¥] IPCore & AR AZARG, 4MEE 1T T —A> VGA_play 41
A2, AT AR 11 ALfshll (FROR FIFO BAFRIHEE) . 8 Arfsidl (FRori%
ME SRR A AL SEREE NI, LA E S N BA7 AL B A .

FH(char_mem): &N AT LR IR ASCI 4545 2] —A 1015 (1 5, XTHEETE
P RA R 16%16 IA7fiE 238, FrLAILFRE 15%16%95 HIAF 1]

BAF (fifo_mem): IRAEFABEIT, A VGA FREANFERFLL 16%16 [ SRR N
AATHEAT, BT RAEEAS VGA BERERE I AT URCE 40 MNERF, Hn T LURCE 30 MERT.
WP BAFATEY R, i 64*32*8 {E N RAFHI (A

TP Y BIRY T — e A 18], B IERE R sk o] LA R & B
e BHCKARBRBRIZH T . BMREET @R T 275 2R L.
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KA :

—-—- store char
ram: char mem port map(clka => clk, addra =» char_addr, douta => pr);

—— display cache
cache: fifo mem port map(
-- a for write
clka => clk,
—— enable, 1 is write signal
wea => wctrl,
addra => waddr,
dina => wdata,
-— b for read
clkb => clk,
addrb => caddr,
doutb => char
)

—— cache gddr 5 + 6 = 11

caddr <= vector_y(Z downto 4) & vector_x(° downto 4);

—-— char zgess adgr, 7 + 4 + 4 = 15

—-— last 2 control the display(x, v)

—— first char control which char

char_addr <= char(¢ downto 0) & vector_y(Z downto () & vector_x(3 downto 0);

ARG T

Hrp Vector_x (0-639) Al Vector_y (0-479) s&414i VGA Hifh\ AL &, @
A x T 6 15 y BIRT 5 A7, B RAFRIALE . SR JE M BAF R SR R A7 B )
FRHE R, RPN TR 16%16 mFFIME R . B EIALRIG 4 07530 A8 245 i 1
16*16 WS FER SR E, AW S M. ESLUdfEd, Y Rk LH R E
PP A R okt

B, BRI SN R

(1) BRI B E NFR SR BN AFA REHME, HE—FAFEAT RN ET
BEEEWRHERIE, S ERR.

R TR AR 78 0 F ] RAML AT RAM2 9 H PN A7 SR ARBE XA 1) f . A RIX
FERR AT LK BRI N AR 5 N AR S B BRI N AR S R E LTk . (HR ARSI
RS, FRANAEIHAZ RN, WAAERAINE NN EERE, ZXEEA
PRAE IR TR EAE NAFIE B Y BL S8 G, T BAIX 4 RAM1 Fl RAM2 AN BE iR HRaX AN 58
ABATHSG —H MemoryContorller SRANEIXAN W], H S22 R IR S LA H
B By AT B S A, A T R TR R O 1 i SR ]

(2) ZEFATEFRMBORA M EHE RIEFRES R, K42 H B vGA 5 LD ST RILH
—%384, VGA B7R5 LED /T 2R85B I—F,
fiE s UGN N VGA BREAFAER 1R, (HR R E IR K VGA Bl s T4E IE
o MEUURREHL S LED ATHIAR . 7fE R EUWEMI G, IKIBRA KIZHE FRER.
2% 7 RS [ )5 A THREE R HE 5 1 BRERE T2 T E 5 AT, sl 7%,
KA NG SRS — AR, HREAMIES, Mk T iXA R, BES
N EIRATH — MR T ok S, & A E AR
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(3) BATIHSH, BUGER sw 15, AHMHESHRER.
ffk: REMEESHRFEZ G R, FA SW 1B — MNEAERIMES AR T W47
I, AR B 5 — AN AR eI b — NSRS AT AR P 5 A7 2 S LR
By ALU BIPIANERESL TR XA 5 NI A7 3 AR IS BN A5 I B 1%
A BAT S BRI AR B . AR ST A AAF AR ME AR SO AR, 7R TR R
Brib R S5, I T —ANB 55 B T AL B AR R T A i

(4) FEBHSE PCiEBMEE, H—RAFREAFERENR, BFEREHRNERL.
f: X NAFERS B BUR A LU KU BCA T8, (EE LR FEZAT kernel
BRANIEFHEN . 2l RRENI ISR EEA K, Bdos pc AN E
F 55— R ARG AR ARCAS B T ) XA TR B 1 AT TR A 25 1 14
EEME, R NGIERIE B, — AN IR ] R] AT Z94R 2 (R 1)

(5) BEHIBLSRE, HERLEEHESTFHF.
figtk: FIH VeA faith 7L A I EME S, RARIAE MEM_WB i B & 47 4 If)
T—FrBfEdE S, SRS RE T EE 0, ARSI . B AR A
TIXBEARRY 5 R, MEM_WB f&H MG 5 AN reg_write_mem_wb, T F—MHr
BUERZINZ regwrite_mem_wb. 2 A4 RILI JE I 2 75 5 52 AQHD J5 1A i g bt 72
O TR R AR B B E b A, A AT A R SRR

N LB E
8.1 A8

OB R, Hia KBE S RER B AR, BRI R I AL S Y T
fEAETE R BEAR B KRR IX AR, " AR IR 4518, ) H IR RS FE ok
LR, AR T B A AR o XS TR R AMEAE A S LS
B2 (Y 18], A i T L 2 75 O B RRER (1 A AT R I B . Bl o5 ALk H IR I,
KRB SR NSRRI AL

FINEAIRZAEH TIRZ IS TR AR, A A 3SRV R A R 1Y) o 1 4nAg
BAPHEHIR. FEFPBRAERI RS, RO B R O S X, X EEAR )
BRI AL BATREAT A0 SR . (B S L ) J—JF e At w] AIE R B4 4K
RS, AT AR AR 12 1 STBORARE RS, A BELAE LA PR 27 20 BE 8 e/ S ) 1] i

AT — LM AR R R, A I BRI 1, AT R A AU R T
A7 IS A R AR 5 TE R B MM e ok 1, FRAE DO T AR R E 1, Xt A2 A
B0 77 AR : D

8.2 BATHIZ L

FAE LA L BA VKRN ARH A H W2 VGA THRIIAA, BUOSBEAF RF IR TE,
TIRBAT I DL R KORIACT /Y LED AT % ATt R AR 2/, i B B A U A 2
B RIER G, XA KRR . BRI — A, ARSI TR
M REHUR VGA [ E7s TAEBERER T, AMIA UK ZARH W 1 — ik,

Fsh, p TEEERRENSEERRER, ROMEEREL. Bt dniE
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#, P EANE, RN, H, SRR SEE R Rk, 1R
B o7 A 2o A B B A TS ZE AN T e AR A AR AR 2 AT
Je T IS B A A DRI, I R ZEUE I IR, P s ot R AR PR 3 i) R
FERRIRIEE TR A, BRI .

wJa, BAVESRIHRA M EENE . BAVEZ ATRRRE S > EEK IS H TR
EIMLE IR, XHRA AR A . FESCR AR b, B 2 il R I i A LS 7T LA
VR EFR BB RE o BT LA, K TAGE I ESRBA TR AT S BRASIE AT TE L (1] !
L R SNV

8.3 Ik 5 A8

BAETR, G RN R FORIE A SUIRIEZ, AR N. B AR MR R bug,
a3 dll A LA S8 B (ORI, R 2 S5 RIHEL B FE R A FIT 21 S AR JRATIE
LIS R T R TC I TR A GARRD B G . EZ R AR i
KR, A AU R JE AR OT R, BN AR AR bug FIERE IR b4, X
SEISGRAT IR SR B4 SESAEAE, AR NS Z AT — Ul A 2 1 58 R ik .

AN, BATR SR PREEER] TARKKSR T FATALR 3 A>T H R R %
o, XA FFERRE BB B T BB SR SBR[ i ik, FATTHEA A A AR M 5l v B2
RS FEABRR A 5 10, Ffalid sl il 1 “ AN REATAHER 72~ &7 E S,
FANEM A QRS WERE RN, 8RB RO R Sl i AN 73 55 |

SERMIESE, IR, IXHUR AT B G LI R 1 2 R AR !

Fus B

FE AR ) R S R T A U, BRI AR R TR A e AR ] 0 A E RS K ...
BTt 8 ae TA R G WA HOK,  ZRAT3ER 1 5 B 5CHF !

PS: M—3KIAETAEA:)
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THEVARRERSLL LRk &
309 41
2012011302 [41A o5&
2012011318 fa[E4R
2012011324 M 2L

H3x

BAE BB BTN B e 2
FLRWRAKL CPU BAR BT BB ... 9
BRAEBETT e 17
pe== 6 O 17
B B e 18
]y 22
BRI BETE oo 25
I SEITTIUBELTT ..o 25
BEIRBTE oo 27
w3y 28
SR ARTD . 29
SRR e 29



— B RN KR

o E R R O ER, AR R T e R R .

HEFTR, DU IR K 4550508 TF/ID. ID/EX. EX/MEM A1 MEM/WB D442
[ 2748, R AN 45009 TF. 1D EX. MEM AT WB, FLiE4NER 57 &
Bevh AR AE S5 SCEAT R

DU RFIE S 2 HARHE SV NARER, B a8 % 1 AR AR AT e

1) ADDIU

R |
L i‘ ENERE
5 0 IEX
] N —
q@ | e | |4
£ 3 AluSrel
L;— AluSrc2
Wem | (] EXMEM
Bl U e
[MemDat |
" L
b b il © i1
l: i . ﬂ MEMAWE
Branch T L=
| g \ oo A= =
- ros e g p!
PC — — —
PC | — — = I = T il i
" read? out2 ol ‘ri**‘é j — PG
EEEES Alufles addr rea 1. AlRes
\ % Instru =l ad [5P) ™
,g:*Q_ 1N e 5 rz@} 1] | seves | s
Y el 1IN
B [omen ) sl ||| \ b a lr o
|uma [~ ze0xt | = Unsign ||| ook
3 - . - - rd ]
y - 0
= M ek I | i
u J
5P X 4
IH
T 4+ - t 4
\— HRBT
| t;

ReFRERSEAR 2 IO, 28— SO RI AR A7 a5, AR¥E PCEBUETE S,
FEAFEAE IF/1D 2l A7 asrh, [N 2 f%3% PC A1 PC+L fU{EH. LastJump FT-5>
SN 70, R i SCHEAT MR U ]« LA 25 1R 2 S BN S AT 58 B Rk AP IR

W B AR T, 0 SCI T, SR e AR UBON B e, F SO
FEAR 2 IR AN 22 X IR 28 T ) TR BEAT 38, R OGHE TR B2 TR

o



1) ADDIU
1D 2%
Instruction HAAE IIHE AR5 B4 5T, 6] o0 i
845, BT K NAFEES , 06 MemRead A1 MemWri te IRE A 0;
G AT B R AR AN L A4 4 , Branch A1 Cmp 435I 4 0 A1 00,
FORTAEH: BUGE R AR IE H ALU P24, B DAFE ] 2 i 1k %
#r ik (5 Bk FE ) RegDataSre MRAE N 000, FIRIEFE AluRes; [FIFE
EH, 555 P27 Rx 1, # RegDest IRAE N 000, IR Rx;
T AT A FH 6 ALU S8 57 3000, BOBE ALuOP 9 000, KR INiE:
I AluSrcl A1 AluSrc2 MIJEHE 2 EX 25 ALU B PN 22 1% 1k 0% i
EERE S
ME S, SZEI% Immediate £23d Sign Ext 1 Zero Ext P MEAE
HIGE, AR ST RMEY RIGMEUE, /54X Sign Imn
A Unsign Tmm AN [H] B A7 e o IXHL, Unsign Tmm 249 1{E 2T
AR
Z T AT, BATERT readl Al read2 43 HiIMAR , 8 F) TD/EX
IR A7 HE R [rx] s [ryl. [SPIAILTH] 43 5 MR A AH B 2517 2 1)
AT HUA
EX %
MR AluSrel A1 AluSre2 E5R, ALU HIZE — A2 BRIE FE A8 1L 4%
Sign Imm fEN%H, 25 A2 BIEFE SRS Rx A% . 1fi ALU A
& ALuOP IEBEIVERT AN 2 B PRSI AT IS 5, 255N
AluRes, [RINARY Zero M Sign HiAME S, 2 BIFRGERZET N O
AT S0, Hr, HA AluRes #5 N\ EX/MEM 2% [ 75 77 25 HE
HARMAMES Zero M Sign M T-73 SCIRIN 50 AI B B B BAS I 876
I, T 72 O RIS ARYE RegDest M rx 1E N5 5 Al
AL HER SRS, IR — 15 BIRMESS EX/MEM H1 ) rd.
MEM £ :
HRAE MemRead 1 MemWrite, HUH A7t 25 F Wi A Fig A 75 ZEXT Y



FIATIEES, T LA addr Al write %I, HitH MemRes 295 N
0.
FOR AT AL BE 10 B ER JR AR Fr 1) MEM/WB 2% [ 25 17 # HE
WB 2
P& RegDataSrc, WB 2 ) £ BRI 2 £ 5 AluRes 1E Nf i, 1%
R ID RAFAFERHEN) write data H, FRIBRBHER. RN, &
5 R FAF G5 B rd WA%3 3] 1D KA A7 HER) write addr Ho,
FRBNEAFaRHE, B2 ZF 748 N rxo
AT A HEN B 5 o M s A R RAF B A A7 48 Re 5, 124641
Fir LFPaR 2 5E ik

2) BEQZ
1D %

Instruction HAAAE IIHE 2 fE 4 B3 H 50, 6] 50 HiZ
825, HTFAYW KNGFEES, M MemRead A1 MemWri te T{E A 05
BT 75 Z AW RIx1 2B 0, # RIx]=0, MATRETEH PCHEAN
PC+Sign_extend (immediate), FTEA Branch TAE N 10, FRIsH| 0 4
fE; BT A2 Compare 5454, FrLA Cmp WRAE N 00, FRTLAEH:
i R E T H PCAR, WA TR EAL A 77 4845 NFT RO, BT A3 il
2 B BB IR [M115 L 1) RegDataSrc ME N 1111, AR THIE T
[FIREIEEE, i AT145 RegDest WRME N 111, R X BLf H bR 27 7728
T HTAE I ALU S8 557746 i, BOBAE ATuOP 2y 000, R Inik;
I AluSrcl Al AluSrc2 W48 5E EX 20 ALU B AN 22 B e 15 28 i 1
WREE S

A, SZEI%C Immediate £23d Sign Ext A1 Zero Ext P4 H.
JolE, ARREIRE S R EY RS BUE, 4 AFN Sign Tnm Al
Unsign Imm AN A 27748 . 1XH, Sign Tmm 24 (MR FRATTAE
DI

2 T4 HE, readl Ml read2 MIME SEMG LR R E, FINIXIE



AT B G AR B AT H AR T 725 o
EX %%

HR4E AluSrcl F AluSre2 Z5R, ALU I EE — A2 BRIE #3481k 4%
PC 1B NI, 28 AN 2 HE P58 0 /E %t o 1 ALU AR #E AluOP
HEREIZER A 2 B IR RS M R T IE 5, 255N AluRes, [H]
I A% Zero F1 Sign PIME S, 70 RN S R 5 8 0 LLR AT 54,
ZAR S AT R 0 Zero MEME, Sign BRI HER S 5K

SRJE fe 7 B T H R, X Branch I Zero fENHIN, 40
RIxJHASEEET 0, W Zero N ML . A& Branch, #5 PC )% BEIEHE
BRE—AMES, ZESHA Jump S1E LY E B PC {H 21 /2 Bhi%
B PC 1L 2 k5% J5 11 PCo T JE, T 77 BT HLERHL Branch, RIxJAI T
YERHIN, X A Branch M R[x] NEBUE S, THEA B 2
BEYEPAT, HRES] Jump H——an SR G B EEB, W Jump 4R (E
AL AR IR A AT, U Jump #EIRE AR AL 2R
J& Jump ¥4 KIXF] PC I 2 Brik SR T, DIE R —DMEMTE R G4
PC TRAE T PC AH .

I, R O7 2 B PR A RS RegDest EFF rx 1B N &G 5 H]
AR T AR, SRR — S BIE S EX/MEM 1) rd. (HiZIES
B, rd ERA RS BAAET — AN A 0 148, BIT/EH.

BT PCEXG B 5 9 ALU, BX PC+1 A1 Sign Tmm /E NN, it
FFACE TSk, s H A R R PCAE . X A4 ok bl
FI| EX/MEM 2 0] 25 47 S HE ) NewPC 2947887, FHAE F— N BRI E
PC 2 B P8 AR Ny Herh — AN Rr A

MEM 25 -

R4 MemRead A1 MemWrite, HHi 17 it &% 1 Wy A48 2 AN 75 20T A
TS, T LAZNG addr M1 write BB\, #iH! MemRes Z15E N
0.

AR B A7 A H RO T 6 PR SR A i 31 MEM/WB 4% 1) 27 A7 4 HE



HRIFETE %R 2 P AE B, #EL 0 1R N .
WB %%

& RegDataSrc, WB 2 )£ BRI 2 £ FF AluRes 1E Nf i, 1%
BEF] 1D A A7 AN write data 1, FRTRLBHLSR. FH, rd
W 484 —FEgLis. BT ZEAATFEXHMEE,
AT #2050, B RTCAE R IR o SXRERIE & AT B A 8
AN 2 X0 B R 458 R B A A A 5

PC {2 B e B 381X I A PC+1 H1 NewPC 58506 N B, AR 23
SCTRG B ST AT 3R 7] F i R e AN o IR ISP R AR HIE 11 B3 45 R W 2 15
Bhi% . #BkEE, I NewPC ik 4, A% PC+1. #R)5 PC HIME
X AN TSR CHER, B R A A o Hodar RS 5
WS E B —BHES) .

3) LW
1D %

Instruction HAFAE IIHE A fE 4 B3 570, #2650 Hi%
B4 e, BHTHERNI, Al MemRead 4% B N AL WG4
ATFHEG AL, FrLd MemWrite Jy 0; [FIFE, BT A& BRELEAE,
FirEA Branch 4 0; tHANE Compare K454, FrLl Cmp IAE N 00, 3R
NIAEH: B T Bxf R[x]+Sign_extend (immediate) X AMbE#EAT
HUfE, LA RegDataSrc BA 001, Fonit ALU HTHEILE S Ve bt
B R I E B SS ROy, FTLA RegDest TR{E Ay 001, o
Ry 10 Brfsi F B ALU 32 50735 90, HU{E A1uOP Jy 000, FEoRin
% T AluSrel AT AluSrc2 MIH5E EX 2 ALU BTN 2 B i 1% 45
TR IEBEIIE S

Ay, SERI%L Immediate 223 Sign Ext Fl Zero Ext P/ Mgff i
Jola, AR RIS RAMEY REEUE, /AN Sign Inm A
Unsign Imm PR B A738 4. 1XH, Sign Imm 4+ BMEZIRATAE

.



T AEaHE, AR readl Al read2 i HLAEHUH Rx [I1H,
{BXS Ry A ATHERATIFA RO
EX 2
R4 AluSrcl A AluSre2 HISE R, ALU HI2E —A> 2 B £ dn ik 5
Sign Tmm VENHH, 28 A2 ERIEFEARILEHE Rx fE%m it . T ALU AR
3 ATuOP e FEAMVERT A 22 BRIk £ 25 M tH BEATI8 5, 45 BN
AluRes. AFEAFIATAK Zero M Sign HAME S .
A, BT )2 PR AR AR IS RegDest #64% ry 1E N5 H Al
AR IEI ZEAE A, TR X — 5 BIRE S EX/MEM H ) rd.
MEM %5 -
MR MemRead ()7 AL AT ATuRes, U7 fits 4 B HH X 7 Y 773tk
HEROME, JF% 2] MemRes o
WB 2 :
HRYE RegDataSrc, £ Bk iFaREdE MenRes {E NHith, f&# %] ID
R TFAFaRHE, B rd, $REFFRHEN Ry E B NEFF4
X—JWHEEE S ANE Ry Ja5, 23689 A AR O 58 .

4) Sw
1D %%:

Instruction HAFAE IR 2 fE 0 236 570, #2650 HiZ
45, MTHEEEGAL, FrLl Menlrite 4% B i, mikiE4
ATFELALE, Frll MemRead Ny 05 [FIFE, T AEEBEAERAE, B
DL Branch 5y 0; A Compare 25454, Frlh Cmp E A 00, Fox
TeAE s RUA 7 B R [y 1iX A bk 48 FITLA RegDataSre B4 101;
T SR B ER S, RIy], JTLA RegDest IRAE A 001, 7w Ry; 1M
P R ALU 3z 55073 0 mik, #O{E ATuOP 24 000, Fosiniz: 1
AluSrcl Ml AluSrc2 M2 5% EX i ALU BT A2 5k 2 28 AT B ik
BHES.

[FEt, SZEPEL Immediate 223 Sign Ext 1 Zero Ext PN EAE



JolE, AR B S R RS EUE, AN Sign Tnm Al
Unsign Imm PINRIAIZA798 . IX B, Sign Imm 24+ (B2 FRA14E
B
Z T e, AR readl A read2 {175 Rx 1 Ry #ef .
BX %%
A AluSrcl F1 AluSrc2 FIZ5 R, ALU FT S — A2 BRG HE48 k4%
Sign Imm fENMH, 25 A2 BRIEFEARESE Rx A% 10 ALU i
¥ ALuOP JEFEINERT AN 2 B PRSI AT IS 5, 255N
AluRes. AHRLHFATAIK L Zero 1 Sign HAME T
ZAR L vd TAEH, ARAICHALRT A
MEM 25 -
I AluRes 1E4 addr M NEHEAF s, 2 BRIGHE AR
MemDataSrc 1% Ry fE N H NEHE, MHE A7 a5 R I MemWrite HY
LA ] Rx+Sign Imm iXMhES N Ry HIH % .

ENACZIERe i
WB 2
ZS RGNS R (R
5) SLTU
1D %

Instruction HAAE IIHE 2 AR5 B4 5T, 0] o0 i
845, HTATREELSNAE, FrLl MenWrite F1 MemRead #% & J91IK
Hifr: [FRE, BT AR EEEERAE, BTLL Branch 4 0; FFZXS Rx—Ry
FIWr KA, bl Compare 28464, Cmp WUE Y 01, FoRHAIE: &
JEMRAEZS T AE 0 BT 1, FrLA RegDataSrc B4 1115 B H ke i 2
MRS T, FTLA RegDest W&AE N 100, IR T i FT# A ALU B85
UL, WUORME ALuOP 9 001, F/RiiZ; 1M AluSrcl A1 AluSrc2
NI TE EX G ALU AN 2 O 38 BT RO B 1E 5 o

KT EFAE AN readl Al read2 AH, fHHAIH Rx A1 Ry ] ID/EX



R Ia) FF AT AR
EX 2%
R4 AluSrcl 1 AluSre2 HIZER, ALU B 28—/ 2 MRk Feds i
Ry 1E 9, 55 A 2 B B £ Rx VR 9%t o 177 ALU AR %% ATuOP
HEFRIRIE NS P 2 B FR A I AT IS 5, A5 00N AluRes, [A)
I A2 Zero F1 Sign {55 . AT HLERARHE Sign AT Cmp EFEFIE
B 1SR 0, JRIIERE B AL E] N —2 Y RegDataSrc.
Rd il 2 B IR PR ARE R T IR 3 N — 2.
MEM 2 :
AT E WAFAT IS, WO APk S e AT /B .
ARG A TFEN b R E AR BRI B R — BT,
WB 2
4% RegDataSre, ZBRIEFFIEFEALH 0 1872 1 1E M, 1&
) ID PP B R R . AR vd F5 e A7 A8 T AR 3 75
FEA L.
LTSN BRSANRFER TG, 2R HIT

Elb‘o

ot

6) NOP

SR A T B B M R SR A, AR ER M R, RIERTE )
AR H P B AL AR AL, R e XFENTCIER « X ALU & IE% T/E, {5
ZREF) 0+0=0, HJg R 0 SHAE TN 0, IXFEXN A RS IEF TAETC

AN

—. HZUKER CPU BAA BB

RAVELUROK 7 R AN R E 16 G A4 ML EL 8% IKIR MIPS 2
YLLK S, FEFF I AR HE SRS AR & (IF BB « R4S (1D By
B+ ALUGEX BREO « 525 A7 OEM B BY) BLRS [ 254725 (VB BB - itk
RSO 3 ELO 5 00 0 P S8 M8 S T4, BT BAFR T process W4



— AN E S LUA RS IF HLIRD TARMRCR RIS RE Fr 1 B AR S5 BN BT

7INe

TR ) AR A SAAR ], Bt LA CPU ) J& Sk R TE 5 A B 75 I [ e PR 352 5 Y
7 MEM By Bk sE , MEM Bir BEAT REREAT — IRBARAE M S #0E, X AR 201 5
AN BT, DRI FRAT T — G B AR A S 5 AN B . st R 24 3RAT
(¥ CPU 42 X\ 50MHZ FRII Bhif, CPU W] BAZRAS 10MHZ f¥) 3531

[F] MIPS £ 8 F R /K S5 A AR AL, AL TR 8 75 BLRUK 25 77 2% 17 H0 2 A B
. BATEE T IF/ID. ID/EX. EX/MEM. MEM/WB FLANF/KLL %547 2% F T IR A7 45
SHMEMIERIE T BRFERW T ER:



IF_ID_PC
IF_ID_PC_1

ID_EX_PC_1
ID_EX _PC
ID_EX_rx

EX_MEM_NEWPC
EX_MEM_PC
EX_MEM_alures

MEM_WB_memres
MEM_WB_PC
MEM_WB_alures

: std_logic_vector(15
: std_logic_vector(15
IF_ID instruction :

std_logic_vector(15

: std_logic_vector(15
: std_logic_vector(15
: std_logic_vector(15

: std_logic_vector(15
: std_logic_vector(15
: std_logic_vector(15

: std_logic_vector(15
: std_logic_vector(15
: std_logic_vector(15

B JKr BAE B SRR — NI BB 25 Z BT K 2 18] K
A PR IR TR EdE 555, A H QRSN EMRE 25
— K B K B A TSN KB B/ I B AN o XA AT A
TRUEEAN T & R 5 DL N S5-Ik G 2 TR A% 38 1) 4 2 AN A 58 4 IR R T

25 L& B LYK SR AN R]3E o i) K B P AP B 1S, AR pR rh R 7
BN B e AN B R Aer P B Tk A3 o IR BRI R B K. v 1R A
PSSR, A8 B ARAR . BR 1 LRARBIAER ), AR ALU AR, 7 1]
TORAER . Ui, 2 SEII B R ST AL 5 RS XS 2 IR
RO PR ]

FAMEBA TLGERK CPU IRE SEIL A, LK By BONTD A R R I i
BRETG, ot BRI, ALU B, FRH R TR S ST R A
T,

Gy B AR UL
1. BEESHB& (IF):



2P B TARRRE LT B R -

=

d

U
X
IF/ID
—-
PC+1 |—
1—»
- PC [
N
¥
4 Instru —
17
e
S

TESE—N I B PCAF 2 N — A48 2 1k, i E— 48 S A2 Bk IE 4,
M4 PC =PC+ 1, BIBFPPRAT N —21ES. WIR E—KiRS RIS, 1F
TR AR Uk (1 BRI 5 A5 BT AT 48 4 BOR BT Bk 22 5 e 4.
AL AR 3

ID_EX branch = "00"
IF_PC IF_ID PC_1;
extend_addr(15 0) IF_ID_PC_1;

last_jump = '0'
pre_pc IF_ID PC_1;
pre_pc ID_NEWPC;

IF_PC pre_pc; extend_addr(15

By T R = B TR R A AR IR IR A
BRI PCL N R AL DL K238 SE BB TF/ID K& a 77 4%
B IRIZIR S MAZIEH AT (hold f5508 00, PR AR BHIE B BERRE ANR
IKEGZFAF AT, 5 PR NOP 5N TF/ 1D it /K e 25 A7 as i, JRHE T — 2532 Hysthdik
BNIER R W] B U




hold '9’

IF_ID_PC IF_PC;

IF_ID PC_1 == IF_PC_1;
IF_ID_instruction IF _instruction;

IF_ID_instruction '"0000000000000000" ;
IF_ID_PC IF_PC;
EX_MEM_jump last_jump
EX_MEM_jump = '1'
IF_ID_PC_1 EX_MEM_NEWPC;

IF_ID_PC_1 IF_PC;

CA B R i L2 38 8 R G I B0 T AT 73 S BTG IV B 20 ReAE T ST

2. RAFMHER (ID):

B BON B HE SRR IS 5 R B

FEHIE 5 AR

K O TR AP I ) 16 A248 2 AF 9 BUE 5 AR BT, X 16 A —
BB S T — AR AW 5 5, U] DA R R 2 T & T A 3 H1E 5
PRI EIEHNE S UG, 7E B QR AN R HIE 5 5 N ID/EX fik 2k
AR TORAE, T — KA

KR

XS 30 2&FE A 16 AL FEHIE 4, FAVIF B 16 AL DA LA W] BE
REWIE L, N EFR:

oLyt X ry rz
e S
11
ST

ety

15711 A7 — 52 R HAED;



1078  fLAJREAE rx B fias, AIRE 2 PRlERY,

0

=
75 ALARESE Ty AFAF AR
472 ALATREAR vz B AT
770 frn RS SR
470 ALATREARSCRNEL, ATREEERIER;

472 frnl gL A1,

FEBERY Bedz il ST n] BRIk B P AR A IS SIE A A B 16 A48 & A — A&
ot S0, BRI DL BT A s el & 0, B R — KT R e . ik
REFARLREFE rx, ry B rz FE5R, AW BAISMRIEE LM 1072 A5 3]
=AM TIMESH. FHE, TRAKELSREHRELINE, #WRYE 16 £
TR BLAEE S . FEERNRE, ARENFEHBLLAEFE 22X
16 L it 48 2 WA FRR 2 HEATY AR, FUL R EREE S AR IEEE 770
B 470 RrEE 472 A i) IR AT AT 2 LRI

TE 1D YK 3 =N B RS T AAS B BT (v 4 880, 92 58 A I o 34
KX LR B N ID/EX Wtk e A7 s TR R I T — ik A A

3. ATHIEE (EX):

R B84 AT Y B o TEAHY BUI S8 — NP Ei A, i J0RK S TE 6 K T
(4R, AR BT A AR AR .

FEFE T R =N d E 0 BL, AR RRUK ARG a0 NS S B AR T — 2=
H BB ANE .

EX_regdatasrc : std_logic_vector(3
EX_regdest : std_logic_vector(2
EX_branch : std_logic_vector(1
EX_jr : std_logic;

EX_cmp : std_logic_vector(1

EX_aluop : std_logic_vector(2
EX_alusrcl : std_logic_vector(2
EX_alusrc2 : std_logic_vector(1
EX_regwrite : std_logic:= '0';

1. AR¥E=AL{E 5 EX_redest 335 [0 /728042 %% 5, BIAM ROR7, SP, IHFI
T Fik 5 [0 247 4% -



. ¥R =011E5 EX alusrcl 53] ALU 58— N NE, EIM rx, ry, SP, PC

LR MEY ALU (K55 — DM ARGE A5 5 EX_alusre2 193] ALU 155
TAEINE, BRI vy, FFSYRESLANE, TSI E R £ MED ALU
IR AN HRYE = A2(5 5 EX_aluop /EJN ALU (RIS 5, BIZH] ALU

BEATWR—FhERAE . JRE ALU BO%a A DY ALU_result £RAF K. S8 AT LAAS 2

% result W NFMES EX_zero MG ATENIE T EX _sign.

o OUFEDET R Sl A 1R B I B S4B S HUR K PCHIHRT ST R AL AN

YENT — 26182 1tk . R JR 8RR rx IEIEN T — 26382 108
ko PIEARYE— 25 5 EX_jr A9 HE 5 77 A B s A Bt .

. MR¥E A4S S EX branch Al rx B T (A AR KI5 5 EX_ jump 3281 25— 4%

MK F =% RERIZ K EBE . BFEAH R 84 B4 BkEE, M
EX_branch=“11"., BNEZ $§4 RETE rx AN AZEN 4T BE, SFM EX branch=
“01”. BEQZ #8541 BTEQZ 5473 MITE rx N T AR FATERE:, XN

EX_branch= “10”,

. MRAE VYRS 4 EX cmp Fl—4if5 5 EX zero PA K EX sign #E—30 56 36 DU AL 5

{55 EX_regdatasrc. @1 FEIFi EX_regdatasre fI1E I M MEM/WB Ji /K £&
AR TEFBUE S I 3] rd ORI EFAER T . £ =FR0KZAT, & rd fR
R T A2, EX regdatasrc RAeEHlE 0 B 1 50 T 3473, HARM
BX 7. AT A RO T BN ORI E T IS EME . CMP $54F1 CMPI
TR BRAGONFNES 0 5H, B 1 5B, KR EX cmp= “117,
SLTU 4584 2R 45 By IR+ 0 1A, SNk 1 56, XA EX cmp=“01".
i@ A FERAE AT DL SRAC R S 7] Oor 1 B EX _regdatasrc #2112 5 X 20 Ik .



MEM/WB

RegData
™| NewSrc #
N
MemRes =
PC >
—»| AluRes >
™ [rx >
—» ] » M
—»| [H] » U
Unsign X
™ Imm >
—» rd ]
0 —»
1T — »
A

4. AFEREHB (MEMD:

UKL DU MEM 2, EZA ST AAF IS R DT B BN
FANER I, 2902 CPU RCRAAT, X DR 5 5 DB, HESA R th
i 2 5 AN A R IR 58

G S AT R IR AR E, A RAM2 HHEHIHE 4 (CELART7 VL LSS TH RAM
B, AEIX B HE S 1 R T A 3RAE IS rTRE 6 RAM2 BEAT R4,
ETRAE — 762, MNHEAIUHE BIHCHR 78 B R 22 3 /NI ) 300 o ohy T IR A2 BB DU R 52
JITEL CPU WIIZAT IR A =25 152 NS TR 2 H0R 3%, (i THRESATIIE LB Z,
L3R 545K AT LA RS AN T

FE5E BRI TRIINS, MEM 20 a6 e s 3EAT Bt it S aleh 7 1], A 4%
{55 memread B¢ memwrite N 1 INIX—#B >4 2T . FARPAT AL B AE AR
THhE, MRS ER, Hudik OxBFOO Va8 FIthhl, 5 )itk HE 47325
NI YA PP T [ AT RS s Mk OxBRO1 S H U Bk, 5 1) 2% h
HEE IR )& B, A FUE B PIALREAT R, A 3R o VR A
(data ready), fRAIFRRAVFEHAE (tbre and tsre); HAbhhbAT EH 1L



FEAE, B oE S X Gt RAML B2 RAM2. EBRAERR 2L 3 N, SikME
2 AN, BT DI IR AT B S AR R e R R, PRz B
S/ 5 AN 4

5. BEIE (WB)

K ER ) d5 5 — % 32 B4R SRR TR ) 45 RS [m] 25 47 2 HE , MEM/WB B[R] 35 47 2%
RAF T Z RIS BN AE . B SRS IR, ST DI S e iR E 545 5
WB_regdatasrc Y€ S A AR HIBERNZ, 35O PRTRRE, HToRE
WB regwrite Jy 1, WIPEHATR S HI% /235, MWRAEEEHIES WB_rd 2T H %547
SR NIA 13 2 B S Rl A A7 a8 B SZIE S A S B SHIE, AX)
AT R HEREA T AT AR A

FES RIS AT A — R B RN, R R HEV R A, i
KL 5 R FIREDS I B 25 A7 AR HE 0 U7 1], R MG I IR 76 () — J& 19 o 2 A7 28 4 2
[ PRI, XN = 2 BA T U RN . T AR E S I E R O, A0
CRAUE S B 5 [0 27 A2 B, T AN 25 AP HE S B, DAORAIE A 25 A7 23 S
FEMH N . FEMIRSEES Y, N FF AR AR HE B DOR A AE — 1> CPU JE 5 2
AN B R B, TS E T AT A R R CPU A SR 3 AN B R 1, R &8 B I

Beit

=. BT
1. BHE ALU

ALU f& CPU F B B M5y, K2 MR A HIHAT S2br ER IR EERT ALU.
FHA AR — e eig s, L ALU B 2 SN, R IS B8 B 41 5 i
FATRERIZ S, RGBS I — AN KIS HZ 5, BERERD . FEA RS,
HFEAM 8 s

BH BRAERD 3 iz E T8 4

hniZ 000 ADDIU. BEQZ. LW. SW %%
VERPS 001 SUBU. CMPI. SLTU %
5 111 AND




14 010 OR

E[E 101 NOT
Yasy 2% 011 SLL
A=V a4 110 SRA
R 100 SRL

5w /NSEB BT ALU AN, A UERSS A ) ALU FEANZ I e i
B R, R BRI AR AR, ALU [ R A
DR XTSI IR AR E R, R ALU BETE B ) B T R A
THTHIAERE CRuanist b IR [F) 2546 o

TEERMZ, BRAREEE ik AR SR T, H
£ ALU e fiTaf R — R OV ENIa RIS I, R2RJaxai RIxK

W7 A [ R B A

2. ZEHfES

PEE 5 BB R oA R, RAE T RUKERS BRI E . AR

AT 12 MEdlE S,

1. regdatasrc

Bl ) B AR -

VS M S AF a8 N2, 76 WB R, BN 455, 354 10
T AR o
(EREECL] (R e
0000 BUALU fyiz 545 R ADDIU. OR %%
0001 HISEARPER SR S LW, LW_SP
0010 I PC T A7 4 1E MFPC
0011 I TH #7288 MFIH
0100 W orx T EE MTIH. MTSP
0101 B ry T A7 4 E MOVE
0110 o7 R LI
0111 B0 87 1 CMP. CMPI
1111 T ERAE B. NOP %




R EERIZSAENGES S N, XNES 0111 R/RE 0 80 1 & H
T AR08 B H 0 IR 1, fEL S ALU iz 2 5 S iTEia
GERSHE ST BN 0111 FxEL 0, 1000 F~EL 1.

2. regdest

G H = fras, £WBHEH, W35S, A7 HRE

&5 A 558 X &%
000 ] rx 5 [A] ADDIU. OR 2%
001 A1) ry & [a] ADDIU3. LI
010 7] vz 5 A ADDU. SUBU
011 1] SP 5 [1] MTSP
100 7] T 5[5 CMP. CPMI %
101 ] TH 5 [a] MTIH
111 TR B. SW&&
3+ memread
L5 S, UWHRETHRELNAE, 75 MEM HAEH
fF5BUE (ERCICD R
1 A AE LI. LI SP
0 ANEH A A7 HoAth
4. memwrite
LAifES, WHREHESNAE, £ MEM HETH
5 5BUE ERE P R
0 NG N SW. SW SP
1 5HNAF oAt

HERETE TR 2 AL R WA AT A 5 484, K memread
1 memwrite ASA] GEIRI A 1.




5. branch

JINER TN B IS, WG B IS4, T

A E R EAZ O PCAH. Xt

TAFEN B AR 42 A E 15 SR ULk 2610, £ EX BrBUEH,
w2 hifET, 4 HUE
EReRII (RS 54
01 FIWTA N 0 B BNEQZ
10 FIWr 9 0 Bhi BEQZ. BTEQZ
11 To oAb B. JR
00 ToHfE, JEB MRS oAt
6. cmp
5 branch {553, FIWR TR LBIIES, HEMAHEETH
SFAF, FEEXRMEH, BN 26ES, 33 vl
55 HH (RS 54
01 F 2 5 AE SLTU
11 FIWr 9 0 CMP, CMPT
00 ToHEAE, e AR 4 oAb

7+ aluop

VLHT ALU (RAERT, £ EXJEH, IZHIAIR 2B RRA, ol 3

'fi'fnﬁ» 358 *EFEX{E

(ERegiE B8 R
000 JIIPPS ADDIU. BEQZ. LW. SW
s
001 I SUBU. CMPI. SLTU %
111 5 AND
010 1% OR
101 e[S NOT
011 f# SLL




110

WA

SRA

100

WA

SRL

EATEAANTFEE ALU 25, 41 MOVE 154,
000, REFHEAHBCHAST AW, Riib T —4ME5.

. alusrcl

ERE 125 3R RS BN

YU ALU (28— DN ERAFH, A2 EX G, WO 3 A5, 3L 5 MllE

&5 BUE 558X &%
000 B rx {8 ADDIU. CMPT %
001 Y ry {8 SLL. NOT %
010 B SP 18 LW_SP. SW_SP
011 HY PC 18 BEQZ. BTEQZ %5
111 TR, B0 MFPC. NOP 4%
. alusrc?

YUY ALU 38 AN ERAEH, 78 EX G, WO 2 fif5 9, 3t 4 MEUE

ERcgidE (AP RS
00 W59 R r AL RIE ADDIU. BEQZ %%
01 B ry 18 CMP. SUBU %
10 WA 59 e/ SRL. SLL %
#
11 TR, B0 MFPC. NOP %%

10, memdatasrc

S WAAELE, ZESRASAFRIREE, 808 1855, 16 MEM
PAEH, FHIZIELAEALE, WENEN 0, WA E AL, BN

memwrite 155 HIME N 0.

155 BUH EREI &4
0 Y ry WIMEA S sk SW &%




1 HY rx W{E A S sl SW SP

11, regwrite

BT f 2R R S [l A7 s o, 72 WB A, B L ALfE S

{55 BUE EREED ERS
0 Y ry WIME A S sk BEQZ. SW %
1 B rx BME NS HiuhE ADDTU. CMP 4%

12, jr
KM RSN jr 184, £ ID. EXHER, &N 1HMNES

&5 BUE (ERE P 84
1 & jr 8% JR
0 A jr 154 HoA,

3. ¥EHEIs

PR L TT I 22 AT A AR 2 AR B RE 5o AL 82 T AL,
MRZHARS, TR 5 ALl LASE fie 2R, i B a] 7™ A4 AT i 55,
A DRSS RTIAAR R (B0 and cmp 55, O 55 ZEAEE 5 T — 225 B AT
Fllr, — BAW TR IR-A, T BL R R AR MRS, S REHIE T 1

SCULHT TS = BB

Reg | Mem C| Al | Alu | Alu J
&
RegDa | Des | Rea | MemW | Bra | m | uO | Src | Src | MemDa | regw | r
M taSrc t d rite |{nch|p | P 1 2 taSrc | rite
ADD 0| 00 0
IU | 0000 | 000 | O 0 00 |O] O | 00 | 0O 0 1
ADD 0| 00 0
103 | 0000 | 001 0 0 00 |O] O | 00 | 0O 0 1
ADD | 0000 | 011 0 0 00 | 0] 00| 10 | 00 0 1 |0




SP 0] 0
ADD 0] 00
U 0000 | 010 00 O] O 00 01
0] 11
AND 000
0000 00 | 0] 1 00 01
0] 00
B
1111 | 111 11 10| 0 11 00
BEQ 0] 00
Z 1111 | 111 10 {0 O 11 00
BNE 0] 00
Z 1111 | 111 01 0] O 11 00
BTE 0] 00
QZ | 1111 | 111 10 {0 O 11 00
1100
CMP
0111 | 100 00 | 1] 1 00 01
0] 00
JR
1111 | 111 11 {0 0 00 11
0] 00
LI
0110 | 000 00 O] O 00 11
0] 00
LW
0001 | 001 00 O] O 00 00
LW_ 00
SP | 0001 | 000 00 0 10 00
MFI 0] 00
H 0011 | 000 00 |0 O 00 11
MFP 0] 00
C 0010 | 000 00 |0 O 00 11
MTI 0] 00
H 0100 | 101 00 |0 O 00 11




MTS 0] 00 0
P 0100 | 011 0 0 00 |0 O 00 11 0 1
0] 00 0
NOP
1111 | 111 0 0 00 |0 O 00 11 0 0
0] 01 0
OR
0000 | 000 0 0 00 |0 O 00 01 0 1
0] 01 0
SLL
0000 | 000 0 0 00 | 0] 1 01 10 0 1
10 0
SRA
0000 | 000 0 0 00 O] O 01 10 0 1
SUB 0] 00 0
U 0000 | 010 0 0 00 | 0] 1 00 01 0 1
0] 00 0
SW
1111 | 111 0 1 00 O] O 00 00 0 0
SW_ 0] 00 0
SP | 1111 | 111 0 1 00 O] O 10 00 1 0
CMP 1] 00 0
I 0111 | 100 0 0 00 1] 1 00 00 0 1
MOV 0] 00 0
E 0101 | 000 0 0 00 O] O 00 11 0 1
0] 10 0
NOT
0000 | 000 0 0 00 | 0] 1 01 11 0 1
0] 11 0
SRL
0000 | 000 0 0 00 O] O 01 10 0 1
SLT 0] 00 0
U 0111 | 100 0 0 00 | 1] 1 00 01 0 1

5 ALU —#, P oot R0 s BR AL B, i th B N B4R 2 AT AR
e, SR,




4. ERAIETT
R BT R AR R AR PR IR o SR R T — 2% 15 BE B A7 85 1T e
— IR VIR B8 S Rl A AR IE M SN . Ehhniii:
LW R1 0x0004
ADDIU R1 R1 0x0002
5 TRAR A T AR EX B — NI A A RL BB, (HARE KRR
£ MEM B B3 I B R YIS B2 5 (8] R1 AR A A7 A P IR . AL
TR TR I AN REIE I H R T AR B IR W R1 ISR, PTUARR BAES —
SRARL NG “ARAR 2 LIl N — 2% NOP 454, B4R RAEEE “ R 4R 55— &
PR AR N 8] EEr RN BLIRAS IE B A R1AE . B BA Il 5 e R TF B Beie A
)5 — 2545420 1D By BOAE U B 5 memread GRS IR AR) KA
MRS KA T S5, AR T S5HrhaR, B KAl oo nl BAE TF BB
SEVUAN B A e — M HE 5 hold, JRHILE RN 1, RFEAET HEIPR.
IF By BOE 28 TN Bl I % hold MM, #7 hold %, AR IEH AT —2
HitKAE . 45 hold J 1, WPRE TF/1D K Zk & A7 e BF, JfH PC+1 (RD
T8 ENEAET PO, (T I8 KIHR R ZRAIBIT RS

5y 23S # T
X B0 R DR A 1] o 5 LA R o i 2 sk BB AT FI0H) . AT 2552 & B 2R

fRAEE TR, PR KA . BT ERENAEE, SRR —%
BB PAT, RFEMRESHBIESE =4ES L. AE4E 48B4 (BhiEE
) BEAT R EX B BCER TuAN I Bl R I A RER € S bR, (HILIN 28 =% 4R 4 2
ZRAE S NG R ICHR 1, XS HER =268 02 MR N84 . ARt
A8 BB 1R 2 M SRAT A2~ BB =2K IR 2 ZIaldl A — 25 NOP 45 %, Hllo
il 58 = 25 15 ST — G/ I AV Kb 58 o (BIXRR iR/ S5 R — AN, e 4%
Fr P R I GERBCR FFA M, RIESRATT 5N 70 S ) A 2R 7 3K

UMK Z 2R Bk AT 22 00, DR R BRATTAR i _E KBk ) 25 ORI
FIX— Yo W AT bR . ARSI R W an AU B

Bl B2 FHHR N, HIE AT AEE 258 SR A 2B 2



WRAGEHIE, BEHIUT — %184 . WAERTERYE b — ke 45 Rt AT
WA, R B IR T, AT R AR TS iy, 1 B T
— %4,

B Bk TR AR EX BB RIN AR 2] 1 S NIZBFENE S, 5 EX
BRI A R BEAT XL o DR — B0 MU X B % T I, K R Rt
A7 T R, 35 2% 60 I EH L IZIR 2. Bf5 58 hold= ‘17;

K= 7R =56 404 IF B T e J ), RIFRK L A8 5 A
BRI hold £ (BEEETUAEE R )« WERTICAIEE IR, IR 352,
ff N2 NOP 154 JRRIN I T — 26482 M BN IEs f bk, it h—5%
LR

ID_EX_branch = "00"
IF_PC IF_ID_PC_1;
extend_addr(15 0) IF_ID_PC_1;
last_jump = '0°'
pre_pc IF ID PC_1;

pre_pc ID_NEWPC;

IF_PC pre_pc; extend_addr(15

EX_MEM_branch 00"
EX_MEM_jump last_jump
hold Lo E




hold '9’
IF_ID_PC IF_PC;
IF_ID PC_1 <= IF_PC_1;
IF_ID instruction IF _instruction;

IF_ID_instruction ''0000000000000000" ;
IF_ID_PC IF_PC;
EX_MEM_jump last_jump
EX_MEM_jump = '1°'
IF_ID PC_1 EX_MEM_NEWPC;

IF_ID_PC_1 IF_PC;

last_jump EX_MEM_jump;

6. HRETT
75 MIPS 2 8 (1) TL R IR/K 2R BT, S5 FR AR e & A R B e L, B LR —
F TR A, L
LI R1 0x0004
ADDIU R1 R1 0x0002
WRIRA T E RL WME, (M 2182 M RLIBERA SR HILH 7]
PAEBL, R1 FE AT LAFE ALU Z53R 2 G SrBEL R4 ALU. ZMLLfd, HIWT 4 T bl
ks
1 EX MEM RegDst == ID EX AluSrcl
2 EX_MEM RegDst == ID_EX AluSrc2
3 MEM WB_RegDst == ID EX AluSrcl
4 MEM_WB_RegDst == ID_EX_ AluSrc2
HE R 4 DNFAEE DO, 50K Alu BIPMRESCE S, X A T35
I 55 R (WRREL K, forwarding) o RN ALU 7ESZHURAERL AluSrcl A0
AluSrc2 [[EJE, 2 Sz HCHT I 2 18 2 15 0] 27 A7 28 g 5 A4 T 48 4 10 U5 2 A7 4%
G, WS IR IWT AT, TP AH G MBS 4 ALU B4, FH DR SRR SN o
(EFRATIIEE T 16 1484 RGBT CPU A B AR, SELeds 4 1l A8 B H— A
FAERIEEES NS — Ao e, pl:



MOVE: R[x] <-— R[y]
MTSP: SP <— R[x]

PRl i o0 R 45 ALU B3 NSRS 5 BAR R VA SEBUE H ThBe . E R
REVE N R B TTE AN ID/EX IRK A7 a5 S 3R A, ANk XAk 2
R1135 B TT R NS 5 R S 5 s AR I AR TR . I RATE & H B 2ot
21 i B TR I 2 A7 5 HE SR AR e i BT

U BT R B R ik 2 10 3% ROTR7. SP. TH, T XLy A7 % s — A sl 9
A H BT C A B (H2 TR K& R L, H BTE BAAS R A a e,
SEID/EX /K LR 271728 P B HE A IE A o 17 1 e 27 A7 B HE 0S8 T R IE i 27
A IO IERRIUE . K EX By BOESE — A I AN ID/EX Ui /K 42 2 A7 4 IUE I 75 22
55 I AN B A I AR o 0 SRS TE B D) DI B 2 A 2 P AR
IERIE . XREAIBHES T cache WIEAE, THEHUASFE A% A 17 BUE RS
W R BRI B AR rh T, IR R 77 AW AR R 6T RAT CPU R ARSI
R B

MEM_WB_tmp : std_logic_vector(15
EX_MEM_tmp : std_logic_vector(15

MEM_WB_tmp2 : std_logic;
EX_MEM_tmp2 : std_logic;

6. B O5NEFEUHE
B OV
B & CPU 55 PC HEATHUE A EL AR o S Fp e LIt bl ¥y OxBFOO, 5k
T U A Z L FEAT B S 4R I R AR X AN AR T HR AT R o SR AT LU T 1)
HAEr
Lo B O IR 1 ERIERI AR, 2B T 3 N . 2B —
AN AT YA ACERE, K rdn BN 1, BB AR, Moo
HAER: 58 AN rdn BN 0, TFOGREAT RO SEIG 28 = AN e
G DRAFMER B3 18048 F 5 N MEM/WB B[R] 2517 2% o
2 HEHO: BEIROEESR O, ZEESE T 3 AR F A



AT YA AR, 45 wen {8 1, [RIBT B EX/MEM BRI 3 f7 2 v s i 26, 36

AN wen BN 0, PR BRI B =N I wen BN L

KRR ik 2.

BRItz AMEA RS B DS DL ERE, Z3RAE itk 0xBFOT, ik [51 P i 45
B, SAFRRATFERMATE, BRAEAIE data ready FIME, ZERWHHF A
PR EAE R O b, RVFBHT I ERIERL BIRAE (thre and tsre), ZEER
BN, AT AT SR . BT SR TS SRS, WA AT B T )

ram E5:

WAF FH TIOR3 48 2 FEIGE , A IR S 3t A8 FH P v SRAM VRS AE, 4 RAML
FIVERE A7, B RAM2 FHAEFE 2 A7 RAM V5 e (/R 77 N0 F

1. 132 RAM: M\ RAM A di e M b e UG . 7522 2 AN eb A 0 58—

BEATHIAEA, HiAIK OF {5 OR¥F WE (RS S, HH EX/MEM B[R] 27 A7 # 1fE

Pl M b2, TR B 2R B B, R A AT IR 28 AN A R s

K Bs 2 b RSB RARAT N R IFHE WE fEReh .

2+ 5 RAM: [A] RAM )45 € b B 8, R 3 NI BN R IR

464k, B O {HREAN WE {68, FH EX/MEM B[R] 25 74 #E £ 0 50 A b 2%

55 AN A BB WE fEREITORKF OF fiRe = T, JHRSEEE: =105

5 B oK WE A Re b

TCABAE TRl RAM U il 2, 055 ZEARIE S B8 EN S B~ DAORIIE 3525 ) 1E
WHHT, FRIEH — ST R, RAML ATE O REHE 2 2 SL 1, i —
H AR ELAHSEM, BRI R R TR B ANE R X RAML #EATERAERT, ZDKE wrn
Mordn ZRE N 1, X OBEATHRAER, 20K RAML SRR & .

0. SEEARA
R4 SRR CPU S 9

FH. SLHER
RPFRATERR T 5 HImK CPU, FHZIN 2MHz, T EYIMRFEF 1 A1 5 )
R 2



LI RS FF
NOP

NOP

HOP

SLL

NOP

NOP

HOP

ADDIU

LI R4

NOP

HOP

NOP

ADDIU

LI R B

LI R1 1

LI R2 2
BNEZ R4 FB
HOP

ADDIU RS 1
HOP

NOP

HOP

BNEZ RS F1
NOP

JR R?

NOP

Punning time : 70.028 =

LI R2 FF

LI R3 55
SLL R3 R3 8
LI RS FF
SLL RS R 8
ADDIU RS 83
LI R4 61

SW R3 R4 1
BMEZ R4 FE
ADDIU R4 1
BMEZ RS FB
ADDIU RS 1
JR R?

NOP

time : 48.814 =

75~ EH AR 5YBOR

1\ XA EFRATISE B BT T CPU, 7ESEES I FE i A 25 505 4 CPU 2 5
H, TR MR B 2 B R AR SRS, FRATTN CPU A5
A T RZ AR, ARG EIR K — BN TR Y, X387 A A 2 2 RATEN R IR Z .



2 AR JE TR AL, A A2 2 BT BUE AN EAE AT ) VHDL 15 5,
A FHAECORAH AN B, T ELRE AR R 55 A AT AN D X, ) A B I 55 1]
Ao AESEI TP ERATHE R 72X 7w, 8 B BRI S A A i 15 2
fE Ik, X MARFATERZNN 17 2UAEF G R P PR X o



7,

2 SRIOIR T

1131 (104 4D

Rt ML SO0

H>x

e SR [ eeeeeeeeeeenrnsarerrnriniansaeeiiianneeenneans 2

. SRR A

4 A St Rl

v MERENEEAT

6 & EAT

PR OB SN L INT FRT) eeeeeees

A B P i 83 %

[ YLnrrrnrnnenaneenaneenieinannn,

g R T P TP 4
FE WL cveeneenernneeesae e



—. ERHEM

(1) IR TSN R Ge R0 R A B A

(2) i3k— 0 PR AR AN B AR IR K Lo 25 A0 T SN 5B A 2H s S Y 8 A Ji
B

(3) FEIRTHEALAMER S ANy et

(4) FEFRAEAF B AR g

—. ERBEE

AWK LS IS VHDL ARSI 1 SCRFHR K IS
AGt. f£H 10M Bk, SEIUIERAE. HARCR: wPLEH 1T %
FeFp: IEWBAT IR RIRS, BEAIR LM, EHIETNEEHS],
SCHL T B R R R R ARG, RN, B AT AR
SEACT INT 5 OB SCPN Py e Thags ARSAs T, S EiE
B, SUHAE] 900 A7 ACR s B 1 b P Ty BE

IR, D9 7O = NS A, B8 7B U B it
HTEACRS, FATBEAEA 1 git T RMBEAT RS 6] TAFE, XX 3ATH A
RN TP

IR UL, AT SRHLE CPU DA & I R & 58 B 1 SR e 1 Al
AER, VEReRRE, JFSEIl 17— .

=, BRI SHRER



HLRY:
AR CPU RSRIGSKHL T 4] 25 FEEARIELE 5 9 kd

A (SLLV. SRAV. CMPI. MOVE. SLTU), 4 %&£TF:

0 00001 NOP

1 00010 B

2 00100 BEGZ
3 00101 BNEZ
4 00110 00 SLL

5 00110 11 SRA

6 01000 ADDTU
7 01001 ADDIU
2 01100 000 BTEGZ
g 01100 011 ADDSP
10 01100 100 NTSP
11 01101 LI

12 01110 CHPI
13 01111 HOVE
14 10010 LW _SP
15 10011 LW

16 11010 SW_SP
17 11011 SW

18 11100 01 ADDU
19 11100 11 SUBU
20 11101 000 000 00 IR

21 11101 010 000 00 NFPC
29 11101 001 00 SLLV
23 11101 011 00 AND
24 11101 011 01 OF

25 11101 010 10 CHP
26 11101 001 11 SRAV
27 11110 00 NFIH
28 11110 01 NTIH
79 11101 000 11 SLTU

BRI



NOP

MEM

PC 1

ﬁ

—
sy

=0

ﬁ
ol
|

i J

4-2
3-0

7-0 @

-0

A vt B AR E P . ARSI T, JATAM U
T IBRK BN BRI AR, RN IES T & BT R A R B
A, X BASLI WA TAEAIR KA B RN, it 2
BRI, BATC B AT R ARG, Flan, EhEibsth 7 AA B
B RN LA BB e R B AR o5 2, LA SR AR DR R T TR
A .

IR 3o
1LEARMR

AA BIBHR IR B GIE S > ADDU $84-, A 28 5% 2%
K. ££ EXE IZ5 0 BrBe, HIWr 2 5 7 22 N E i 55 i 3R 19484
AR A, WK




if id exe_a exe = 717 then

exe_a = 1d exe_a from exe;
elsif id exe a me = "1 then

exe_a = id exe_a from me;
else

exe_a = id exe_a;
end if:
if id exe b exe = '1° then

exe_ b = 1d exe b _from exe;
elsif id exe b me = 717 then

exe b = id exe b _from me;
elsel

exe b = id exe b
end if:

7E EXE HOSE 4 WrB, I bR 38 4 104 A7 A% T8 S
AR R, A v, W BEE S, W FE.

if exe wh =1 and id_op /= 0 then
if exe_rz = 1d_rx then
id exe_a exe <= "17;
id exe_a from exe <= exe_ans;
end 1f;
if exe rz = id rv then
id exe b exe <= "17;
id exe b _from exe <= exe_ans;
end if;
end 1f;

LA BIEHEMR: Flan LW 152 5 BIE—2% ADDU 54, A
F3E N NOP [ 7k gk, WK,

if exe lw="1 and id_op /= 0 then
if exe rz = id rx or exe _rz = = id rv then
pre_pec by _exe <= 17
pre_pc_from exe <= eie_pc;
if id op_nop_exe <= "17;
id exe_op _nop_exe <= " 17
end if;
end if;

2. MR
oy JZ AR A MEM V5775 BITEAS IR B, DAORIEE S 455 44

-\/
=
e



3.3z rh R

B RUEH AR 0 S5k, B RS TEAIA

J BUEEI S A NOP HI77 3R SEH, K.

when 20 => - JE
id exe wh <= "0
pre_pc_by_id {: 17
get_reghinl “07 & 1d 1n5(10 dovmto 2), pre_pe from id);

if id op nop_id <=1’

if id insf10 duwntu 8)_ “110% and int_jr =°1° then
int_jr <=0 ;
int_recover {— 17

end if;

v HEREMIRBATRE M
1. Rebp 2

RDDIW RS B2
LI R4 &A@
HOP

HOF

MOP
ADDIU R4 1
LI R& B

LI Rl 1

LI R2 2
HHEE R4 FH
HOP

ADDIV RS 1
MHOP

iz 4T R A] 15.027 #5

2 BB R EIZR R



(48851 ADDDN K1 K1
(48861 ADDD R2 R1
(48871 SUBDN R3 R2
(48881 CHF E1
[488%1 ADDN RZ R3
[4A@a] BEGE R4
(4881 ADDIV R4 1
[488c 1

[488d ]

[488=1 ADDIU H: 1
[488F 1 = RS F5
(46181

unning time @ 27.56

T} [A] 27.565 5

(N

3 1 1 R

|

(48881 LI R 1
LI RS FF
SLL R5 R5 A
ADDIU RS 83
LI R4 68
CHP R4 Ri
BTEQZ 3
ADDIV R4 1
BHEZ R4 FD
CHF R4 R1
BHEL RS F9
ADDIU RS 1
JR R?
HOP

running time @ 15.82

EAT I [A] 15.027 F5

4 Vi AP v R AR RE TR



>R

(48881 LI R2 FF
LI R3 CA
#LL R3 Rl B
LI RS FP
SZLL R: RS @
ADDIU RS B3
LI Ri 61
W A3 M 2
LY R3 R4 2
£W R3 R4
LY R3 M1 1
BHEZ R4 FBH
ADDIU R 1
HHEEL RS FB
ADDIU RS 1
JR R?
HOP

running time : 28.825 =

iz 47 B[R] 20.025 F5

5. R 518l

>R

[48@8] LI R2 FF

(48811 LI R3 55

[4882]1 SLL R3 R3 A
LI RS FF
SLL B RL @
ADDIU RS B3
LI R4 61
W R3 R4 1
BHEZ R4 FE
ADDIU R4 1
BHEEL RS FH
ADDIU RS 1
JR R?
NOP

running time : 7.528 s

iz 4TI [E] 7.528 b

fﬂl

N TR BITR
X IR Y AR S, BATA WS 1IN Gl P X kAT ilial, 12
R8I R S BRI, 45 R,

1. SLLV



*> A
[488@] LI R1 2
(48811 SLL K2 R1 @
[4882] SLL K3 R1 1
[4B883]1 LI R4 1
[4884]1 ELLY Ri R4
JR RY

I H

running time @ B.828 =

*>» R
HA=-AAB8 R1-8AE2 R2-682808
A3=0084 R4=-0084 RS=R087

8 R1 K1 B
SRh R2 R1L B
ShA H3 RZ 1
LI R4 1
SRAU R3 R4
Ji RY

*» R
RA=-ARAE Ri-B2608 R2-BAE2
H4 =HHaH K5 =B

LI R1 1
CHFI R1 1
BTEQE 3
LI R3 3
LI R4 1
JR RY

CMPI 3 Je 0 T a7 2 IE, KPR —2% BTEQZ——HR#E T %
Fas I BkEETE 4, KA 2 IEHNT T /e T E. TR T
SEIRFE, Kt BTEQZ N —%:78%4 “LI R3 37 {KARSHAT, 2

JEIER Bk, B “LI R4 17 AeiT.



4. MOVE

LI Ri1 1
LI R2 2
MME R1 R2
JR RY

RA-PAEA Ri1-BAE2 R2-BAEZ
Ri=0083 R4=0088 RS =R087

LI RZ B
SLTU R1 R2
BTEQE 2

LI R3 3

LI R4 1
JR RY

running time ! B 827 3

3 R
A -AABR Ri-BAE1 k2 -BAGE
Ri=0083 R4=0088 RS=RAE7

SLTU ¥ Jxt T Z 7 as IIRAE , KL ER—2% BTEQZ SRIGE IE A4,
J712:[E CMPI.

€. IR
1. BB 4 PRI
ST

sk B B BHRS (AMUE AT —EEEE, LAk
MR — B BU4E4HY H bridil .

HSGAE 1D BrBCEag 2 —2% B T4E4, IARYE predict HIE T
AR EEPAT IR 2 B

10



if predict = °1° then
pre_pc by id <= 17 ;
pre_pc_from_ id <= id_pc +sizn_extend®( id ins(7 dowmto 0) )

fE EXE BB, C&n] MR RIHERISE IR, BUI gt el LA 2
Fimstie. UL BEQZ Afl, WK, exe_a="0000000000000000" and
predict="0"3 7~ M iz k% (HX A Bki%; exe_a/="0000000000000000" and
predict="1"%& /N A ZBkEL M BLEF: 7, T EAEGHHATENE. exe _br A

‘U FoRTIINAE R, RIS AR R Mk exe_pc2.

when 2 | 8 =>  — BEQZ
if (exe a= 0000000000000000 and predict = 0" ) or (exe a /= “O0000000000000000% and predict = 173 then
exe_br =1
exe_pcl 1= exe_pc + exe_imm;
end if;

A T B WA 2 FEANEL, an SR IR0 A8 R M BEAT AR 5 2 B
B ERCAE R, WHITX —Bks: . R A Bk ABke: 1, ik
pc IN—13 2 LMY pco LHIERY 724N NOP. [RIIRRE predict HXUx
PRAUE IE#TE .

if exe br = '1° then
pre_pc by exe <= "1
if predict =70 then
pre_pc from exe <= exe pcl:
else
pre_pc_from exe <= exe pc + 1 ;
end 1f;
predlct <= not predlct ;
if id op_nop exe <= ' 1° ;
——id_exe_op_nop_exe <= 17

end if:

2.INT 84+ M
ST

WL P R R, RUE R A AR B A R 5T 1 et
T IRAFIIZI AR, T r K,

11



gignal int r0 : std logic vector( 15 dowmto 0) 1= “0000000000000000%
signal int_rl : std logic wvector( 15 dosmto 0) := “0000000000000000%
gignal int imm 1 std logic wector( 15 downto 0) ;= “0000000000000000%:
signal int_pc : std logic vector( 15 dowmto 0) 1= “0000000000000000%
signal int_jr : std logic 1= 707 ;
gignal 1int recover :std logic 1= "0

int_r0. int_rl. int_imm. int_pc &% X4 HI#Y r0, rl, WS, X4Hi PC,

int_jr Ron & BEEFE, int_recover Ron B/ ME . ik, WA,

when “111117 =5
1f id ap <= 30
pre_pe <= “0000000000000101"

1EIF B BEAE INT 84495 4 30. Ik, W HH,

when 30 =>
id exe wh <= "0
int_jr <= 1"
int_imm <= “000000000000% & id ins(3 dowmto 0
int pc<= id_pc;

761D MY B, AL E] INT $5 40, seATBkEe, 8 int jr N 1, 5%

iy PC. 4RJ5, 7 WB W E, W FHAE,

if me wh _op = 30 then
int_r0 <= r0;
int_rl <= rl;
sp <= “10111111000100007;
rll <= int_imm;
rl <= int_pc:|
end if;

LRI E] INT $58408, %F RO, R1 #HT44y, 4 SP=BF10, ¥+l
51477 PC £\ RO, R1.

IR MR, Hf84i817E “IORR6” KR EIJE PC, Kk, 7
ID Bt AbEE IR FE4 2, Hfadil®] “JRR6” H. int_jr=1 &, W
A,

if id ins(10 downto 8)= 110" and int_jr =1 then
int_jr <=0
int_recover <= 17

end if;

W int_recover=1, int jr=0. #J5, £ WB % 4 BB, il 2

12



int_recover=1 N 56/ 471 RO. RLIKE, WT K.

if int recover = 17 then
ri <= int _r0;
rl <= int rl;
erid 1f;

BITER:

R
(48881 LI HA 1
(48811 LI R1L 2
[4B62]1 IHT @
[48813]1 ADDU RB R1 R2
[4884]1 IHT A
(48851 JR R?
[ 4885 1

> G
int Fads il
int 5 5
runndng Cime @ B.B847 &

*> R
(HE=HEEd]  Hi-HEd:  H2-Bea3

I\ BB R e
LAbER I, MBS, RS MM,
PR TP I A KA (R B
LW_SP ET 0x0000
ADDER 0x0001
ADDER 0x0001
NOF
NTIH E3;
JE E&
LW_5P E3 Ox00FF

NOF
KIS R3 B FRAL T “JR R6” ZJG, IXFE R3 A KX — ] /il
WIS T R

2H0H INT $52 R Wiy, FATRI AR W5 A8 0, NS

13



i “int F5- Rl X477, M2 ASCH S E N H 5 R 5.
Rltt, JATER T Term F2/7 0 C++IRA0RY, 40 R,

switch (ch)
{
case (Ox0f:
return;
case (0x10:
cout<<"F+ER P W <<endl ;
break;
case (0x20:
cout<<"Bfep W <<endl;
break;
case 0x00:
cout<<"int G- Hr"<<endl:
break;
default:
printf("%ec",ch) ;
break;

}

break;
X H A b4 0000 B A4 2% 147 7, Hitht A 000F i 2 B

% return (11, B, MRIEEEREF, WHE,

ARrsin, A hETAbEE
LT R3 0x000F

000F If ik NHITALEE, X5 Term #2547 )& .

AV, B IR LI R3 0X0000, R 0000 A it
AR ALEE, TIAE “int 484 TRW T BT AT TR WS, H Term £
A i printf(“%c”,ch) B AZ BN printf(“%c”,ch+48), % 2 1F [ o iy

T

Jus SERTT
Brib: 4157 IF BB, 1D B Befthd, TFEpPhRImM, ¥R
I

14



BURG: TR K B A ARSI, EXE B BURAD,
MRACRS 9 S

B E: TS, MEM BB, WB B BARCHY

W = A3 R 58 il

T EEOA

I HT A I 3 2 R T R R SRS () 5 MR —— TARE R, MEE
IR, JEBIRZR, “RITHE”, F5%5. HEHCHIEM
XX — PRI, HSIFRAEIRAZ, REABER R T,

— IR EEN, HIEACRFERT CPU I 4 &KX Z |
ERAE N ZE, BLHE IR AR S . R IR T, #HEAREA
eI, FAT R AT PR PR 1) ppt AF4BRFEL . O I i A B A A

e an et =P AR CR O E ISP Oy R a3 I 730 8

R B R — B IR 4n Co AT Co R 2 o BT B i
TS HURRIRTE, RGOSR EERCRRIOT, T HLAE DRI a4, PRl R AT] 48 20
T O A S A . &K bug, HEF| TRERNEI—K, AT
A SLL 54— bug. 1M MR A2 AEAS 2T PR T IR AN B
A, —EERGESEI T B IIaE, (B O T —Y)

SRR, EWRAE L, AT T ENLR A S CPU
W TARJR A 7 MR B3, 0 REN% B8 I Ak b S 4R B0 A1 il ik v

o FEHABTTTH, AR 7 BIBNH EZEM:, =28 1 BN E1ER

PRIR . TR, IR SEEG X AT S D — IR BT, e 3RATTR
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Y R AR e A B R BRI 25 . RO SR R . AR E M ) 2
BEIE, mESEK T IR SES .

T WEFREREWR
LEBGERARSIR IS TE], 0B BUse e, A ZAR T = .
2.1 AT DR HGE 24 (1 77 ZOIAR 2 AE X PR A AZ O N A R PR, 6

G R SLHIT AR I T AL .

B, BLOEER AR BT 2 1 2R & B0 FATTHY 2%

A, LEBRATHEDS B 58 U ORI S8, Rionl 2 X B4 e /N

SCAR TR EXF FATTH IR R AAVE,  EFRA 5 2 B
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Design
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LA, TS PC BLA A AR, SEMREAHELT - Wrm - BURIEEDIRE - Hh, TATL5E
7 Decaf Jni¥ TE#E, F15H Decaf BEE RS MFEF ] LIGRIF/G £ NaiveMIPS HJ uCore P45
N, ERHA PSR ABRET

3.1.1 FH¥s
KARGEEE LTS FBTRIE, 3EF 440N Thinpad 1 DE2i Fifh -

Thinpad
P A T AV RS =54t BORSEW T

A = 5 /28
FPGA 1 Xilinx Spartan-6 XC6SLX100
SRAM 4 4 84k 2M x 32bits
Flash 1 4M x 16bits
CPLD 1 Xilinx XC95144XL

# 3
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L 2
LED 16
PS/2 #0 1
AT K 32
LT K 4
HH TR 2 11.0592M ~ 50M
DA o 42 11 2% 1 DM9000A Fast Ethernet Controller
VGA #0 1 3bits DAC / Channel
USB-OTG # il 2% 1 ISP1362

DE2i
S H Terasic AFIEITHLE, 5 CPU+FPGA 284, BATEMEH T HS FPGA ¥4, HEA
SHEANT

A = S /54
FPGA 1 Altera CyclonelV EP4CGX150DF31C8
SSRAM 4 PR S 1M x 32bits
Flash 1 32M x 16bits
N 1
BHLE 8
LED 18
EZAZPISS 18
HEHTT R 4
AE TR 1 50M

3.1.2 FAMHIE
HTHERAWMEGTG, AR T Altera 1 Xilinx FF &SR TR, B9 5160
T HDL/altera/NaiveMIPS.qsf 1 HDL/xilinx/NaiveMIPS/NaiveMIPS.xise- X T %
FHHEINP) IP Core 2 O #FAT T 3%, MHHEHSMRBEEREN S -

ST Altera P55, Bl DE2i AW, HHPIZRFIARE S Quartus 13.1-

T Xilink 2855, B Thinpad, #8052 ISE 14.7-

T EER 43 & 7 5 £ 5 Verilog HDL, #54 Testbench F T SystemVerilog & 485 -

17



3.2 CPU

3.2.1 Overview

NaiveMIPS K] CPU &t 5 FfiK, LI 69 57F5<, ERBIR LSBT 4197 .

CPU A AUEE I 2R AR AR A RR R, RIUNSRZ IS AR MR B AT F 2SR
&, MHEIXGIH TN FEaarER, SERERREERE - 53058 E AR fli 23R
WIERTERR, TS IRL R, WHEERRNE, FAEMEN BT S BT ASFIA -

CPU SEHL 7 A5W B 40T, ST IEREN T A B £ R B AL R0, T2 R iK%
—HERVHENE . EUTEMBRS—REZATRNE, UATFEARSELRELE, WRERE
g HESHEER R, EHRSESNKE, HXE PC ARFELEAD

Basic #l NaiveMIPS++ P& 7E CPU &It LRI FEEAFE, ETEEVRES - Basic lRAERE
FHHE L FETE S &N /MR ER: T NaiveMIPS++ #¥54 FEdE 545 515 ICache A1 DCache #H
#E, WINRBS—RIMEELE . RS, EARSEIRE REAES] NaiveMIPS++ -

CPU WEE AR Z E L AE HDL/src/cpu/defs.v U, JEICHREIZE XL, WARRRU
B, SFEZ A A RE S

3.2.2 #[M
CPU #HMTHZ7E HDL/src/cpu/naive_mips.v X HEHAR, ZESAEO N CPU MU .
Basic R4
Name Width Direction Description
rst_n 1 In CPU RHEAMES, WA
clk 1 In CPU Emfof
ibus address 1 Out a4 Bk
ibus__byteenable 3.0 Out TR BT HRE
ibus_read 3..0 Out 84 DRI TR
ibus_ write 1 Out B EL G (T, BAREH, ERo)
ibus_wrdata 31..0 Out TROHEEHRE (&, GREM, Eho0)
ibus_rddata 31..0 In 84 B I TR
dbus_ address 31..0 Out LG SEEae NG
dbus_ byteenable 3.0 Out B BT R
dbus_ read 1 Out B BRI RE
dbus_ write 1 Out B RSLE R
dbus_ wrdata 31..0 Out HUE DA EHUE
dbus_ rddata 31..0 In ol S 20 EE
dbus_ stall 1 In iR SRR &Y IFERES
hardware_int_in 4.0 In R A R E S HA
debugger_uart_ clk 1 In PSS EHABEO, RO
debugger_uart_ txd 1 Out A ERAESS T HE O, &k
debugger uart_ rxd 1 In F EAESETHE D, Bl

Basic A CPU RMATE4 S8R S & BT, MTUIMRIARAIREE, £ A6 85 T gk -
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E AR EERE Basic B4k, MHRESHFMHAS . EAASHERES SN
3.9—1

NaiveMIPS—++
Name Width Direction Description
st n 1 In CPU RFEAES, KA
clk 1 In CPU Emfof
bus_address 31..0 Out R |57
bus_ read 1 Out SR RE
bus_ write 1 Out SRS ffgE
bus_ wrdata 31..0 Out BB R
bus_ rddata 31..0 In SR TR
bus_ stall 1 In SRR EIFERES
bus_ack 1 In RS ENEES
hardware int in 4..0 In SRS A T E SHA

HT CPU H15] A cache, ®AMNE&EDEGHN—1 . HELRMZE UMA B, HXESHFH
A%, 3.4.2—T7 7 Slave Device B O iR »

3.2.3 Datapath

HdERE TBD
FoKEHBUIE - 6 T UiE - BB 5 MBI, BB EFE R - £
> CPU BRI, & B AEoE [RIE Ed fl A& Z5 N R — B
FoKESMUE L RIS, TR S T . HEhlaeh el iFiksm—, M
1A 2 K R -

3.2.4 Stage-IF

BB BN 5 RKERE - B, HINGEE Nz P EUH T — &K FAEHUTIE S - MR A
fI T HDL/src/cpu/stage__if/ HxH -

ZMBEHPEE— PC Ffisy, 20 N —&RIELMHLE . PC EEFEFN &I B30 4,
R E—518%, TEBRRIBEEREN, RHuk e N FEtl (npkie B fokbat - FHAEA
H) o

PC FFf7 ekt poh ik 22853 MMU i’?i‘ﬁ%fﬁ%?ﬂ BB . R4 BEER—FEE (0
JEJEELIF)> R B IR R EHATRIE S, IZE WA NFIEI B - 1E Basic IRAH 8L SR EHE
#F&45 CPU SMAF, T NaiveMIPS++ EP T84 E%5 ICache MHIE - R K ICache K, ¥
il E%’Iﬂrf':iﬁu‘ K -

EFR AN Y BN FE R, ATREIE S TLB S8, MBS AXT TLB 5% SLEPA R, T
FRrERSEmEZS, BREBRHFNEEHE —HOHE . MELERTEERARRNTES
HZEEEIE NOP -

PC e EMERIE N 0xbfc00000, BIH P BootROM FTE R UL -
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PC Ffrasi%H

Name Width Direction Description
pc_reg 31..0 Out PC A fFesE 5t
rst_ n 1 In SHEA, WER
clk 1 In e
enable 1 In fFReES, HAMEEE T is_branch 1 PC THE{IIREA 44K
branch address 31..0 In 5> CHRER Y H ik
is_branch 1 In ETIXE PC N30k
exception_new_pc 31..0 In SHAAHEA B Rt
is_exception 1 In TR E PC HRH AL
debug new_ pc 31..0 In e B bk
is _debug 1 In FERBEE PC NIEHAT H At
debug_ reset 1 In FZEAL, i
PC AfEX
debug_ reset is_ debug is__exception enable is__branch PC
H X X X X PC « Initial
L H X X X PC < debug_new_pc
L L H X X PC «+ exception_new_ pc
L L L L X PC {HEAZ
L L L H L PC < PC+4
L L L H H PC <« branch_address

3.2.5 Stage-ID
BRI B TR RN ~ B A AR VT IR] ~ 9 SCHINTSE TR - MR ST HDL /src/cpu/stage_id/H

.

MIPS32 84 I~ J~ R 3 FiRA!, HiFM TIESHIE id_i- id_j- id_r B #HiT. 3
PRS2 FRGLE SRAE id B AT R H -
A e U AR IR DI BE SE AR - IRETE S MRRGLE SR, FRUn IR )37 7 2 Aotk Ba i 21 3 f7 2
e B AE R HEIR B I BEE AT EL « MRRRTLK RS IR 5, FF 7 8 H0E L v] 5383 TR AT
R NG R R EERI, HEE AT reg_ val__mux BERAFSEHEL . B A RICH]
Wi AT « 517~ BRIMBENS M ER S iR B A ey & S, QiR hkAEE H
MRS FAesRlE, MEEHHZNBES ANFESNE . REEHRAEM— LA, &t
Bt A A HEP M -
53 HIBTTE branch B SIH . BEIRAIE L TSR0 R MIRIEFE S MRBRER, 1T

BN, R RSN SRR S

B B 2R N H AP -
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id #EEN

Name Width Direction Description
op 7.0 Out EHEIE RS, BUEWZE L OP_*
op_type 1.0 Out LKA T J-R), BUERZEE XL ‘OPTYPE_*
reg_s 4..0 Out BES R fEes s Fttbhl, BN 0
reg_t 4..0 Out TRy t AL, EENH 0
reg_d 4.0 Out TR ey d Bk, AR 0
immediate 16..0 Out I RGP SRR, AR T 22R1E4MH 0
flag unsigned 1 Out TRLREALMFTH, BIHE u B
inst 31..0 In TELHIN
pc_value 31..0 In 84T, R

reg_ val__mux ¥HFEO

Name Width Direction Description
value_ o 31..0 Out B ERAEAE S
reg_addr 4..0 In BT IR B A A ok
value_ from_ regs 31..0 In K BT HERIE
addr_from ex 4..0 In HITM B E S B3 Fes it A5 o0
value_from_ex 31..0 In PAT BCE S A s i0gdE, N5 0
access_op_ from_ ex 1..0 In PUTBY B i AR E, LR E L ‘ACCESS_OP_*
addr_from mm 4..0 In Vi BB S A el AN 0
value from_mm 31..0 In WM BRES A e EdE, S50 0
access_op_ from  mm 1..0 In MBI FERE, W€ X ‘ACCESS_OP_*
addr from wb 4..0 In SEEESNFAasiat, A5 o
value from wb 31..0 In M EESFFeaslEEE, ANEMH 0
write_enable from wb 1 In S HEbrB e hE
branch &3O
Name Width Direction Description
is_branch 1 Out EHHEEER S THRA
branch address 31..0 Out 4332 H ik
return_ address 31..0 Out IREH#AE Link
inst 31..0 In RLHA
pc_value 31..0 In fe& PrfEh (T3 B ryiht)
reg s _value 31..0 In s e (HT&EST)
reg t_value 31..0 In t FFEeE (HTHRBS)
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3.2.6 Stage-EX

PAT B SERSEPR I BEAR S5 B2 Rt T HDL/src/cpu/stage__ex/HxH -

KESHBEFESH AT LR JEEATERL, 75 ex BURASII, R A—MHEZHE, MELZE (W
Prik) FTEZ AR, HMTEZgET— MRS, EaE IR REr stall F5HRL, FEREH
SEERKEEIR, BREETA, REHVAE multi__cycle HHHSEIH] -

BARGZHEZEHN, S8 MIPS32 HLJLHX T BT AR ST LI - BRiEZH 2k
H OpenCores Muifi— MR IP #! - B2 — DA ENSENRES, XRHLFIRUTLAS
R, BATHEBCE S 64 M mEERECH 32 MrFREUE (R B ZRPEBREU B2 BREMI ), B
REFRE S 32 NiE 0. WNTHEMFSERIE, SR ARMIRAEE, FhaRsRIEENER
SHIGER .

HT &SRS HTMERIE (Ba5fs- ENF 5 CP0 %), MEESNEIRET—
A~ data_o 55 HIH, HH mem access op FE5IREEW—FERIE. X TIEHRFAERIE N,
H mem_ access sz [ 5TEE VI FHIKE -

ex MEHLA S H IR REFTRE 21 is_ priv__inst 55, DRI RER 528 T overflow 1§
S, DAMEDEM BB R B A A R R 7

Thttp:/ /opencores.org/project,divider
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ex HRHHEN

Name Width Direction Description
clk 1 In ipgzi
rst_ n 1 In SLEN, KER
mem_ access_ op 1..0 Out i ERERE . WEEN ‘ACCESS OP_ *
mem_ access_ Sz 1..0 Out iFKE, WZEE N ‘ACCESS_SZ_ *
data_o 31..0 Out BEANNFEH Fas EE
mem_ addr 31..0 Out BE5 NP FHAE
reg_addr 4..0 Out EE N FFasbak
overflow 1 Out HRF5i2 8%
stall 1 Out ZEMZEE, TKEEEESHEH
exception_ flush 1 In FHEEE, BAZERTESIRENL
op 7.0 In R ERTRS, BUERZEE L ‘OP_*
op_type 1.0 In LR (1. J. R), UEWZEE ‘OPTYPE *
address 31..0 In SARRREEE ((XPRT 43 Link $5§4)
reg_s 4..0 In s TFF ek
reg_t 4..0 In A e2=r3cithiln
reg_d 4..0 In d T st
reg_s_value 31..0 In s F e E
reg_t_value 31..0 In t B el
immediate 15..0 In SERIEUE (O T RIELHR
flag unsigned 1 In BRI TR
reg_hilo_value 63..0 In M HI- LO F S E
reg hilo_o 63..0 Out HI. LO EEAHE
we__hilo 1 Out HI. LO Effife
cp0_rd_addr 4..0 Out CPO 1t HE
reg_ cp0_ value 31..0 In M CPO F e pIME
cp0_wr_addr 4..0 Out CP0 &5 AHbht
we__cp0 1 Out CP0 5 1#5E
we_ tlb 1 Out TLB 5 Af#HE
syscall 1 Out TN syscall F54
eret 1 Out ZBN eret 15
is_ priv_inst 1 Out BB NEFRIES

3.2.7 Stage-MM
IERT B T 170 ~ IR X ENE, IR FE A M XS A. T HDL /src/cpu/stage_ mm/ H
2if.

DI AE R B B A S R N EfE R e, B EOR BN TE, BRI ER
SR E; fERlE ERERE R R R G, B IR EEE N -
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HT a4 LSRR 32 AN TRy, AR X FERT (16 i) ~ =1 (8 L) hfF
FIEDL, T ERE AR FE T AR, KELSENFTERES, HES NFENF
IR TEIR SR ERRALE E, SR AR B E i R A B RS EOR -

fFlan, SR LB 542 Uinhk 0x03 OISR, N 28 B iz 0x00, HMEIRZ
[ [31..24] fif_EFREUEIE -

7£ CPU NERAIHILE I R bt £ 548 E A2 Y Eibh, Rt A Bt & MMU
SPHIMEFEATIR e, FeH TS 3.2.9. FHAL, MBI HIEIERT T RTINS, BEERCR ) X 5 R
BRES-

7E Basic MU EUR SR BERBE S CPU FMER, 1M NaiveMIPS++ 1, £ 5485 DCache
FHIE -« WR A4 DCache SRKEE MIZEERERF, EHIR R 4EE S IEMKE L ZEH
BB -

FHERAERSTRANESEREESHITRE, AURFEEHHESHIERES, HRIUK
%, FiaREAERE, FNEHESS CPo, ILxFFEIHEXES -

M B iR 23R N H A2 5 -

mm BRI
Name Width Direction Description
mem_ access_ op 1..0 In FERIERTY . W22 E X ‘ACCESS_OP_*
mem_ access_ Sz 1..0 In WHEEKE, BEENX ‘ACCESS S7Z *
data_i 31..0 In B se 2 N 8 s A HOEdE
reg addr i 4.0 In A2 28 M5 N 7 an Ik
addr_i 31..0 In I 2A HEE ANAF R T
flag_ unsigned 1 In ERNERET B
exception_flush 31..0 In ERFE AL, KA
mem__ address 31..0 Out HUE D& p
mem_data_o 31..0 Out IR R ARG EURE
mem_data i 31..0 In BRSSO
mem_ rd 1 Out R D& HEe
mem_ wr 1 Out B SR 5 HEE
mem__byte en 3..0 Out B B R R
alignment,__err 1 Out X FFV TR
data_o 31..0 Out HE N A R
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exception fEHEN

Name Width Direction Description
flush 1 Out PoKERIFZIER
cp0_wr_exp 1 Out CP0 FHHXFE S HhE
cp0_clean_exl 1 Out CP0 EXL FEFZE1EK
exp_epc 31..0 Out CP0 EPC FEE
exp__code 4.0 Out CP0 CODE FEfH
exp_ bad_ vaddr 31..0 Out CP0 BadV FE&1HE
exception_new_ pc 31..0 Out FEAAFE A OME
iaddr_exp_miss 1 In g4k TLB Hk
daddr_exp_miss 1 In gt TLB Gk
iaddr__exp__illegal 1 In e & HiEEXT 57
daddr__exp__illegal 1 In SR IR 55
data_ we 1 In N EHE
invalid inst 1 In TREELRH
syscall 1 In Syscall 5
eret 1 In Eret T
pc__value 31..0 In R IE=RaS (Rl
mem__access_ vaddr 31..0 In X EUS A Rt bt
in_ delayslot 1 In HFITE AT R
overflow 1 In ¥ 518 B H
hardware_int 5..0 In HNEREE {: F T
software int 1..0 In CPO #HkT
allow_int 1 In 2 JRy b RE
ebase_in 19..0 In SE O HAE
epc_in 31..0 In CP0 EPC FE{H
restrict_ priv__inst 1 In JEyEAE A TR S

3.2.8 Stage-WB

SEM B SRR IR S AT A, MRAISALT HDL/src/cpu/stage_ wb/HEH -
VMBEHE— wb B, BRRIERTREATE— N EERES, RES AT At -
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wh BN

Name Width Direction Description
reg_we 1 Out FEes 5 R
mem_ access_ op 1..0 In WHEEERRE ) WEEN ‘ACCESS OP *
mem_ access_ Sz 1..0 In VEKE, WEENX ‘ACCESS S7Z *
data_ i 1 In (YN DR G
reg_addr i 1 In (SEYN: DY e 23: il
3.2.9 MMU

MIPS A Lk 2 Y 3 bk 3% e MMU 52k, MR AR T HDL/src/cpu/mmu/ B3k

H

LIRS

26

S 2.1.6F N Rl HE By AR, FELeE Rl bt o] DUE o BT B SRR R R b 18R
Hi7E mem_ map BIRHFEA . MHERKFTER TLB BN HE TLB &R, TLB SSHE
tlbConverter HEEH -

TLB 4 16 WiE&MHERER, SUHEEERAL - YEIEFI BRI NE - Fes i 4 SCE L
Hit5 TLB AR HARS I, {RBIEMHIECE B E, REEFR R EHE . T2




Virtual Address 20 12

viva_ 1 pa ]
0 PFN
1 VPN2
1 PFN
0 PFN
1 VPN2
1 PFN
0 PFN
1 VPN2
1 PFN
0 PFN
1 VPN2
1 PFN
0 PFN
1 VPN2
1 PFN
0 PFN
1 VPN2
1 PFN
0 PFN
1 VPN2
1 PFN
0 PFN
1 VPN2
1 PFN
h 4
J' ¥
Physical Address 20 12

Figure 3.1: TLB it

3.3 Basic 2%

Basic G&E— MIH G Z BB, HTREMIMES CPU MHE, FHARTEM RS [F]%
BFEAFIMZ - HSCIALT HDL/sre/bus/ RS, 4378 ibus 1 dbus WM, X N4
S FIERE S N A BRS o

3.3.1 FESLELMRE]

% BN  KE
RAM 0x00000000 0x800000
BootROM  0x1fc00000 0x100000
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3.3.2 ¥R ELMRE

IN' iy Eat KB
RAM 0x00000000 0x800000
VGA #filgs  0x1b000000 0x60000
Flash 0x1e000000 0x1000000
B IR 0x1fd003f0 0x10
GPIO 0x1£d00400 0x100
FERATTIN 2% 0x1fd00500 0x10

3.3.3 NaiveMIPS++

7E NaiveMIPS++ H, BT Cache U5, FER T MM AIE, AT R X 5058 S FE
R, IR MEURIFRE &S thb =S A 77 20 FaR AL & H 158 . 5 AR
uma SR EHIZS UL 3.4.2—7 -

3.4 Uniform Memory Access System

3.4.1 System Architecture

Introduction

The UMA system (Uniform Memory Access System) is a bus protocol and related devices designed
for NaiveMIPS core. The memory system assigns addressing schemes for every storage and periph-
eral device. Combined with caching, all memory devices can be treated uniformly by an abstract
R/W interface with high performance.

Functions of this system include caching for instruction and data memory, asynchronous mem-
ory controllers for peripherals, SRAM and DRAM controllers, and a bus system that supports up

to 4 master devices and 8 slave devices

System Diagram

The system contains the following high level components

Instruction
Cache

L2 Cache Legend

payoeaun

Required

Bus Controller
Master Interface

Slave Interface

ROM
Controller

SRAM Peripheral
Controller Controller

Peripheral
Controller

Figure 3.2: Memory System Architecture

The L1 Cache is organized as follows
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L1 Cache

Channel Selection

DCache ICache

L1 Units L1 Units

Direct -
s L1 Units Synchronize L1 Units
More More

Units.. Units..

L2 Adapter

Figure 3.3: L1 Cache System Diagram

The L2 Cache is organized as follows

Cache Group Selector

Cache Group 1
Cache LUT

Time Stamp

Cache Group 2 [iofe Cache

Controller Groups...
Memory Block

Load Manager

Cache Access Selector

Figure 3.4: L2 Cache System Diagram

3.4.2 Bus Controller
Introduction

The Bus controller consists of a set of master interfaces and a set of slave interfaces. A master
device may be connected to a master interface and issue R/W requests to slave devices. A slave
device may be connected to a slave interface and respond to R/W requests issued by masters. Both
types of devices must conform to the protocol described in this section for correct communication.

Interface

1. Master Interface

At most four master devices can be connected to the bus to issue R/W requests to slave

devices. Below is the interface for a single master device
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Name Width Direction Description
ADDR 31:0 W Address to R/W
RDATA 31:0 R Data requested from slave
WDATA 31:0 W Data written to the slave
RREQ 1 W Issue a read request to the slave
WREQ 1 W Issue a write request to the slave
ACC 1 R The request to R/W has been accepted
BUSY 1 R Requested data currently unavailable

Table 3.3: Master Device Interface

2. Slave Interface

At most eight slave devices can be connected to the bus to respond to master requests. Below

is the interface for a single slave device

Name Width Direction Description
SADDR 31:0 R Address to R/W
SWDATA 31:0 W Data written to slave
SRDATA 31:0 R Date returned by slave
SR 1 R A read request is issued to the slave
SW 1 R A write request is issued to the slave
SBUSY 1 W Slave busy
SACK 1 W The address matches the slave device

Table 3.4: Slave Device Interface

3. Fault Interface

Name Width Direction Description
SEG FAULT 1 R Indicate occurrence of an error
SEG_REASON 2:0 W Trigger of the segmentation fault
SEG_ADDR 31:0 R Address that triggered the fault

Detalils

1. Master Device

When the master device wants to use the bus, it must first set RREQ or WREQ to HIGH,
corresponding to Read/Write requests. If both are set to high, WREQ will be ignored, and
the bus responds to RREQ.

If the bus accepts the request, it will set ACC to HIGH. The master should issue the cor-
responding request by setting appropriate values for ADDR and WDATA after the rising
edge when ACC is HIGH. Any R/W action performed will take effect on the rising edge of
the next clock cycle. On the cycle of the last R/W, the master must set RREQ/WREQ to
LOW. The R/W action will take effect on the next rising edge, but any further action will
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be ignored, and the bus will accept requests from other devices, or accept a different kind of

request. Request once issued should not be droped without at least making one transfer.

During a read request, because a slave device may not be able to provide data instantly,
BUSY may be set to HIGH to indicate current unavailability of the requested data. BUSY
is set to LOW each time a valid data item appears on DATAR, and this data should be
registered on the rising edge of the next clock cycle. During a write request, if the slave
cannot accept any more data, BUSY is set to HIGH to indicate this. Any write by the
master on subsequent rising edges are ignored by the slave, until the edge BUSY has been
reset to LOW.

Every rising edge when ACC is high corresponds to a valid data R/W request. However, if
the master do not want to issue a request on a cycle, it must set HOLD to high. No request
will be registered on the rising edge during which HOLD is HIGH.

The master device must access one and only one slave device during each request. A seg-
mentation fault is trigger if no slave device responds to the memory address, or if the slave
device that responds to the memory address changed. This is represented by having SEGFLT
set to HIGH. The debug register SEGADDR stores the address that triggered the previous
SEGFLT.

. Slave Device
A slave device must listen to the bus at all times, and perform the requested R/W action.

When SR is set to HIGH, a read request is issued on the rising edge of each clock cycle. If
the address corresponds to the address of the slave, the slave must respond by providing the
required data. If the slave device cannot provide this data in the clock cycle after the rising
edge, it must set SBUSY to HIGH until the cycle valid data appears on SDATAR. The data
must hold until the rising edge of the next clock cycle, and must preserve the order of the
requests. On the other hand, if he address do not correspond to the address of the slave, the
slave must set all bits of SDATAR, SBUSY and SACK to LOW.

When SW is set to HIGH, a write request is issued on the rising edge of each clock cycle.
The slave must perform this write. It is the slave’s responsibility to guarantee that this
write must take effect immediately and any read issued on the next rising edge shall reflect
this change. If the slave cannot process any more writes, it should set SBUSY to HIGH to
indicate this fact, after which it is free to ignore any request issued on the bus. The bus
controller guarantees that SR and SW are not both set to HIGH on the same clock cycle.
Furthermore, the controller guarantees that a write request will only be issued on the clock

cycle after the slave has provided data for the most recent read request.

The slave must set SACK to HIGH for one clock cycle for any request it processes. Failure
to do so may result in segmentation fault (SEGFLT) on the master device. If the request is
a read, the slave must also set SIDLE to LOW until the cycle the obtained data appears.

. Error Handling

An error will occur during an abnormal access. SEG__FAULT is set to HIGH, SEG_ADDR
to the R/W address that triggered the fault, and SEG__REASON is set to one of the following
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Value Reason
0 No fault
1 No slave device responded to request
2 Slave device drop response during request
3 Master timing error
4 Time out
Timing Diagram

i " © = e = F i = P [ [ [ = |
e b b b b b b b b b e b b L

RREQ | X \ [ DG DG | \
WREQ [ DG \ [ DG
morR X DG [ao T DG Az [ As [ oc [ as | DG | »s
wosta X DG ] o2 o3 [ oc [ oe | DG
BUSY X / \ X I
Request not responded
SEGFLT
Starta read sequence Starta writs sequencs
acc ] | Y
Anothsr ACC may be sstip HIGH
RDATA X J oo | ot

Figure 3.5: Master Device Timing Diagram

0 - o s w0 2 150 s 200 228 250 o 500 028

S S [ NN U | VY VU VTV Y G [ VY VY [ A G A G
Startaread sequence
SR
Starta writ= sequence
sw \
SADDR X A X a2 | A3 ) Ad ]
SRDATA oC I oo oc J ot O
SWDATA) x D2 [E] ) D4 )
End the read sequence End the write sequence
sBUSY \ f \ oc | 1 [ \ / f DC
SACK \

Figure 3.6: Slave Device Timing Diagram

3.4.3 Internal Memory
Introduction

These are simple RAM memory devices that are implemented by the M9K blocks within Altera
FPGAs. Each device contains 32kB of memory in a relative address range of 0x0000-0x7FFF.
Access is 4-byte aligned, as the last two bits are discarded.

The device can have a user specified base address on the bus by setting the parameter BASE__ADDR.
By default the base address is zero.

Interface

This device implements standard bus interface as shown in table 3.4
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3.5 Cache

3.5.1 ICache

Introduction

The ICache is an unassociative cache with 512B of memory capacity. The cache is organized as
follows:

e The cache contains 16 sets

e Each set contains 1 cache line

e Each cache line contains 8 words
e Each word is four bytes

This organization leads to the following address partitioning scheme

Offset 31..9 8..5 4.2 1..0

Purpose Tag Address Set Address Word Address Word Offset

Interface

1. Service Interface

Name Width Direction Description
ADDR 31..0 W Address to R/W
RDATA 31..0 R Data read from cache
RREQ 1 W Issue a read request
MISS 1 R The requested address not in the cache

2. Data Fetch Interface
This device can be directly connected with L2Cache to R/W data.

Details

To read from an address set RREQ to HIGH and ADDR to the corresponding address, if data
item is in L1 cache, RDATA will be set to the fetched data asynchronously with low latency,
otherwise, MISS is set to HIGH asynchronously. Under this situation, a fetch from L2 cache will
be performed, and may take tens of cycles. When the data has been retrieved, MISS will be set to
LOW after a rising edge, and RDATA will produce the correct data item.

This device automatically maintains consistency with DCache. This is achieved by implement-

ing the following strategies
1. If the requested address is also in DCache, then fetch the data from DCache instead

2. If a cache line is both in ICache and DCache, while DCache is dirty and initiates a write

back. The cache line in ICache is also invalidated
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Timing Diagram

This is exactly the same as Figure 3.7, removing the unused signals

3.5.2 DCache
Introduction

The DCache is an unassociative cache with 512B of memory capacity. The cache is organized as
follows:

e The cache contains 16 sets

e Each set contains 1 cache line

e Each cache line contains 8 words
e Each word is four bytes

This organization leads to the following address partitioning scheme

Offset 31..9 8..5 4.2 1..0

Purpose Tag Address Set Address Word Address Word Offset

Interface

1. Service Interface

Name Width Direction Description
ADDR 31..0 W Address to R/W

RDATA 31..0 R Data read from cache
WDATA 31..0 W Date written to cache
WMASK 3..0 W Write mask
RREQ 1 W Issue a read request
WREQ 1 W Issue a write request
MISS 1 R The requested address not in the cache

2. Data Fetch Interface

This device can be directly connected with L2Cache to R/W data.

Details

To read from an address set RREQ to HIGH and ADDR to the corresponding address, if data
item is in L1 cache, RDATA will be set to the fetched data asynchronously with low latency,
otherwise, MISS is set to HIGH asynchronously. Under this situation, a fetch from L2 cache will
be performed, and may take tens of cycles. When the data has been retrieved, MISS will be set to
LOW after a rising edge, and RDATA will produce the correct data item.

To write to an address, set WREQ to HIGH, ADDR to the corresponding address, and WDATA
to written data. If data item is in L1 cache, MISS is set to LOW asynchronously, and the write

will register on the next rising edge. Upon a cache miss, MISS is set to HIGH asynchronously.
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All subsequent operations to device will be ignored until the cycle MISS is set to LOW. MISS will
stay HIGH for a minimum of 8 clock cycles. To write only a part of a word, set WMASK to HIGH
for the byte we would like to write. Bytes corresponding to bits where WMASK is LOW will stay
unchanged

On either case, if MISS is set to HIGH, the desired operation has not been performed, and
RREQ/WREQ, ADDR, WDATA must hold their values until MISS is set to LOW, and for one
more cycle in which the desired operation is performed.

Timing Diagram

RREQ

WREQ

Wit e Wite e
A00R % R " ) "

ROATA X | X S| X

WoATA X o X X o

- E— [

Figure 3.7: DCache Service Interface

3.5.3 Direct Loader
Introduction

This is a device with compatible service interface with DCache, but performs no caching. All read
and write operations are directly launched on the bus

Interface

1. Service Interface

This is identical to DCache service interface as in Section 1

2. Bus Interface

This device implements standard bus master interface

3.5.4 L2Cache
Introduction

The L2Cache is a 16-way set associative cache with 32KB of memory capacity. The cache is
organized as follows:

e The cache contains 32 sets

o Each set contains 16 cache lines

o Each cache line contains 16 words
e Each word is four bytes

This organization leads to the following address partitioning scheme

Offset 31..11 10..6 9.2 1..0

Purpose Tag Address Set Address Word Address Word Offset
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When a read or write selects a location not present in the cache, the entire cache line will be
fetched from memory. When a cache set is full, the entry that was least recently visited shall be

eliminated by a write-back.

Interface

1. Service Interface

These interfaces form the services provided by the cache device. Master devices can use these

ports to performed the desired operations.

Name Width Direction Description
RREQ 1 W% Issue a read request
WREQ 1 W Issue a write request
ADDR 31..0 W Address to R/W
BURST_ SIZE 3..0 W The number of words we would like to R/W
RDATA 31..0 R Data read from cache
WDATA 31..0 W Date written to cache
BUSY 1 R The requested operation needs to wait

2. Bus Interface

This device implements standard Master Device interface as in table 3.3

Details

To read a block of memory, set RREQ to HIGH, ADDR to the physical address to read, and
BURST _SIZE to the number of words to fetch. All words should belong to the same cache line,
otherwise a fault is generated. On the rising edge this request will be registered and BUSY is set to
HIGH for a minimum of four cycles (even for a cache hit), the requested data appears on RDATA
on the first cycle busy transits to LOW, and subsequent data appears on consecutive uninterrupted
cycles. Note that whether a cache miss or not occurred is opaque to the user, but in general a
cache miss results in a long busy period.

To write a block of memory, set WREQ to HIGH, ADDR to the physical address to write,
and BURST_SIZE to the number of words to write. All words should belong to the same cache
line, otherwise a fault is generated. On the rising edge this request will be registered, and BUSY
is set to HIGH for a minimum of two cycles (even for a cache hit), the written data should be
presented on WDATA after the rising edge for which BUSY is LOW, and subsequent data should
be presented in consecutive uninterrupted cycles.

A new request cannot be issued if a previous request has not been finished. For a read, this
means that the last requested data item has not appeared on RDATA, and for a write, the last
written data has not been latched on WDATA
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Timing Diagram

RREQ

wrea \

ADDR X T X A

RoATA X | T T ST G

¥ o+ Y bs Y o N o1

WDATA X

susy 1\ \

BURST_SIZE X ) X e

Figure 3.8: L2Cache Service Interface

3.5.5 L2 Adapter

Introduction

This device allows two devices (ICache and DCache) to access the L2Cache interface without

interference. The two devices can perform R/W as if they are the unique user of the L2Cache

interface.

Interface

1. Service Interface
The interface below is offered in two copies so that both devices can use the L2 Cache interface

as if they are the sole user

Name Width Direction Description

RREQ 1 W% Issue a read request

WREQ 1 W% Issue a write request

ADDR 31..0 W Address to R/W

BURST SIZE 3..0 W The number of words we would like to R/W

RDATA 31..0 R Data read from cache
WDATA 31..0 W Date written to cache

BUSY 1 R The requested operation needs to wait

2. L2 Cache Interface
This device implements standard L2 Cache interface and can be directly connected with
L2Cache.

3.5.6 Cache Group

Introduction

A Cache Group is a sub-device of L2Cache. This is a fully associative cache block, with 16 cache

lines. Each cache line can map to any tag address.

Interface

1. Service Interface
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Name Width Direction Description

ADDR 31..0 R Address to R/W

RREQ 1 R Request a burst read
WREQ 1 R Request a burst write

BURST_SIZE 2:0 R Request a burst size of up to 8 words

RDATA 31..0 W Data read from the cache
WDATA 31..0 R Data written to the cache
BUSY 1 W The operation must wait

2. Bus Interface

This device implements standard Master Device interface as in table 3.3. Furthermore, this
device guarantees that when no request is active, all bus output pins are set to LOW. This

allows connecting all devices by an OR.

Details

To read a block of memory, set RREQ to HIGH, ADDR to the physical address to read, and
BURST_SIZE to the number of words to fetch. All words should belong to the same cache line,
otherwise a fault is generated. On the rising edge this request will be registered and BUSY is set to
HIGH for a minimum of four cycles (even for a cache hit), the requested data appears on RDATA
on the first cycle busy transits to LOW, and subsequent data appears on consecutive uninterrupted
cycles. Note that whether a cache miss or not occurred is opaque to the user, but in general a
cache miss results in a long busy period.

To write a block of memory, set WREQ to HIGH, ADDR to the physical address to write,
and BURST_SIZE to the number of words to write. All words should belong to the same cache
line, otherwise a fault is generated. On the rising edge this request will be registered, and BUSY
is set to HIGH for a minimum of two cycles (even for a cache hit), the written data should be
presented on WDATA after the rising edge for which BUSY is LOW, and subsequent data should
be presented in consecutive uninterrupted cycles.

A new request cannot be issued if a previous request has not been finished. For a read, this
means that the last requested data item has not appeared on RDATA, and for a write, the last
written data has not been latched on WDATA

Timing Diagram

Rreq \

WREQ

ABOR X ) X & )

RDATA X oo [ o Y b2 b2 )

WoATA X | T S G A |

of more cyeles ——— or more cycles ———
BUSY

BURST_SiZE X ) X )

Figure 3.9: Cache Group Service Interface
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3.5.7 Load Manager

Introduction

This module is a component of L2Cache that performs read and write of entire cache lines between
L2Cache memory and bus. Each cache line is assumed to contain 8 4-byte words, so every read
and write request results in a burst R/W of 8 consecutive words.

Interface

1. Service Interface

Name Width Direction Description
WTRIG 1 R Write the content of cache line into memory
RTRIG 1 R Read the content of cache line from memory
PADDR 31..0 R Physical address to R/W
LADDR 7.0 R Cache line address to R/W
FINISH 1 \W% The requested operation is complete
FAULT 1 W A fault occurred

2. Cache Access Interface

These pins access the cache memory in the cache group

Name Width Direction Description
WREQ 1 w Issue a write request
RADDR 7.0 W Address to read
WADDR 7..0 W Address to write
RDATA 31..0 R Data read from cache
WDATA 31..0 W Data written to cache

3. Bus Interface

This device implements standard Master Device interface as in table 3.3

Details

To initiate a write back/read request, set WTRIG/RTRIG to HIGH, and PADDR and LADDR
to their correct values. The request is latched on the next rising edge. After WTRIG/RTRIG is
issued, read/write control of cache memory must be given to LoadManager starting from the cycle
WTRIG/RTRIG is registered. For a write request, the LoadManager will read out contents from
the cache memory, and access the bus to write to their correct memory locations. After the last
data is acknowledged by the bus, FINISH is set to HIGH for one clock cycle, new requests can
be issued starting the next cycle. For a read request, the LoadManager will read contents from
bus and write them to the cache memory. On the cycle the last data item is latched to WDATA,
FINISH is set to HIGH for one clock cycle, and new requests can be issued starting the next cycle.

This device assumes that cache memory has a read with two cycle latency, that is, the data

requested is produced upon the second rising edges after the cycle the request is issued.
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Timing Diagram

WTRIG

RTRIG

PADDR

q
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LADDR

q
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FINISH

—

Can accept another request

Can accept another request

—

Figure 3.10: Load Manager Service Interface

3.5.8 Cache LUT

Introduction

This is a sub-device of L2Cache that manages the cache mapping table

Interface
Name Width Direction Description
EN 1 R Perform a query on TAG_ADDR
TAG_ADDR 18..0 R The tag of the address location
GROUP__ADDR 3..0 W The cache line corresponding to the tag
CACHE_HIT 1 W The tag location is in the cache
REPLACED LINE 1 W The cache line that should be replaced
Details

When the cache group would like to access a memory location, it should set EN to HIGH and
TAG__ADDR to the correct tag value. If the cache line is in the cache memory, the address of the
cache line is returned by GROUP__ADDR, and CACHE_ HIT is set to HIGH on the next clock
cycle. Otherwise, CACHE_HIT is set to LOW on the next clock cycle, and GROUP__ADDR is
set to the line that must be replaced after two cycles (See timing diagram). For either case, a new

query should only be issued after the cycle required data appears on GROUP__ADDR.

Timing Diagram

TAG_ADDR

GROUP_ADDR

CACHE_HIT

Can issus another query

Figure 3.11: Device Timing Diagram

3.5.9 Time Stamp Manager

Introduction

This is a module that records the usage history of the cache lines, and outputs the least recently

used cache line by a fast comparison tree algorithm
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Interface

Name Width Direction Description
EN 1 W A cache line is accessed
ACCESS 3..0 W Index of accessed cache line
OLDEST 3..0 R Least recently accessed line

Details

When EN is set to HIGH, the cache line indexed by ACCESS will have its time stamp cleared,
while other cache lines will have their time stamp incremented

OLDEST outputs the index with greatest time stamp value, regardless of the EN. However,
after EN is set to HIGH, and time stamp values are altered, it takes three clock cycles before this

change is reflected.

Timing Diagram

e O A T A e e N A O A T A e L VA U A W

ACCESS X | 2 )| % i 3 ) 4 )i

EN [ \ [ \

OLDEST % I 2 ) 3 ) 4 ) 5

Figure 3.12: Device Timing Diagram

3.6 MK

3.6.1 SRAM %138

SRAM #EHIZ (T Basic Ui, Hi%it B R@MRTE & B MEUR 54T Z RN R N7
TERCIRSE o FRIRTT IR R N R PSR, E—1 CPU A T IR E, BIX
AT BB B - B HIZ LA T HDL/src/sram /35 -

SRAM #EHIZR T — MR BB 4 5, B STAIR SR, AT IRshE 68 RS
ML, FPEAENFEEEIES . TATEZREFRE RAM 4P . 78 RAM B8PS R st 57 89 _F FHi
&, BEREHIGES5HNFE SRAM #EHlZ8 L . 78 RAM B8R —4 LA, 84 5% mH
AR E S BES] SRAM GH o £ RAM BN —4 EAERS, 84 M RAM G R EBIFESR
EEHIE R FIRT BRI A RIS S BEE] SRAM S A o 7F RAM B R —A AR, $dE
M SRAM & BB R IZR T - 25 REE CERENMR T —1 AN, EEZERE.

T Thinpad S£%F & L% E R SRAM fIFTHEEE S5 FPGA, SE—IXRE ALF&Z
32 fify, TTEEHEEIET - FUME A X, FATETH T — M EH#E bytes_ conv, HH
KRBT ERIERN, PE—DEBEEHEEEK, # CPU BE—1FEH. XA, #
BT E—MEERS SRAM gy, EEES ARG IER 2T, HRE BN A2
a2FE, ET A 2F5 A SRAM -

3.6.2 SSRAM #5422

NaiveMIPS++ REEFE DE2i ¥ & Lizfy, 1 DE2i L{#H#%Z SSRAM, it seil— 4>
SSRAM #Effilgs, K SSRAM ##5| 5% b, AT HDL/src/sram/ssram__ctl.v U -
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SSRAM ] LUERISERE SRAM ARG 5 LA — R4 as, XHE—RIEES
VSHEEY, BRESZEA S I —Lm, fEm TR . iRm0 IR AR
T A AIREER, RIhER A, SRR RAEIEEE, R TIREGIERER
IKET, DRIANTEMRH B -

HRYE 3.4.2°777%F slave HIIFPUERA, X T—IR brust B4f(E, RZik SBUSY 55 ARA K
— A, ZER AL AR E A, X SSRAM i L REE HOA A B
T MRTFTEERE, ARFEER, BMEAMEA—NT, SBUSY REFARBCIRERIA .

3.6.3 Flash 1552

Flash #%#]#8 H T3%# Thinpad # /) Flash /{05 580k & 4%, A3 F HDL /src/flash/flash__top.v
A

Flash ;& F#OBFS SRAM £, EARZAETEMELERE D Cycle Time K, BER
1. Eit, CPU #ikVilA] Flash MW EEHF—IME2Z DAY, HRFEL EMESAZ . HATHE
Flash 8 HIIA—REN, AT HEMNLEEFERES, CPU KEIZESE 28 HESR-
ARASHUNFEEIX Flash PilalER, #7= AL R E FESERERES, W2 Flash B FFEK .

S5 RWEE R LIBESR ) FLASH_BUS__CYCLE 2538, %S AR SEME
F1 Flash .S S80E, RIEFFRFIN T Flash ) Cycle Time BT -

EfRHERR— R, Flash S EIELAE 16 L, AT Flash B, 32 EHEAR 16
SEPR ERETORAY, X T BRI DAL .

3.6.4 HOITHIEE
B O HIE T4 RS-232 BATEEE ST, AT HDL/src/uart /3R A1 =254t
H 3B, uart_top 5E&ER, LSBT, vart_tx FEBRTES, HTEIEL
%, uart_rx FETES -

B O HIEE TAEE 115200 AR, TAEEEEN 8 #URMGL, 1 1F100L, TEREEAL - #EHIZSHY
BWEECR A 3 Bk R, ReJEEIRES T HAEMER, #EEmZE.

T

Table 3.5: Data Register offset: 0x8
31..8 7 6 5 4 3 2 1 0

r/w

Reserved Data

o Data 5 ABMETFIA— AL, SEEREZHEEIR— 7 4dRE

Table 3.6: Status Register offset: Oxc
31..2 1 0

T T

Reserved RXNE TXE

« RXNE ZEMCEZEREN, Fom = BirE W E i AR 52 H I EdE
o TXE RIANZEREN, FoRARAERTFHFRNE, AT ULE
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uart_ tx {5588

Name Width Direction Description
clk bus 1 In S LR B
clk_uart 1 In TSR 11.0592M
rst_n 1 In SBEAL, AR
txd 1 Out BT S5
idle 1 Out RIEREIZN, 5 LR ED
tx_ request 1 In RERGIER, 5ELENFFED
data 7.0 In FrACREEE, 5 IEERE

uart__rx {=51%0A

Name Width Direction Description

clk_bus 1 In T LR
clk_uart 1 In BITESHEN 11.0592M

rst n 1 In RHEAL, KEW

rxd in 1 In BITE SR

clear 1 In TERREICEEE, e TR, 5 E&nBhE S

data__available 1 Out BWEIET FadEs, 5E%EpES
data 7.0 Out RN AR, 5 AR RS
3.6.5 GPIO

GPIO #EHIZHRH— N EE 2 EHE /0 OpEEd, BT HDL/src/gpio/gpio_ top.v -

RIS SRR 64 T 1/0 O, 4 AM4H, GPIOA -~ GPIOB.- 7EfE{F FF4H 1/0 %] LED - #{
PRSI K o B4 1/0 #rT IR E i A HiE=, B ARZUT CPU w] DU 258
RBEATI R RPIRES (RS CEE) , WHEEN CPU AT LGB 42 I 888 E 551 i)
FSPIRAS (2] LED H5%) -

Frrar

Table 3.7: GPIOA Data Register offset: 0x0
31..0

r/w

Data

Table 3.8: GPIOA Direction Register offset: 0x4
31..0

w

Direction

43



Table 3.9: GPIOB Data Register offset: 0x8
31..0

r/w

Data

Table 3.10: GPIOB Direction Register offset: Oxc
31..0

W

Direction

+ Direction I/O JTFECE, AN —P5IH, 1 2R, 0 FZREA
« Data I/O #aafras, BRIEGEIGIEA LIRS, SiIERES | Rk H a1

3.6.6 F5HfTESZS

FETTTET 28 F TR — AT 5, R MK T CPU B HUT IR EMA TS H R . A
{iIF HDL/src/ticker /ticker.v -
TH g THET B 50M i AR #P28d PLL Z80/51588], EEHR 1KHz, 5 CPU EHIK -

Firar i

Table 3.11: Ticker Register offset: 0x0
31..0

T

Ticker
o Ticker BEALENIEHOLZ 725 LT ZFIEL

3.6.7 VGA 5425

VGA #EHIZSH T B VGA #0, 74 800x600 @ 72Hz KB HMME 5 - W, AR¥EH
s EAEFHAMES RS E L IR, B TEER SRR S H CF . ZERREAT
HDL /src/gpu/gpu.v

T

Table 3.12: GPU Register offset: i (0 < ¢ < 60000,:&3 =0 )
31..0

W

Pxl[8*i+31]...Px1[8*i+0]
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Table 3.13: GPU Register offset: 0x50000
31..0

v
Offset
o Pxl BEFHE, HE—NR o, FMNTRENBEENEE, K2 AR
o Offset [F M H Fos . HATF Ao R 0B, FBREFESIER Of fset x 32 MEZEWLH] -

3.7 SoC ThE&it

3.7.1 Basic
Basic A SoC THZ1&11 35 HDL/src/soc__toplevel.v, ZRSHERINT B FR:

<-|-> BootROM
CPU g

| D-Bus |
{ 2-Port RAM
—¢ Controller

sng-I

Serial Flash On-Chip
Controller Controller Memory
NOR Flash VGA SRAM
Controller

Figure 3.13: REHERE (Basic iRA)

MHATLIE HIRL 5EIE S LB, 184 AN RAM M BootROM HIREL . HEI/ME A fEE

R ST -

3.7.2 NaiveMIPS-++

Hhn Cache J5 ) NaiveMIPS++ T2 & HDL/src/soc_toplevel _cache.v. CPU K54
RS2 5 Cache tHi%E, L2 Cache Filid uma S5 HEIMGER - IMLEEAT 5%, Wik
H i) SRAM #EHl s NEWAER , BrA MR el LB SR EFE < B« RGRERIN 3.2F77R -
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3.8 uCore

NaiveMIPS [J uCore Z7E cyh WIABIERS (S0 2.2.2) FAET —S&EXEEIN .. FEUGHE
EERF SR ~ IALYERE, JFHS N — &SP I RE -

3.8.1 FEIIR

uCore FEFF & THN GCC XXX wiF T EHE . BAVEHKZE BIT9RIFER GCC, MASH 5.2.0,
HRL BRI -

../configure --target=mips-sde-elf --disable-nls --enable-languages=c
--disable-multilib --without-headers --disable-shared --without-newlib

--disable-libgomp -disable-libssp --disable-threads --disable-libgcc

BEAMEE uCore IAFFEE binutils TEE, DERMNCHRES - EERS%F, FHARAD 2.25.1, B
BRI

./configure --disable-werror --target=mips-sde-elf

3.8.2 YmiFiEI

T NaiveMIPS #5984 F R ERET T EAHE, N TREREFETEE, RITBHT
GERTRTE S EHE (BPE4), IR FIFATKIERE -

MEFTHIMEREE R, AT/ TIE C RIBRIER R, ISR H 02 HTE N2
ST MIPS32 845, RN METERFTEIRS LSS L TERE A -

BN uCore THZ Makefile 1) CFLAGS EE05 45

CFLAGS := -fno-builtin -nostdlib -nostdinc -mno-float -g -EL -GO -02 -Wa,-00

3.8.3 NiEFEEH

cyh B uCore 7EMEIX TLB K5 FH 2B EHFE 4 TLBWR, ZERIBEYLCEEAME, R
THEGERAY R (NFEE A HER) , CPU L2 HIE €4 B TLBWI 5§
4o HILFRATH uCore 1E T HHRAIER - ESL{F kern/include/thumips__tlb.h ] tlb_ refill
RECRE, ¥ tlb_replace_random JHf#AL T write_one_ tlb- write_one_ tlb A index
S AHTFEZHE) TLB 52 H, HELEHARYUEHRER, ¥ index %EH 0 £ 7 F—FEHLEY
BE

NERENHE, HTRIEFESE L baseRAM Fl extRAM &3k FH, 5 8M Bytes AJ
PIENTF . KUK kern/mm/memlayout.h F5% MACH_FPGA ) KMEMSIZE 7€ &
B (8 << 20) -

3.8.4 X5t tETZSIKEN

0T BT BN E R SR BNE IR 18], Bl Tick X ERS BH R RMZE, FA7E FPGA
il PLL SEEL T — MEHRREAEERTas, FREC DI R R NAZIRS: « o 1 7 8 F - SR G
ER R, BAEE T sys_gettime R, NIRRT LURG 2R AR ER -

3.8.5 MREMIARERF

T AEX AR CPU SEHIRzRE T mAMEREER, B 1HE T CPU Bz EMERENERF
Mpack o %7 AT A RE AR (R P AT VB EDE RIRE . AP RETERISG ERM N E OF)
FERIZRFA, TSR SERITIR], T 4E E FEFERUSHERIZ BREL, ROZRELPR LASERT A, TTE
0 7€ B LIS [B] AT BB AU BN H Y
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3.9 NaiveDebugger

3.9.1 On-Chip Module

Fr EFAEIRERE CPU B, —J7 N A E 5 WM CPU, 57— 7 s F i
WE#ED (WEO- JTAG) 5 FAMGEE, HSLHALT HDL/src/cpu/debugger/ S R H .
F EERE SRR, — MRS CPU BEEMERMREIHIECREN dbg_ctl, H—1ET LA
Agent JEFHIVMUIEL dbg_ uart -

dbg_ ctl BERIEVIFIREMIE S, WRZIIE ML 5 TE MW SR, &X HIESERTK
%, B PC JXFKIES, RINEERKSE, S EANTES - i EANL A BRI & I
CEW T, ATUAEBEELRE - BEFFRSEMES . AHREKEHITH, Bk =, WK
22, N CPU MHMT T HITE < TF IR AR SHEAT -

TEAIH A _EAIHL Agent J@E0EE T — M E N, AT ERERIASNELR, S8 O0/MT
*o BOEMERETBEERRSR, EANLRE 1 Famd, M4 FT28 (hE, BaRE) -
BafE, TAINLAE 4 FRERIEANE - iR E AL dbg_ctl B, FART:

Name Description Command Code Argument
CMD_STOP CPU &% 0x1
CMD_CONT CPU 4k%E 0x2
CMD_EN_BP JE F T A 0x3
CMD_DIS_BP XM A 0x4
CMD_SET_BP BT AL 0x85 =il
CMD_READ_REG Ll A A 0x86 B A itk
CMD_READ_CP0 B CP0 HFiFas 0x87 CPO Hifik
CMD_READ HI B HI F e 0x8
CMD_READ_LO B LO FHFsy 0x9
CMD_READ_PC B PC 17 Oxa
CMD_RESET Bhi CPU 0xb
CMD_READ_IMEM BRI 0x8c¢ A7 bk
CMD_STEP —IREIPIBT 0x0d
CMD_QUERY EIRA 0x0e

HASENFEIE4S HEEE CPU BIRIRS T #H -
dbg_ ctl [ 5#RWT:
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Name Width Direction Description
clk 31..0 In CPU K8
rst n 31..0 In SLEN, KA
inst_pc_ value 31..0 In EE =R Rl
inst_in_ delayslot 31..0 In R =R AR IS TaY ]
main_reg addr 31..0 Out SEN R e aae il
main_ reg value 31..0 In BAFT A ERA
cp0_reg_addr 31..0 Out CPO FF 7 ek
cp0_reg value 31..0 In CPO FFasERi N
hilo_reg_ value 63..0 In HI- LO #FffasEiA
pc_reg value 31..0 In PC F e ERHAN
pc_reset 31..0 Out PC EfI
debug_ stall 31..0 Out BHE K
flush 31..0 Out EZ K, WEFH PC
new_pc_value 31..0 Out ey PC {H
debugger__mem_ read 1 Out VIR RE
debugger__mem_ addr 31..0 Out VifE Rk
debugger mem_ data 31..0 In PR AE T TIAN
host__cmd 7..0 In e, 5 dbg uart HHiE
host_ param 31..0 In W5, 5 dbg uart fHiE
host_cmd__en 1 In WA, 5 dbg uart 1%
host_ result 31..0 Out IRELER, 5 dbg uart fHE

3.9.2 Debugger Agent

W F TIEE EAYLE, —EEdRAEOS h EEEEsREE, 75— 77 i
TCP 5 GDB i#fg, ESLHI T naive-debugger/gdbserver/gdb-server.c SUHH o 1Z30HE
(% ST-LINK TiH2H#] GDB Server /7 -

BFRFEZEREZRV GDB TCP ¥nH, %fF GDB ## LfE, #AFIEL . FEFEEAF, X
TR GDB 1684, BFEAS A ERREREERML, FHRERMIER GDB ZSRPSUREE -
5 GDB HIiEEMYA GDB Remote Protocol, EAHIAR] LIEFM3HHE] .

3.10 NaiveBootloader

NaiveBootloader +& — 15| S ¥, ELTE BootROM . CPU EAfif5, PC F 7 e fEm
BootROM FT7ERIHENEZS 8], Bl NaiveBootloader FIA O, Kt NaiveBootloader & CPU /&
P EREPITHIRET -

NaiveBootloader 3 #7 & MiE(E, Wl ] LA LA A £ 245 NaiveBootloader - F| 1%
B, FAIER T AT LSS uCore REEAL, AT UMM Z A RERIE, #0800 BARFEF g
# RAM HHUTSE, B T BIGEEIMEFE A Flash -

2https://github.com/texane/stlink
3https://sourceware.org/gdb/onlinedocs/gdb/Remote-Protocol.html
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3.10.1 Bootloader [#E#4
NaiveBootloader FJE 34 (BIE L7 BootROM HHIFEF) HAILRESRE, XMHMNT

asm__program/boot.s -

ZFTLMERICRRE , & E X DI HIARTIT R, i EA R RAM - X R4
Abs, FEATRIEARE AR, BT DU BRI N AR SIgS R B TEER (F—BREEELHR 05
ANNFE, FEB RO, 7ERMG E ) - BORNFFERIES AIEH TIE, Bootloader [EHFHAE
TR

BRI, 28 EWIRIL GPIO, @it GPIO SRULIE K 0 PR, WA X7 1 B
A uCore #J bootloader, M Flash FiN#E; uCore 51T - M FH 0 Bttt AR, Sehs
A ARG A B 7 HLFR 745 bootloader 1T FHEIE -

bootloader [&E {4 A 7 asm_program H3EH make & 4wiF, JWiF5E/5 <74 boot.mif Fl
boot.coe X, SRIFIR. Altera F1 Xilinxk FPGA HINESFE e 01 I8 1L 304 -

3.10.2 _EHFERF
FAHEFH Python 485, fiiT HDL/utility /serial_load.py - B2 17Kt {5 FH Ui AR

Usage: ./serial_load.py <options>
NaiveBootloader host program.

Options are:

-h --help Display this information
-s <device>

--serial <device> Specify serial port

-b <baud>
--baud <baud> Specify serial baudrate
-t <test>
-—test <test> Run a test
uart UART loopback test
ram RAM read/write test
flash Flash access test
-1 <elf _file> Load ELF to RAM and run
--bin <address> Load binary file, specify load address

-g <address>

--run <address> Jump to <address> and run

-p <bin_file> Program file to Flash

-r <bin_file> Read from Flash to file

--size <size> Read only <size> bytes

-—-term Start a terminal after loading
X B2 TR I TA:

BEEM serial_load.py -s <dev> --test uart
NTEZEMNS serial_load.py -s <dev> --test ram
Flash if[a)ilix serial_load.py -s <dev> --test flash
Flash 5\ serial_load.py -s <dev> -p <file>

i#E ELF MHZERNTEFIIZEIT serial_load.py -s <dev> -1 <file> --term
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3.11 Decaf

3.11.1 Runtime Library
£ER
BT ER “decaflo” F1 “decafCall” PAERRATHAL, HA, “decafCall” HILHPE, FLISEHL
Decaf F2FiafTHIEREL, LU Decaf BFVEHH; “decaflo” B C1EE TS, FLASCIIAH R ZEREL
FIEEBE . ARSI EREE, BRERS A = h—, £ livdecaf.a , B Decaf 2FH, H
TN -1decaf BIRPREAGEAT BRI R -

BT MR T ucore FMEF ' Szt E “libuser”, NERUFEERZT), FTAI0 -luser-
ABI

RIEARUE [7] BORE, AERECRAMZRES, FHEE (caller) FIBIHARE (callee) RIZE/DHE
W EASRE (DU AR E S, MATRRRTEE (RABRH) 32 ik (S
B, wfREE) WHT):

1 VA BRAN = KR B CRAFAE ra FF 473, H0OR M AT SE 50 5 MBS [E 12 0t -
2. VA FH R B B EL [ELR B HEERS , RIS RIE sp~ £p~ s0-s7 S8 e 5 ARRECZ Bl —3
3. WO RN SRR EE R T 3 e v, YA BB 2 765X — 3 72 HUR [FIE -

4. AT EREUS HAERRM (stack frame) HHEREH K/ INE = TR RS LN Z H]; AR 9
FIH RS ED T A, MR 2D RE M ER A2 EGE R E (16 777); A
BRECAT LA ] ik A] o 5 NE

5. VA BREUN HEF 738 a0-a3 FERES 0 ~ 3 DZEAIE, Vi R EUN 2 76 N 7 3 ik
memory [%sp + 4*i] BALELAREFS ¢ DSEHIE (0 > 4) ; MHOHH RERIZAE LR E
RBEASEL

T8 B 5245 E g R T R IS, BT 3, omide = Emm BN, 57T
bR Eha, B ZHE:

4. T R A AR R B RN 2 T80 A R B RO B — D BALEO R NS (] O R
Hnr Ll bRz (8] A B AEUE -

5. W HREAENFHIE memory [%sp + 4 * (i+1)] FERAE « MSEWME; WOHHREFE L
B EIRGEASEL

R EARAE, BATAMELIL, 1R Decaf FRFFEHEWMA “decaflo” FHIMEN C BEHE 1K
B, M2 IR AR

o BORMRE CIEERBTTIENF A a0-a3 FIERETH PS4

o MMM CIESREMNSEANEDOTHAE L2 EE), wiAAMREETES A
WAL E mem[%sp + 4%i](0 <i < 4), MBI A BORIILE -

i, BATHICRIES 9RE T “decafCall”, YEH Decaf F2JFH1 “decaflo” FEMIFZAZE - “decafCall”
SEHL T R iARThRE:

1. EF o AR
2. ML ASEEIFFEE T,
3. PRAFIR [l H DN EGHT AR [
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4. PATPRE C RBORA, WHMERNE “decaflo” HHIZEREL
5. MRkl « 3R [E] ik

6. 12 Decaf F&fF -

JE RS
BRECEINLT libdecaf/decaflo.c SCHFH, RHIZE 42 MBI BT 1% -

__Alloc
BT - T uCore NLFH A BENENFESEL, FHAEHT —1 GHEF) 2RSS
TR, BRI S BE AR SRR MIZ A At H B H 8 e KB R 25 1A

_ StringEqual
WA - BRFA uCore MALAYT stremp RAULESFRF 8, stremp IRE 0 N EAFE
&, B[ true, HNHRE false -

_ ReadLine
B —ATFRFE - FIH read BMEGEFTM stdin B FRFRFEIRITX, BESEREATR
s Ik, SRR PIXGRE] - T uCore FIIERIETLEIE, FIEEE|— N FRALTUR HATED H Rk,
FEAS AT WL [E] 1

_ ReadlInteger
B — R . A read BELEF T stdin BHIUFRF, BHEBGTIAS - BT LUAMIFET,
RIGFIMTRTHNG, ZRBMEALT, HE A W, BIHREEERZEM= A
FREFMATR, DIBRXTTRERIRA _ReadLine Y& - HT uCore HIHEHI S TLIH
B, BEBE PR EATEN R, 5 H A WEE .

__ PrintInt
FTEN— 5. BEHEH printf pRECSEHL -

_ PrintString
FTEN— 1P . HEM printf RECEH

_ PrintBool
FTEN—"MRME - WRIBEE N true” B false”, F printf BREFTED -

__Halt
CERART o YA uCore B exit BREL, SR Y FIHE.

3.11.2 4WiFR/ER

BT EF, BATRIL Decaf G as M AR, FHEiT T

Decaf fEAERGCR IR, SR BB ORFSIRHRA, SEERM) B b0 Eb R 5y
SHREFE R, AR TR 74 LS - FILE backend/Mips.java X emitProlog
BREUT LALLM R AT 5 R TR -

emit(null, ".type " + entryLabel.name + ", @function", null);

T Decaf ) main KEUTCIRENE, K it AR H R BE & 7 & R E R BV . Tk
0 HIREMEFREBOR S ER P RIEMB A - FIbFATEEL T translate/Translater.java
createFuncty K%Y, B FRECEIL RIS ZECN T  decaf main, MM AIZEB TR EE
H¥  decaf main HFHEEMSFE C #IE (int IREME) B main BREL, 1EFRE 0, #% T AA[T
MR ENE -
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3.11.3 4miFiiAz
PR AN T BT

Runtime )
*.decaf Library UC?rﬁ b
*crs5"h :
Dacaf Compiler GCClas/ar [—
) uCare uCare
Assembler libdecaf.a libuser.a user.Id

3 Linker :

ELF

Figure 3.14: Compilation Procedure

WA AMER Sy, —H s T R, —H05 a2 Decaf MAREFHZRIFIE . BT
uCore NICFFBNABEERE, B IER A S

Hrf libdecaf.a NIFEFHSITINERSE, AT Decaf WRINIRIFE—IR, ZJFTESWEFE Decaf
AR AL EHRRIE - BTN EHTHILRM C RE, BEEFEH GCC LEHERE-

Decaf N AREFHHIFL R, EL Decaf JiEaFILIwds Wi 1B B2 BFR3CH:, HAE
uCore BEZMIAIESIT, 5217 E « uCore A P IEFEMERE, BEIRA IR HUT M -
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Chapter 4

Appendix

4.1 NaiveMIPS {545
FRER SRR AR

Mmnemonic Instruction
LB Load Byte
LBU Load Byte Unsigned
LH Load Halfword
LHU Load Halfword Unsigned
Lw Load Word
SB Store Byte
SH Store Halfword
SW Store Word
ADDI Add Immediate Word
ADDIU Add Immediate Unsigned Word
ANDI And Immediate
LUI Load Upper Immediate
ORI Or Immediate
SLTI Set on Less Than Immediate
SLTIU Set on Less Than Immediate Unsigned
XORI Exclusive Or Immediate
ADD Add Word
ADDU Add Unsigned Word
AND And
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NOR
SLT
SLTU
SUB
SUBU
XOR
CLO
CLZ
NOR
OR
XOR
SLL
SLLV
SRA
SRAV
SRL
SRLV
DIV
DIVU
MADD
MADDU
MFHI
MFLO
MSUB
MSUBU
MTHI
MTLO
MUL
MULT

MULTU

JAL

Nor
Set on Less Than
Set on Less Than Unsigned
Subtract Word
Subtract Unsigned Word
Exclusive Or
Count Leading Ones in Word
Count Leading Zeros in Word
Nor
Or
Exclusive Or
Shift Word Left Logical
Shift Word Left Logical Variable
Shift Word Right Arithmetic
Shift Word Right Arithmetic Variable
Shift Word Right Logical
Shift Word Right Logical Variable
Divide Word
Divide Unsigned Word
Multiply and Add Word
Multiply and Add Word Unsigned
Move From HI
Move From LO
Multiply and Subtract Word
Multiply and Subtract Word Unsigned
Move To HI
Move To LO
Multiply Word to Register
Multiply Word
Multiply Unsigned Word
Jump

Jump and Link
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JALR
JR
BEQ
BNE
BGEZ
BGEZAL
BGTZ
BLEZ
BLTZ
BLTZAL
BEQL
BGEZALL
BGEZL
BGTZL
BLEZL
BLTZALL
BLTZL
BNEL
MOVF
MOVN
MOVT
MOVZ
SYSCALL
ERET
MTC0
MFC0
CACHE

TLBWI

Jump and Link Register
Jump Register
Branch on Equal
Branch on Not Equal
Branch on Greater Than or Equal to Zero
Branch on Greater Than or Equal to Zero and Link
Branch on Greater Than Zero
Branch on Less Than or Equal to Zero
Branch on Less Than Zero
Branch on Less Than Zero and Link
Branch on Equal Likely
Branch on Greater Than or Equal to Zero and Link Likely
Branch on Greater Than or Equal to Zero Likely
Branch on Greater Than Zero Likely
Branch on Less Than or Equal to Zero Likely
Branch on Less Than Zero and Link Likely
Branch on Less Than Zero Likely
Branch on Not Equal Likely
Move Conditional on Floating Point False
Move Conditional on Not Zero
Move Conditional on Floating Point True
Move Conditional on Zero
System Call
Return from Exception
Move To Coprocessor 0
Move From Coprocessor 0
Perform the cache operation

Write a TLB entry indexed by the Index register
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4.2 CPO

Register 0 Index TLB RAOZS|

Fieleds Bits Description R/W Reset State

Reserved 31..4

TLB index. Software writes this field

to provide the index to the TLB entry R/W Undefined

referenced by the TLBR and TLBWI / naeime
instructions.

Index 3..0

Register 2 EntryLo0 {SEUEFATA AR
Register 3 EntryLo1 aHUEIATR A REAI L

Fieleds Bits Description R/W Reset State

Reserved 31..26

Page Frame Number. Corresponds to R/W Undefined

PFN 25..6 ‘ )
bits[31..12] of the physical address.

Reserved 5.2

Valid bit, indicating that the TLB
entry, and thus the virtual page
v 1 mapping are valid. If this bit i.s a one, R/W Undefined
accesses to the page are permitted. If
this bit is a zero, accesses to the page
cause a TLB Invalid exception.

Reserved 0

Register 8 Bad VAddr 107 B At

Fieleds Bits Description R/W Reset State

BadVAddr 31..0 Bad virtual address R Undefined

Register 9 Count RS EM 281TEUE
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Fieleds Bits Description R/W | Reset State
Count 31..0 Interval counter R/W Undefined
Register 10 EntryHi TLB A\ S\t
Fieleds Bits Description R/W Reset State
VA[31..13] of the virtual address
(virtual page number / 2). This field is
VPN2 31.13 wrlt‘Fen by hardware on a TLB ' R/W Undefined
exception or on a TLB read, and is
written by software before a TLB
write.
Reserved 12..0
Register 11 Compare 2% el 25 b ILALE
Fieleds Bits Description R/W | Reset State
Compare 31..0 Interval count compare value R/W Undefined

Register 12 Status FRWTH]. REUKRE.

THRIEAFRE
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Fieleds Bits Description R/W | Reset State
Reserved 31..5
If Supervisor Mode is not
implemented, this bit denotes the base
UM 4 operating mode of the processor. The R/W Undefined
encoding of this bit is: 0 Base mode is
Kernel Mode; 1 Base mode is User
Mode.
If Supervisor Mode is not
RO 3 implemented, this bit is reserved. This R 0
bit must be ignored on write and read
as zero.
Reserved 2
Exception Level; Set by the processor
hen any exception other than Reset
EXL 1 W Y excep ' | R/W | Undefined
Soft Reset, NMI or Cache Error /
exception are taken.
Interrupt Enable: Acts as the master
IE 0 enable for software and hardware R/W Undefined
interrupts
Register 13 Cause 1IBF7E RN
Fieleds Bits Description R/W Reset State
Reserved 31..16
Indicates an external interrupt is
pending: 15 (Hardware interrupt 5,
timer or performance counter
IP[7:2] 15..10 interrupt), 14 (Hardware interrupt 4), R Undefined
13 (Hardware interrupt 3), 12
(Hardware interrupt 2), 11 (Hardware
interrupt 1), 10 (Hardware interrupt 0)
Controls the request for software
IP[1:0] 9.8 interrupts: 9 (Request software R/W Undefined
' h interrupt 1), 8 (Request software
interrupt 0)
ExcCode 6..2 Exception code R Undefined
Reserved 1..0

Register 14 EPC

SRR EHUT AR
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Fieleds Bits Description R/W | Reset State
EPC 31..0 Exception Program Counter R/W Undefined
Register 15 EBase 5% A IEFEF D
Fieleds Bits Description R/W Reset State
1 31 This bit is ignored on write and R 1
returns one on read.
0 30 This bit is ignored on write and R 0
returns zero on read.
In conjunction with bits 31..30, this
Exception Base | 29..12 field specifies the base address of the R/W 0

exception vectors.
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1 CPU

RETHIART NaiveMIPS Wi H CPU #4971 -

1.1 CPU Bahtillis

KT T A FRENS KB & BRA L, Fefl1EET SystemVerilog 15 A4 T CPU HENMGEMNAEFF -
HAZOBHEE BNEREE testcase RIBINEANE, RNEHEHERIBADEIT - testcase 2FHE
HLEAT —ERMRTE S, IHRTES RS RRE R AT HFZERZ L o T Testbench RF U5 il %577
L, —HEIENTFESRIENRE, 5 testcase FEFFA N AIE R ML, R LA
[E, WA CPU #UTHIR, Rk AT EIEHE-

XA T 125K testcase R SMIK TE S E, 15 testcase FIFF X ZLEE S - HH A2
& B, A AR, W2 AFEALTM, RN

1.1.1 Testbench

testbench X/ T HDL /testbench /basic__test/test__cpu.sv,Modelsim {f & T2, T HDL/testbench/mode
FTH TG, B9 test_cpu FFRI AT FFIGMIE o tesetcase K HDL /testbench/testcase H3E
fingk -

RIS 26 HERF ARSI, 2RSSR Rk 5o -

PC=50001040
COrrect
PC=350001044
PC=800010458
PC=5000104c
Pzeudo Exception: ERET
PC=30001050
PC=00000708
PC=0000070c
PC=80000208
PC=8000020c
$16=dead0000
correct

________

PC=80000210

§G=0000face

COLrect

F Init test succeeded!

# Break in Module test cpu at

S G R H: M R MR Gt R W R MR GHR: M R S SH R S R

Figure 1: Testbench

1.1.2 Testcase

testcase FHH—AF %K “mem” AR “ans” CHFZHAL - “mem” XHETE S BT 8 HILHE,
AT 5154, %A1 HDL/testbench/testcase/ H3H make & M “.s” L5RAITLSRIM
=4

“.ans” & tesetcase FIEZR M, BHEHF LRE - HBXEFTHIR —IXFAIRELRE, 14
A “<reg> <value> > LFFH) <reg> HIBEAZF 2% $0 $31, LLIZ hi~ loo <value> Hy 16 7
FORKELT - 26U, A $3 AN Oxdeadbeef AT LIEE “$3 deadbeef” - FTH HIZF 1728
B NRFFAH, B EAFEEE o T ERIEFE©—IRPERCEE hi~ lo FF A& VTEDL, ROZESH
hi FIEREE -

F®, Testbench HAEMBIFAERBIEAREERILE . FILIRIEFIESXE T F 7S,
{ENITFFESRE—RE, BARER Testbench fME| - EHRE testcase B R M FERIX — 5 -



1.2 EhtFENAa
HDL /testbench/testcase/ % T2l & MO T4~ ST
« inst_move.s F{FRBIEEERMH
o inst_alu.s BEZHEZEECNEH (RERIE)
o inst_ div.s FRIEFE SR
o inst_branch.s 5 3CHE 4
o inst_div.s FRIEFE IR
o inst_ jump.s BHEEFE M
« inst_mem.s JIEFFAETE S

o inst_endian.s JNEFERE T T F NN

1.3 RE5 MMU iz
HDL /testbench/testcase/ X T 7% 5 MMU BRI F40 304+
o overflow__exp.s H&{i H 575 it
« mem__exp.s Vit ik
o timer_int.s RGLEN & FHTNE
+ tlb.s TLB Jljiz

« inst_ syscalls syscall ¥54-

1.4 TLB 430

#EF TLB Mk, BN TLB 5 T testbench, AJLIXEAMES HE N4 AL - AL
T HDL/testbench/tlb__test/tlb_test.sv. A] LIEIEAE modelsim FB1T, ARIHSMIE S -

2 Memory System & cache

This section describes testing performed on the memory system that includes L1 cache, L2 cache,
bus controller and a few simple peripheral devices

2.1 Full System

1. Full Functionality Test: This test combines all components in the memory system. 8 Internal
Memory devices are connected on the bus as slave device. 500k random reads and writes are
performed on the ICache and DCache respectively. The read address are selected with high
probability as the recently written addresses. If all content read match content written, the

test passes. Otherwise the program stops where a mismatch occurs

o Source: Main/MemorySystem__ stimulus.v
e Status: Pass by automated verification

o This test requires 100M units of time to run



2.2

1.

2.3

2.4

2.5

2.

Bus Controller

Basic Protocol Test
This test simulates several master and slave devices to test for correctness of the basic protocol
the bus implements

o : BusController/BusController _stimulus.v

o Status: Pass by inspection of generated signal waveform

. Memory Access Test

This test connects eight Internal Memory devices on the bus, four masters are simulated
to access the memory devices. The masters issue random reads and writes in burst of four
words. The test will pass if the content returned to the masters are what they most recently
wrote. If the test fails, it will stop where the incorrect read occurred. The test will also stop
in failure if a segmentation fault occurred.

o Source: BusController/BusController_mem_ stimulus.v

o Status: Pass by automated verification

e Requires 100K units of time to finish

L2 Cache Test(See Section 2.7)

Internal Memory

Basic Function Test

This test simulates bus requests on the memory device

o Source: InternalMemory/InternalMemory_ stimulus.v

« Status: Pass by inspection of generated signal waveform
Memory Access Test (See Section 2.2)

L2Cache Test(See Section 2.7)

ICache

Full Functionality Test (see Section 2.1)

This test makes sure that the consistency issue appears and is checked. The read requests

issued to ICache is an address recently written to DCache with high probability.

DCache

Basic Function Test This test connects the DCache, L2Cache, bus and 8 InternalMemory
devices as slaves. 100k random reads and writes are performed. The reads and writes cover
all valid address ranges randomly. The read results are checked against written data. If they
do not match, the program halts at where a mismatch occurs.

o Source: L1Cache/DCache_ stimulus.v

e Status: Pass by automated verification and white box waveform inspection

e Requires 100M units of time to run

Full Functionality Test (see Section 2.1)



2.6 Direct Loader

1. Basic Function Test This test is identical to the test on DCache as in Section 2.5. Set the
macro "TEST DIRECT’, and the test bench performs 100k random R/W and matches the
read results with what was written

o Source: L1Cache/DCache_ stimulus.v

e Status: Pass by automated verification and inspection of waveform

2.7 L2Cache

1. Basic Function Test This test connects the cache group onto the bus, and connects 8 Inter-
nalMemory devices as slaves. 100k random reads and writes are performed in 1 - 16 word
bursts. The reads and writes cover all valid address ranges randomly. The read results are
checked against written data. If they do not match, the program halts at where a mismatch

occurs.
This test is activated by disabling the macro TEST CACHE_ GROUP in the simulation
file. Otherwise, the alternative test in section 2.9

o Source: L2Cache/CacheGroup_ stimulus.v

e Status: Pass by automated verification

¢ Requires 10M units of time to run

2. Full Functionality Test (see Section 2.1)

2.8 L2 Adapter

1. Full Functionality Test (see Section 2.1)

2.9 Cache Group

1. Basic Function Test This test connects the cache group onto the bus, and connects 8 Inter-
nalMemory devices as slaves. 100k random reads and writes are performed in 1 - 16 word
bursts. The reads and writes cover all valid address ranges randomly. The read results are
checked against written data. If they do not match, the program halts at where a mismatch

occurs.

This test is activated by defining the macro TEST CACHE__GROUP in the simulation file.
Otherwise, the alternative test in section 2.7

o Source: L2Cache/CacheGroup_ stimulus.v
o Status: Pass by automated verification

e Requires 10M units of time to run

2. Full Functionality Test (see Section 2.1)

2.10 Load Manager

1. Basic Function Test
This test simulates control, memory and bus behavior to check if the device behaves as
expected.
o File: L2Cache/LoadManager_stimulus.v

e Status: Pass by inspection of generated waveform



2.11 Cache LUT

1. Basic Function Test This test consists of randomly generated operations on the cache. 100k
queries are performed. Fach query has 0.1 probability to be an access to a location not in
the cache, and 0.9 probability to a location in the cache. For the first type, the testbench
checks that a cache miss is generated, and the suggested replacement has oldest time stamp.
For the second type, the testbench checks that a cache hit is generated, and the correct cache

line address is produced.
o Source: L2Cache/CacheEntry_ stimulus.v

o Status: Pass by automated verification

e Requires at least 1M units of time to finish

2.12 Time Stamp Manager

1. Basic Function Test
This test consists of randomly generated input and expected output. If the actual output
matches the expected output, the program terminates successfully. Otherwise, it will be
stopped at the location where a mismatch occurs.
o Source: L2Cache/TimeStamp_ stimulus.v
e Status: Pass by automated verification and inspection

e The test requires 50K units of time to run

3 Peripheral

3.1 HHAEHERHE TG

B O ) 28 BT T HDL/testbench/uart__test /uart__test.sv- #Ili% S0 FE & 1E
uart_ tx - uvart_ rx- uart_ top T .

7] IEREAE modelsim TREFIZFT -

3.2 VGA &8558Tl

VGA #2532 T L T HDL/testbench/gpu__test/gpu__test.v. #HillIAX % & gpu &
B
Al LLEEFE modelsim TREHIETT .

4 SoC
SoC MAR N R R AR, E35 05 B A0 40,

4.1 SoC {5E

SoC &I T HDL/testbench/toplevel/test.v ({7, B LIEHEE modelsim THEHHETT -

WOUHIE T — IR T B, SKEME T SRAM # Flash FIf7 BT, #G8EADTHIZ
AT DUE R B B A8 . SRAM #RAVH ] Alliance Memory A F#R A ASTC34098A A
TEBR . ZG R 256K x 16 B9 SRAM, ZEHELEEFZ/N, ([EEERIRET - Flash A
fEH Spansion AFH#RHEA] S29G1064N01 7 BT, 78 5 HSRE AR -



P EMZERINZ M flash__preload.mem i FN%EL Flash WAL, A ram__preload.mem.*
AHEHIIE RAM NAPIEW ST - FIIR TR ECA modelsim B $readmemh PR ECCFRATRS
X o ATLAFE T HREI NIRRT H R E k-

4.2 WA
IC9RIMIRFEF 7T asm__program H3EH, XLEFEFFH1EE AT LU EEIRE(F Li21T, ATRIE LR
iR SoC HEIMFEHIETT -

A MR-

 gpio_ test.s GPIO #ilarillia, SHUL I RS IF ER7E LED L

o leds.s LED Jii/KfTF2FF

o mem_ test.s NFEESNHIEF

o uart_ test.s & O EEANHIEF

« boot.s NaiveBootloader E{#2F (B UART - RAM JUiAThee, W 5)

o flash_test.s Flash ‘0> NIRRT, B #FR Flash

5 Test with NaiveBootloader

NaiveBootloader &— 15| S, ELLE BootROM A - ZEF L FrE DG, Wt uinl LIZE
LA %24 Bootloader - FAIZAET, FAIBR T AILAGS uCore RGeHP, &0 LUMBKER
MR ERIE . BB RERE LU ERER, BETHREEES .

NaiveBootloader 15 F 77 ¥ A& 11 30 FRAH R Z Tk -

6 uCore

RATHEIEET uCore BIERGUATINA - ZRBIERTIERED), HEAMLERN . ZEHK
KIZAT uCore B HIH P BMHAER -

6.1 LR

PR waitkill f5<5h, AIRMNEAE FER AL IIZ T H IR H o waitkill ar 4L T MINARES, FoIEFIESS

R HTAE QEMU HiB1T waitkill i @ RFRIFFELER, FATTIAJE uCore HHHI bug SERERF
KW, SWATK -

7 Performance
YHHE CPU 2 o FEE M BT R, FHEEWTRERTT uCore, BRI GKEBITHIR -

o Basic A< (Ft Cache) CPU F5i 10MHz

o NaiveMIPS++ (& Cache) CPU 4 58MHz
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TRV R S0k &

o SEIGAN I e 4
g S S8 OO OO 4
1.2 FB R et 4
1.3 TG IR oottt 4

e BT e, 5
2.1 FTHEIEER oottt 5
p B k1L == OO 6
2.3 FHEHGRIUAETE .oooeeeeeee ettt 6

= BRI G I e, 8
3.1 THJZFEHE: NAIVECPU ..o 8
3.2 ThfefiEk: ClockModule Digit7Light ExtendModule ALU .......cco........... 8
3.3 FEHIE ST CONTIOIUNIE vttt ettt e eeeanas 8
3.4 ZFAFZRIHE: REEISLEIS wouvvivieeeeeteeieeeteeeeee ettt ettt sttt st eeetens 10
3.5 FXZFMEs: IF.RF ID_RF EXE_RF MEM_RF oo 10
3.6 PC#H5<: PC_RF IF_PCAdder ID_PCAdder IDPCRXT....cccooiviiviviverernne. 10
3.7 i%&#4%: AMux BMux DirectionModule RegWrbModule...........ccocveveveernnnene. 11
3.810 HLIG: MEMUAIT ottt ettt ae s s s, 11
3.9 DCML_SP B <ttt 14
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L I A e = S 14

B.1VGA FEFEILTI oottt b ettt bbb 14
A1 BGRI T et 15
8.0.2 FB T oo 16
B.1.3 [HEZFAERE oo ee et esa s 17
814 TG VIM oo seeean 18

B.2 PS2 BB oottt bbb 19
821 BIRBEIIIL oo 19
8.2.2 FIRAZEETR I ooeeeeeeeeeeeeeee ettt 19
4.2.3 FFIRFEBEIZHEIRI cooooeoeoeeeeeeeeeeee e 20

B3 FIaSh T Bl ettt ettt 21

Fin PEREIE oo, 22
7S SEIGILE o 23
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—. SEEAH

1.1 =2 HAR
(1) IESHT LR G AR 1 FLRE

(2) DB EIR PR E AR TSNS R AL b A BT AR S B

(3) FEFRTFSHNLIN R Gy N H i
(4) FEFRAEIFBCTH AR A RE

1.2 #HESE
5 B4
1 ADDIU
2 ADDIU3
3 ADDSP
4 ADDU
5 AND &%
B4
6 B
FHAR 7 BEQZ
Ei=poe 8 BNEZ
9 BTEQZ
10 CMP
11 JR
12 LI
13 LW TR
B4
14 LW SP
15 MFIH
1.3 SEIGRER

s

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

=i
MFPC
MTIH
MTSP
NOP
OR
SLL
SRA
SUBU
SW
SW_SP
MOVE
SLLV
ADDSP3
CMPI
SLTI

SEUR SEILA CPU A 22.5M, BEWS IEFAIE AT M PR e AR Fr  JCIE A

YHEFEFEM Flash H 23, Y VGA 5 PS2 g4,
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. SRR

2.1 BHEEH

l RXT

o
O b
RXT  |<ALU
4 ? Selector :;{_T
IFWE ‘ IDPC IDWE lEX\lT’E l DMWE
IFNOP % Ll IDNOP EXNOP| DMNOP

=

st st st

PCH
—

MM

[ - - -

1)
1
—
—»| PC PC PC PC
PC
T > iDirertion

= —ERP Direction
s —wzy| Selector Rd
” SP 1 [
PCWE T;,; — L re Lo
PCNOP i YASRC

2 |
T
;|
2
I
I

Register ALU-B [+

l:
52‘ Ry ] Data
ax M »—»E‘“ ALU-A || Memory 1
Instruction Al ’—b"’
PC Memory EEa [ R o > LW —s
Ry TG
[

PCSRC M= ABsrC

Res
—— B REY T LE
— | E—

HPC [ LPC ! L] sP

Branch

ke LPC |HPC | BHT | BTB o-10

- Adr | Tab | 2bts | Adr 97 Extend Ext
"AND - >
- g;‘ Module ™ Imm
I A =4

P
+—'r_—|
I

REER

o_|m »|m N|m c|:

T Extend T Extend Register
- ¢
Digits Type l Writ.
RegWrb ||‘
Selector [¢

HyEiE g2 CPU BLTF I R BRVF 2 FREIIKER CPU —#F, AR — 55484
BTG Y BT Ui BRI S ANEW]L SiA Mmoo T
P BUE TR 2 T A ERE S, TR RS2 B 15 5 RAFAE BUAF A2t

N T RIS, BN T A 55 i

FESEBRSEBL, N 7P TS B AR R, RS RIM A AL B 1 IR
BodkAr. T AA R, BTB BLHUA A IEHISEI . MAMELE SERR el g m 1 —
SRl 55 e S, B B R
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2.2 #=HfES

—NMEL PR I ARG S AR S B (D BO KL, RS
FIB IR Le, i Bar A7 in) Jo At . 3mSR, 286508 7 &4
B s MITE oL, 75 208 AR 55 % 5 o 0% T 008 b S 1A 4 T B R AR A2 A5 5
A RSB o TRAH PN 738 IRkl 70 5 SEEL ) ControlUnit &#B2) FUAM4H o

2.3 BRI R A

B RIR I ZAE 1D BB A7 & HE R A BEAS B IERI B . X2
TR AT LR AR BT A — A A A7 2 HUME, (B RAE SRS R Z /T2
J PRI FG A il T LA 25 A7 88 IO o FRATT 2 70 2 E 2 A7 2% (R s A% 2285 R i o o
AL EE . FHEARAER) 5 BOKZRE ), INEF RS RE KB ID &, T
FeFRAT21E 1D B A sl ) 2k T B s rh RAL B 5

Bl b R R 7 A P —RIENSW. 78 1D Bzl S il o g X %45
A I 2 T B0 i SR T N A N SR R AR X 2 R A B e R ) 4
A ZBITEREAE EddiiN—2% NOP 484 [RILFRATTI LI 7 2R AE T — AN 3
FSRAIWE, # PC FAFRAM IF BRAF A SR CH], [FRPR ID R A E A
NOP 45X N FIFEHIE 5 o XA R IR LWl B 4l 17 NOP, 'BEAS LR N —2%
B X M EHIAT 11D, IF Br. ZREBIEFZH . BIORTAF G IE WA i)
AR, (HA ] BEAE I BOA A7 e 2 TRAF IR B HOAE o XN I LA 5 B3R
B A7 an £ WO A] LA B IE WO 1E

TE— 24840 ID BHATHIRHE: B0 E—%4844 T EXE B, XfRiffH ]
FEA1E ID_RF 15 B B EZ&IRA LT MEM By, SR HIHE 4 7E EXE_RF 5
FHAE E—2RA4R 20 E WB Bt T o I DURI 8 ph R R B BT 2 A 3 K480 1S
[l bl . i 75 B L&A ID_RF, EXE_RF, MEM_RF FHI{H. SHIRYL, 7
LA A A7 A A A 543 LA R LA : 10 B, SR H An ik, DL bk E 2
Bk o X AR B B RRIRAERMTE WB B, FTLAL I AT & E 3 2484 EXE
B, ALU [ A, BHR/ESL. IXAIHE L 4R wB B, FEAFHKIES.
MEM B, ZEE5ANPNANERE. RHREAE L—KHELSW,



TRV R S0k &

AR IR E N S F A, BIERIE A FTREA I ALU THRAS R,
EXE BEEI R4 s MEM DifFIN4E R, 75 MEM BRI Lw F LW_SP $8 42>
Viff, PRI P 5548 & 75 ZRF IR 1 o

FrEl, AFARMERERASIL? REILFETFSRER B B REE R
BRUEHRBHES TE. B2H LT ILFHR:

1. XA RBELIRES, M H E—%4 0 BARSFAE X %1821
BT F o KBk Fa A 7E 1D 3 75 A5 B R 10 FF A7 48, 1 b—
ZARL AT EXE Bt HA EXE BUAS R A REARIEAS B IER 1O 1E -

2. IXFEARA B A, TH L E&IREA K ARG AA R IX 2 HR A
EANVEZFAFa Al ], 1 H B 2R FR 2 W B LW_SP. XMIHx b 2% 4R
A1E MEM B, 545 MEM B8 o2 5 A BEARIE 5= 21 IE T e

3. XIS RBFEES, T H E—%H8 40 H AR a5 A7 2 FX 45 4
HIRAN IR A A e A R, 17 H B — 2647202 LW B3 LW_SP. X %R Fik
EXE B, 26 F Z AP 2B, L —2%38 41 MEM BUE RS W, ArbAk
A IE1E .

HAEZ B A T AN E AN, XANEMREEHRR T TERARRER:

1. X T Bk 27 1D tHRAE A e R b ERIRA M H IR A AF
S IR 2T A7 a B ML AR R HAS R BN AEAR 2 o TEHRESBUE A EXE_RF HfR
FAI) ALY BTSSR iR b b B SRARA 1) H bR & A7 A AR 27 A7 A i M ik AR
A, A48 H MEM_RF HHERAZ ALU THEL4E S E0E 10 i 25

2. XTAE EXE Br ALU AR VER. iR E— K484 1) B bR A7 AN
VR AR A7 S I AR (7] AR BRI FE 2o TRERIERUE A EXE_RF HRAFIN
ALU BTSSR iR b BORAR A1 H AR A7 a8 MR 2 A7 4 bk AH 9], R
28 MEM_RF HRAE ) ALU 545 ek 10 B 45 51,

3. XWTHEMEM B, G ANNAFRIEHE . 1R b —F 48 1 H AR A7 4%
R FAE A A 1], A4 18 F MEM_RF FRERA7H ALY 1545 e 10
TP 45
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=, BRI 55

3.1 TiZMiH: NaiveCPU
NaiveCPU Jf2 A{k CPU Wit AITHZ AT, & B4 N\ e 1 2 FL B 5 1A
HVZRE R, SATTHEAS CPU Y 10 S5484E, 1 Ram FOFEHIE 5 A1 k(5 2
flash [ HI(5 5 AR (S B, B O REHE S AR (5 2, VGA Fi ps2
IG5 A A5 R, B 4 R U B LED T % 4%
XA S T HABPT A IR, 0RAF T AR 2 FAEHME 5 135 55,
SIS V) S 1

3.2 IhReEIR: ClockModule Digit7Light ExtendModule ALU
XU THBERLER 61 37 SeBl— LA ThEE, BONFIR, .

ClockModule  SEHLEF B3 %%, Jy & MLIER R

Digit7Light SEEVECT RS, (E T .

ExtendModule SEIZEIEY i .

ALU SEHIEH IR

3.3 #EHIES5 4 ER: Controllnit

PS5 AR AT A CPU B e 3 B E EAIE IR MR AZ O
oz —o XM EE R E T4, PCy BLRMAREE, MANEHIES &
HAUHI R

5 A ZEHlfES =9
SLRPE Y R, TRV SRR, RISZRIEERR 4
ExDigitsOp
HE LA
IF
ExSignOp  HIEY EE oy L2 1V E.
INT e e 4

ID DirOp HR & e e ES
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RXTOp

IDPCOp
RegWrbOp
AluOp
EXE
AMuxOp
BMuxOp
SWSrc

MEM SWMuxOp

RamRWOp

MemEN

IF_RFOp

ID_RFOp

BE TS
G AR

EXE_RFOp

MEM_RFOp

PC_RFOp

PC_RFWE

B 45, MRIEHE R AW Z AT EE R H A5
SRR, S S, 1F IDPCRXT #BFH 2 Fl B3
.
B4R, RIGIE S RILFZEBELH H bR, ik
155, 7E IDPCRXT #BfHHh 2 FH 2 H- i RE

B EFFSNILERES.

ALU AR BN E R, Wbk, Wk, HHE. 8t
BAESE.

ALU 1 A BRAE B I 1R 5

ALU 1 B A B A 5 .
GRER, 5 ERESERIE IR RE S, W
& RX I& /2 RY.

G alAER, 5 A B RIR PR T

Ram & ik 2 5 EHIE 5 .

et AT

IF BeArfras I pE(R 5, 0z, DS eRe. I5
TAE T

ID Beyfras IEne(s 5, WAL, BEEEMAE.
HEES.

EXE BLarfras i pefs S, Wil G5 ine.
HEES.

MEM B2 A7 s AL RS 5, W0z, A& i S fliae .
HEES.

PC B A7 d UL FR(5 5, 1ed% PC RIUTIN PC ik
ek PC 5,

PC W A7 S ERENS 5o
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3.4 HFEEEME: Registers
PRAFZFAF 28 ME, LA E,
EA A, FARNEERARAMERN, AFA—ANFEEENET

E3A P 5 1Bl AR

3.5 Br27fE5%: IF RF ID RF EXE RF MEM RF
B 257 24 55— BB R SR R UK B 2 Il B, B Ar AR (i 5 i e

s 25 T hE AR RUKLEE . BASTRLSFEE.

3.6 PC#H3%: PC_RF IF _PCAdder ID_PCAdder IDPCRXT

PC_RF [l PC ZF 4745, fRAFEIT—IXH) PC {f: IF_PCAdder H15T7E IF BidkAT
PC+1 MIHEAE; TEBKH:TE A, ID_PCAdder %1 337E ID B¥g PC HAr RN, 3
B — AP bE, L4 R AT A EE

IDPCRXT & —/N UL EHE B, SCHl R R AR EEk 1D B ax —&43 1)

an
[aYay

3 l RXT
— > -l
VE
op IDPC |33 '
Selector ;"(ﬁ
PC+I
+ >
IMM

T LLVE HEAEPIEr o — B0 ARG 18 A SR A W E AT EU B H AR SRR, W]
REAL T 77 /78 RX ZF /748 ALU I &5 R (GRIEHUS) BUE VIAA1S I LW 25
R OCHBEE), FEIXARIEZES 0 FI5E, FREHSEERANTES, KKk
HHRZ PC CABbE). ID_PCAdder B F &5 K. FF A7 S IKE .

10
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3.7 i&FESS: AMux BMux DirectionModule RegWrbModule

AMux H1 BMux 52 ALU 3R 1EEIDE R4, IEFAEERIFLE ALY #EATIZ S

DirectionModule & H Fr 47 17 #1165 2, M4 M F2 1) 570 2 B 4245 5ok
Vet H bR A A7 4

RegWrbModule /&5 [A1 B 5 [RIEGE G 645, A7 BEZ ALU HIB 545 Rl
flag (I1E. MEM Bt LW 45 R,

3.8 10 BAC: MemUart

MemUart BEHREE 58/ CPU 1 10 #:4E, B4EVIfE. U, flash Vi,
HANAEEESLE IF Bl MEM BUEREME A . FRATHE Ram1 VR NEEE A7 1% X,
Ram2 1E TR &7 X .

MemUart BHG HASIRZASHL, A2 45MHz (8. K BT A2 348
[ IR AN AR 2 43400, IRIE AT 22.5MHz. JEIEIX PRANIRAS, 10 BEE AT LL5E
i MEM FIF FTA D 10 B4, M, wREBL MEM BLisa 454 A 7T
B, PTLATE—AN CPU B FE 31 4 BE 52 B MEM BRI ERAE, SCSERL IF BERHRAE, A
i TR -

AR T IR NAFEE S, B — I S N — IR A7 B LA
SR o TEIX—HEHRM BT b, AR T LREKHIRE 1, Bt T R R 1 1
FEdZ . CUN ISR AT BT R

MEM Bt 5] B
PR EATHE RAM2 VEN48-S N AE, i BLUS Al 3 AT IF BFK HUE /& 18
TR o 23X S — A EE AT G 0L, PR 7 1) s OV ANERGER W] DA ] I AT

B2 % 8 2] MEM Bi1a] RAM2 B 0L, IF B EUE &G RM T 8 — A IRES .
1 FES— NI, RAM2 AMlERE.
2. TESE A ETHEZ S,

- ¥ RAM2 B HIE 5N ERIR A (EN<=1, OE<=0, WE<=1).

- Hutk45 1 PC,

11
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- B LR v B
- R B S 2 Y BERE S 10 B INS it S T
IR 2 A A7 e e I, Bl SR Bl 52 RN, 10 Bibuk
BB AR . AN AR BRI, F8 2 RS T B AR
Kt 5e B T BUA .
A3 LI RAM2 J2 58 ALK, HAFEIH:
FEVT ] I, RAML 628 ANl RE . [R]NK odls S 2k 1 ap 244545 10
BV A7 45 R s b
1. EH M
WRN H2H 1.
RS — I Bh ETHE ARG, 4% RON B 1, HIESLE M. XN
PR O . (28 AN PR BRI, WK dataready 4 1, HUKF rdn BN
0. ZJ5 CPLD 2 ¥ N Z i X R IE B A2k 1 B T — DBk p
15, Brapfras i RAF T Ko
2. GH
RDN &2 H 1.
FES— IR WRN BN 1. 38 A AH], Wik tore H. tsre #4 1,
A4 WRN BN 0 [Al 4 25 N BB il S 4 L
3. R FRAS
X B T LI O BN dataready JiCE 4 HE (928 1 47, 45 tbre&&tsre
TS 2 0 Az
MEM Btijj 5] RAM1
K79 RAM1 Fll RAM2 AT, LI R 450 1 L 7 28
U7 i RAM1 FRS % WRN A RDN 45468 1, DASGHIER O,
1. 5 RAM1
RN, K RAML fRE, HEA WA S (WE<=1, OE<=1),
FESE AR, R AT B R R L, R WE BN 0.

2. i RAM1

12
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TE 55 AN B B0k (B K RAML B N IR A (EN<=0, WE<=1, OE<=0),
[R5 sk, Hds e 2R P, IR B R R 2 10 BB b
MEM Btijj 5] RAM2
1. £ RAM2
FEHIME 5 M BT AR BUE S I RFEHIE S 2 — 8y, 1 A IRES
S S A A
A EAE T35 —ANIRS I iR, B S 2 BB CA RS
AJE MEM UifEREE 3. RILIRINS 10 B U5 77460 Hh SR — AN B A7 A T AN
& LR L 2 2 FHEE IR A7 A7 a7 26 NI b SR A i R A7 T R s
KL 2 H.
2. 5 RAM2
FEHE TS RAML AHIF], (B2 B2 — NI b Bk st 45 H
A A BT WA B NIEER DL — ANk ds, XAk
FEIIHINK 3 BLaA795 o IR URAE 55— AN 8 BRI HEE A e 2018 BAREE 5 N
HIEE o BT DASE B8 e 20 5 N Kl BEAE 26— NI R 3, T AN 28— i
1 ETFHE . TR —ANETEREERE AN, IEMIEHR S RIA . 7658 /N 2]
KA, A RN A S NN WIERZ /TS RAML A 615 5
TR T ANIRES S
FEVIAF R A TEE S 7 — 2 m i, T 10 FBHE S — e L THiE
I EXE B EF A7 4%, PC A7 OIS B BT AT R RN o PR aX AN I EXE B &3 47
ar PG S MR IE 2 L — %4898, PC arfrashidtg E— I, X
M FEE R, A, BTIRATEUE S RTESE /MRS, IR PC A T Ik
BIHIME 15 PrRAIRAE R 5 BE900E EXE BediAr s . FATIE I — s 55 i e ix A
A8 A MEM Bl 7 O KGR AR 2R B ALU BUTHELSE R, IS 5 i
ek ID Brar i, BN PR X L 8ds BHEIES] 10 fidh, 7255 — o B
TG, A X Se s o 7 Il oA 0 L £ P B A7 R i

13
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3.9 DCM_SP &pf4:

FALAE ] VHDL AR I f S0 IR b 1) 17 B RSB0 A, TS REAR 25 2 il S
FEB P AIES . AESLhR A AR, FRATAIEEAN CPU I B0 50MHz &
GO e S, (FR ARG 2 7 3 A RAS KA . DR FRA 7R X
IS b B R AT SE A Al M 2 )

DCM_SP #& Xilinx H#7[ IPCore A, JHILIXANAME, FATAT P A -
MOBIARER SR LR, SEEURSHA AR s o

5 LRE RS IHT ARV ST A (RIS i, 126 4% 1P Core o Y FH BIAH A R AHELHE PLL,
DCM, DCM_SP &5, &AM SRR AN A o AR IR SIS A% FH Y Spartan3E1200 it
v A SR DCM_SP. £ DCM_SP HIR & P 5 ZEUe 3% CLKPX s, I Hodekay th A
K, EAULH, K DCM_SP #4-AEAN—> Component i FIEP T,

EARERRE, BT HUHIASTILRIBRE] . BN B PR N\ B SR I Bl A\
¥ R ReH NBIUAH PR (T A B 7E I AN N2 B 500 B304 ) o IXALLT 2 N ORAIE B )
FOHRWRE. N TR PRI AE T, AT B DM
R CLKO iy o 1

I AEH DCM_SP i, FATTH) CPU FEA BB EP 0 45MHz. 1X 2 fRIE IR
(73 5 SN

VO, ¥ RIhae

AV BT B IhEE, 3 VGA Br3iion, PS2 f#L#i N, Fl Flash
Ha3,

Hh vGA 1 PS2 #4y YRS 2 W VGAControllervhd, Flash #43JR %2 W,
MemUart.vhd.
4.1 VGA REER

ARSI, VGA #E/rsLHl T —Ht 640 * 480 Wihi%, T 4 FE R
A CAT AT VI, 43 v« sk /7“5 2 7, “ [l g ZF A7 a8 " F“ T8 2 Vim”,

X H AP T Xilink B IPCore H1 BlockMemory i, & M H:

14



TS RR P LI R

RIS EE, AT 25 MHz BP8h NiE3] VGA 4b. B M2E BlockMemory HIFH
AL, LI T AR R R

4.1.1 B3R A

1 | component lxh_mem is

2 Port ( clkA : in std_logic;

3 AddrA : in std_logic_vector(12 downto ©);

4 DoutA : out std_logic_vector(15 downto 0));
5 | end component;

BlockMemory %A Single Port ROM T, it TS 1 A A A= B .coe
AT HIME G . ROM AR BN 16, HhEE 1078 i, 674 fi. 2~0
B mIA7 i RGB =M i = A K fl, HAhfrIoRL. mTAEsaaR, K
R EEEN 8*%8, &R HEE AN 80*60, ROM = [a|ffiH 128*64=8192 4

[ &

15
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4.1.2 g4 HEHE

1 | component zz_mem is
7) Port ( wea : in std_logic_vector(® downto 0);

3 AddrA : in std_logic_vector(12 downto 9);
4 DinA : in std_logic_vector(15 downto ©);
5 clkA : in std_logic;

6 AddrB : in std_logic_vector(12 downto ©);
7 DoutB : out std_logic_vector(15 downto ©);
8 clkB : in std_logic);

9 | end component;

BlockMemory %% 4 Single Dual Port RAM JEIN, 176t M “ gk [ 57
BECARIR], (EHGIN 7R AEE T, AT LA Hbk (8 (RO BRAE B EA B 8
*8 MG MBI HATIRE.

£ MemUart W 17/ 8 13 5 B b, 5 I XF A7 b 4 52 ik 2 1A

(OXEO00~OXFFFF) M5 4, MRBUER 5 AEIEILE VGAController Hi, [A]
K ESITR, HILEIES A RAM EA7H.

16
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4.1.3 BElEHFFER

constant half : std_logic_vector(2 downto @) := "@e1";
impure function print_register(input: std_logic_vector(15 downto 0))
return std_logic_vector is

variable tempG : std_logic_vector(2 downto @) := (others => '@');
begin

return tempG;
end print_register;

XA B AR SR (ELZ 5 T35 — IS 8 g PEIE I ), H /2 2R
EAEAS A, R RS . BT UbE R IFAG A 1PCore, DHIEAT R4

ST E CREZMEHD R,

B e AU OTT IR il F S bR, BTEE. AIK 4*4
it 16 MPREREARNE, KilhEmbl. BABGeRE R B 1 WE
A 111 Gte, SmiEHD, B o MEMH 001 (MRERIEIIES, T
HALRIZERD, TR 000 B MM, TR RREE T REU R, 75
Ja SRR T RS AR E AT RS, R BB R A A s B R AT

X—RRTTRAFERN 4 f7 16 ST R, TR T EN
REMRSE. 4 NMCFAL B, ERNSIRE B M BB IO AR, Tk
AL B 0T, BEAT DL B b AL BE AT s (Cndis S 44ERS N 5 i,
PR PR A TR ESRSFD, WAl LEWE RIS, MR IRESHT RIEFH)
4 .

17



TRV R S0k &

4.1.4 &% Vim

component char_mem is
Port ( clkA : in std_logic;
AddrA : in std_logic_vector(1@ downto ©);
DoutA : out std_logic_vector(7 downto ©));
end component;

component fifo_mem is
Port ( wea : in std_logic_vector(® downto ©);

AddrA : in std_logic_vector(1l downto ©);
DinA : in std_logic_vector(7 downto 9);
clkA : in std_logic;

AddrB : in std_logic_vector(1l downto ©);
DoutB : out std_logic_vector(7 downto ©);
clkB : in std_logic);

end component;

caddr_origin <= y(8 downto 4) & x(9 downto 3);
char_addr <= char(6 downto ©) & y(3 downto 9);

Vim B T — R I RER SO gAY . By 80% 30 1™ 8
*16 MIJ7FE, AT EATLURE — 8% 16 mFERI L. BT PHEHN MR
PRV 4 Az EAEE R AR ARER )OI 3 Az Bk, BT RLE A B — MR E
W77 RE, Jtit 128*32=4096 NJ7FE. SA7HS BlockMemory BN Single Dual
Port RAM #53(, B ERY 8, HAK 7 fidrzs 128 AIH) AsCll 5.

TR BlockMemory W E A Single Port ROM T3, i Wise # it 47
(¥ .coe SCHHEATHIGRIL . ROM BEANFREEKS 8, RE—NEHM—17. ¥
ASCIl 19 128 NMFAFHY 7 AL iP5 A 16 1TH) 4 AL —8EH 55 (VGA 4L
AR Y K 4 0D $HEEN—A 11 Ak, MW7 A 4K

if pr(CONV_INTEGER(not x(2 downto ©)))='1' then
tempR <= (others => '1');
tempG <= (others => '1');
tempB <= (others => '1');

else

prifE AR BRI L5 R, I8 A AR A T AR AR XCARAL AL BIE R AR SO IR
PR, T TR LASEE8-x), B A AR4N01% kb 2 15 N AT BoR
KT vim PN SR, AR PS2 AT A

18



TRV R S0k &

4.2 PS2 ##

ARSI, PS2 FRSEIL X — PR PS2 R IR AR F AR AR . T
XSG AT R B U R B L L PR T RIRNE R, BES
— WA RPIRES VL AL AR TT BRI 307, AR RSz . £ 2 AT+
SEES, 2 WPM BB —EREERS, T NS CRMBERL IR 2 4% T £ b
) AR PSR, (AR S, WEFAZ . SHBE T2 B, Bid
BUNTTAE

ok, BB PS2 [F 5 AT, R 7RI, 4 0.02 B R ViR
—MgfE. 25, BERRIT

4.2.1 BrERY#
SEIS R ctrl A alt AENBE D) iz s, BT C IR f e« BR—
UL HIINRS, TTLLBREEEE BT FTA VGA [ DURRAR = A b e .

4.2.2 HWRIERIRR

SEAG RO EE AR b A X LT A B AR i 7 iR (BR backspace A1)
FEHIS IR 4T T — AN Yari N B IREN R A 80*30 T AR,
RN EYEd 7 — N —8 NGB FDOEbR (80)”, —FHHHT T E B

19



TRV R S0k &

R . BEYINBVER B FR, 2B Y7 /FH ASCH i35 N BAF ERHE €
A8 (AR A BEESD, HEABMALME (ROEFR), 1 VGA NS AKi
S AF LA R ASCIl BUE, 1% 2 ARG S B N AT R

4.2.3 REBRIERIZHE IR

* Shift & Caps Lock

L% N shift (L, R) B Caps Lock %%, JObrA ML, PRt A KEHH
FERE o WOIRAS T — VI AR & 2R o Bar, Blanailml e A, 3R
H, TR {4 BB FZ N EsiAs shift B0 Caps Lock, YGFRIKE Jygkth,
REBERESMER

* Arrows & Home & End & Page Up & Page Down & Tab & Enter

TR NREHERE, 1% VAT AR R OhR F R N7 [ R 5 —#
e, ArBETYs EBE TR, AREETRSBET 174, JFH
TESH —ATHIBER ]G — 1T Rt B Ja — 417 REGE — 174

Home A1 End S YA B AT HI B AT K, Page Up 244 brlm) 5%
ANPUAT, H RIS AT W A8 255 —17: Page Down N[, HoAt R H,

AT Tab B8, Jehra A MR s UM T, BT R LS4 T 2.
R, ERSHUEIRE TN Tab &RBIN Shift Tab, FZAE M D).

H¥E N Enter B, M SBENE T —1740]. E&R)G—1TH T Enter #, &
B —ATH].

e  Windows

FATRF A it T Windows FUHFIR L E——"T PARIIN e~ P AT S I A s 4

20



TRV R S0k &

WIE, BERIChR B E R N 1T 0] BREFIBATEERE, LT Windows
AT UG B A A4 I ELAE A BT A2 3]

¢ Delete

ISR TR AR AR A TR, BT TR

FEIRRGBUERE ML T Delete 1%, Vim U NBEAATHIERIA . B
A HIRIE N Delete, NDEARFTEAT MR (M HBAD, Jehrigsh AT
BT AR AT HAb A B AR 2 R AT IR I, IR AT HACR

Resllth, 7E RSB R TIET Delete #4, Vim XA AHE N TUIBRE K,
FEXF S A Delete AT IURZERAE, JBAIEH —1T4]. FIE, EMHAL
AR IR TORIBRBE,  FF AT RCR

¢ Esc: Command Mode

72 EIRBE (BRI D) T4 N Esc %8, b AE T, Vim TR
. BT Shift. Delete S57E N IIAHR /M A\ G & TR, JEhndx
M NIES . EHRET, KFF vim (8sha 753 %14y, AE
X H 3 Koo L DUANZBESAT Plridcdas o8, W3 v Roths — IRk 230 3
MgT CEUNLF2AELFFIE, A HBESTERIO. Bl
&, BHASRF T EREHL.

4.3 Flash BHE3)

Flash [ 5 31050 JE AR 5 450 R T0UZ 5000 20 1, B0 — AN 002 S04 ke il
boot FiZ{Tid#E, (H&ZHT Ram2 %4 inout KALIERHI, H AL AT MemUart
A BARSZI BN T B, 7E MemUart #504 H 8 in—A> HI 2 75 boot 453
Ry, TEAEC B 3R IR I HSBEAT FIWT, 41 SRAE boot B BUMZEAT Flash 125
HARLEN, HRNWHATEREV A7

21



TS RR P LI R

Flash FSEECAPIRASHLSEEL, 43 NEL R LA B

1. Flash HJ#E S 4 & OXOOFF, WE & 0.

2. WE 1, XFEH Flash 35 17—~ 00FF %dfs, Ron i B
3. OFE ® 0, HEcEmlH, MR

4. OE E 1, ¥l L1631 H¥E a4k, nf AR
TRART B BN AT #2244 Flash 1482 E] Ram2 1, SERLH H ).

i, PERENHK

JUNIHAAE PP RIS AT 15 0L -

WRERF 1 6.639s
PRFEFF 2 9.942s
PRFEFF 3 5.510s
WXL 4 8.810s
MR 5 5.521s

BATRIR R G TR0, B A KIE -




SRR Sl

e A 22 R AT H RE G, G AL B O RO BRI
—ANBRZE, KT RN R E AR T, RATBERBR G R 77, X5
T BRI .

HIRIZA T H ARG AL, (HRIE AR E A DU BA AR R . JA4]
M—TF o the SR /K e, BRI AT g b 2 A S IR A — 26, I3 Al 7 —
Sed i, Eotn BTB ZhAATIN. VGA. Flash HEEN. WIS, (HREJR LW T
VGA Al Flash H53)), B —Lefti&, (H2X NI BioR TR Z 5. 7
XA T LA B, KREERBREBZIRN), &SR, HHEIXF
B PRI E .

SERMIIE R, BSRE D TR Z RMERIESE, 3 EIE S — R ()
BelF— A5, W T —BER B A G A AT ER T, T — AN L 56 B FEL A SRR AR
LRI —HRA ) bug ZEMRJLARJE reset —hard..... FRARIF T, (E2 T SIAT R A 22 (R By
B, thif AT 8IS0, Hhin ControlUnit /8 4 A S #RHLIE T, Flash %
T3] MemUart R — FalATH 1 OK... A dhsiE, AR

XFFRATRYL, BT EIR ERWER, XA E R T 3RAT A1 A& AR AN

23



TRV R S0k &

IIEEST: X TR REALAK U, IE TR G 7 BATX Mk A R Jg&
—— MAFRAT Rl 57 1) U A Pl 75 R

W i KR SEAHE TR DB T 8 1, ARERELET R AR 1, 2
PRHERE 1 o AR RAT AL IE 58 T o A B 52 20 S AR T RE 3t SE AR B4 O THEREAL: D

B -
Wi H GitHub Hitik: https://github.com/lizeyan/THINPAD

24
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1 U

1.1 HE

KIH 8T — R TMIPS32/CPU S EF N4, GEW S EFFRIEMIPS
32 FELEN— N T8, RKZETucoreff1E ARG - AT H BT EHLAH /R FE
A TRRERE LY, W H KA N EVLA AR EIREE - AT E
f£404NotFound/MH -

1.2 TiEMRS

R H 7 BT S I EE - B A CPURI M IE S, K A VHDLA Verilog B #
EERE -
1.2.1 CPU

CPUM BT EEAFEIE L R - AR - FI/K&EEH - MMU -
FHE SR .
1.2.2 H#M%

HMNE AR HIER > EE A FESRAMIE S5 # - FlashiL 6l < B OHEE - DVIHE
il o
1.3 TiH H#Fr

RENSIE IS 5| SRR Frucoret B /E R4 MFlash TIEFIRAMA, FHIAFZTT, #
THPEA, BUTEIE RS AN INEE -
1.4 FFRUEE
1.4.1 TS

i 3 At A Thinpad JF & #% . ##Xilinx Artix-7RFI/FPGA: XC7A100T,
WHSRAMNT, EHAMBA = - 32 EUEZ L 8MB NOR Flash/A T . 7MEH
BEOASE: SL811 USB, DM9000M &, TFP410 DVIE{1§#EiH -

il

1.4.2 IR
EDA T E{#HXilinx Vivado 2017.2 4 FIRA

2 ucoret{E RGN
2.1 fAfH

ucore s E M Unix FIEAERIERST, AR51H #H ) Zucore FIMIPSEAE
I, FRAucore-thumips- L iRFEAEAR FIGitHubI H & H — B R ZE Xk (B
TRVNRIZE) |, LNABSHWER S 712301



2.2 Booti B

Boot MrBCRIBIERGIR BN B, EREAF TR/, 515 EBootLoader
ML AP INERIE R BBINFE, RIERERIPCE HRIERS, BIERSHMH
WHRRE, MR TR - BB LI 3 #5: FRIIR L
Bt, BootLoaderffM B, #{EARGWIIAILITEL -

2.2.1 AR B
TS Reset (55 )5, ARIEMIPSHRIE, BT N WGk

LWIaLCPOFF f74%: WStatus FF 74 -

2 WAL TLB: TLBHH — (LR H A LIRACH) “FE# O, X —BrB
BRZENRIL.

3. PC #Ita1t: BUEHHEE VA 0xBFC00000FF15 - fELESERIWITAILIG .
MVA 0xBFC00000 FIaHITHE4, # ABootLoader B E% -

2.2.2 Bootloaderfft B

BootLoader #Z7EFPGA FIROMM, T 4% 5 FBootLoader I~ E 1KB,
FFEEN, MMU ¥ VA 0xBFC00000-0xBFCOOFFF BESTEIROM -

fEBootLoader H, 7 X T Flash B FLASH_START 5 0xBE000000,
HFlash K/NFLASH_SIZE ~16MB, FrIMMU FE#4 VA 0xBE000000-0xBEFFFFF
L8+ Flash -

fEBootloader®, I\ HFlash FIEIRZ& 16 A7, EIT PRI FIH32 K/
84, RMAEESEEFlash, 51600 B H R = 166040 -

BootLoaderfq SR #:/E R G M Flash¥g ILEIAfFE  (HHLZASRAM) 1, #RMIPS
PRvE, #R1E RGNS D8 ksegO(VA 0x80000000-0x9FFFFFFF, %} 5/ PA0x00000000-
0x1FFFFFFF, 512MB K/, {HZ2FEATHSRAM HHESMBA/)N, X EREN
5 H) - FE Flkern/mm/memlayout.h S E L TKMEMSIZEH &, HISH T
WA K/ NIMB, FMMU A 7 2K VA0x80000000-0x800F FFFF B 57 £ PA
0x00000000-0x000FFFFF B[] .

7EBootLoader SE#E N BIER G HIES G, 2 BEIVA 0x80000000, T
TEAIERT VIR RE -

2.2.3 BIERTHIIRILET B

XANELH, BT Aentry.S Fkernel_entryid #2, 1Z%id 1 TCPO_CAUSE -
CPO_STATUS - CP0_EBASE FFf# s WA - S8J5 3% Alnit.c Fkern_initid
1, I RRRUGET N ANRIIR 1L



1. BFTETLB FINTCREAL -
2. FHIIIARLL: BFCPO_STATUS MIIM BLE H40, ZRFHATE W -

3. BOWIEIL: BHCPOSTATUS KIIM Br bR & R B 1, T8O
KT

A BFER TR 1L : SEERCPO_COUNT, I & /5% ACPO_.COMPARE -
FHRFCPO_STATUSHIIMBL XS BRI B A AL B A1, FTHFAFEh i -

FEEREHNZRKER, HTREMRL, SEVBLSEERREAR, 6
5 YEMIPE SRR - R E BRI - SR EYIIRIL - IDE
M RGWIIAIL - B/EHCPOSTATUS WIIE fiiEH1, FrATWrAsk, #A
PR EERT -

2.3 HE4AHE
2.3.1 HHELHEGE

LRI REERTFRS, RIRELEAD, BHAHEREE L
fEtrap/vector.S H

2. FE AN O E U fEtrap/exception.S H1, #AIERGE SLRF 7 F MY
WA, RIEFRERARFEREHENOLELE, RRE R, NG
Apanic JRZ -

3AH AW, AR FIREERE, WERFRRFIHRE, RN
PP TR -

2.3.2 FHEA

1. M (Int)
(a) ISPl A H timer list AR RER, TMEEBR .
(b) & AT A8 ORIV EEERE R OSREA, TR ERAR
SRLEUR ORI BdE, BAVMERIA -

2. TLB SRR ZERFEENT, 25l&load B % HE TLBL Fstore B 57
HWTLBS, —HWMHE TR —E, HWMNCPO HIBadVAddr 27758 BUS Gk S b 21l
BEIETLB £ .

3. 25 HSys: MEHNMARGZEHRE, WEHMERXSE, #1725
F o ucore XHRHINRGHAN TFE -



4. IR RHE

B) RO R

HANR A A
FER H -

(RI), hab3as Al AR (CpU), B HFH (Ov):
M 24k Apanic RE; WWRAEEHFE,

WA,

3 BRI

3.1 ALU

ALU £ NEARBHEEIT (Arithmetic Logic Unit)

(load B 5% AAEL Flstoref HH#AdES) , JEE (ff

Syscall 75

Svscall i

0

[ = e

[ T i el e e S BT
[ = R L L I e =

19
20

sys_ exit
sys_fork
sys_ wait
sys_exec
sys_yield
sys_ kill
sys_getpid
sys_ putc
svs_ pgdir
svs_ gettime
sys_sleep
sys_open
sys_close
sys_read
sys_ write
sys_seek
sys fstat
sys_fsyne
sys_getewd
sys_getdirentry

sys_dup

Figure 1: RETHHEM

bR
IUDEE Db

WEFEAZ

BAZHIZENASZEAE, HRECPU RRBOHEME ) - Flin, il
A5 FHALUTTE BAREdE fobit, BAZEIESHALU $UTEHE, Mo
BRELHE < FHALUBEATHOEL - MR IFEucoreBIERGHIEIRTF R, HATHIALU A/
BT EANBEREATRIZEA, AREFHEAE0EE - MIXET7Rucore

BAERGHIAT FEAIEST, BE T8 FEARESL 6
MIXEEFES A, ALU 2 EFRAT AR 3 .

BTG FNIEL -

RS S 8 FKiPH



BERS | Thee faik || RAEME | Thee ik

ADD | A+B iz SLL | Asll B wEHE B
SUB A-B ik SRL | Asrl B WEALE B i
AND | Aand B| (il SEA | Asma B HAGE B i
OR Aor B frag EQU A=DB | Hi2H A%ET B
XOR | A xor B | fiftok SLT A< B | HlES AT B
NOT not A fidk

Figure 2: ALUZEIEE

BAESSNFERE, ALU 82 P32 B S EHIESE A, Ll—13201
BRI R . REIR, ALU RIEAFRESIE S HIT A F BRI . XL 6]
FEHRIFETIRS A PR ETB, ER/KEEH BRI BAER . REEAR
PHIES, ALU MRS RF A MREFIIES, ALU KGR AER
BEFARHIE RESIES . ALU MR SWAH TIRE T 54841
k.

3.2 FHEES

MIPS32 fE & EHIRIEIRS SHAERBHIBLBEER . BEXM 132
REEECNE A, DA BEAGFERZZELSE R, FHEEHILO FHEMN -
Heh, HI FHFERGEEERME2 i, LO FHEREELERIES2 . X
BB EROMEMEEMNERE TN, FILEANTHEETRIEZ M
SLHGZE I, MAEZALU B)—%84% - B Tucore #IERG FH KB K
FIMADD - MADDU -~ MSUB -« MSUBU 37 5 NIEIR &84, A0
VRS AR B — I Bh B A AT LASEAGTT L, T8 8 T e K 2 R 8 ) 1) R

Tk e E ARSI A , FEHATHAITMULT - MULTU H R4, @AM
32 (PEEEL, BT E LS R RIEAAHILO FEEsT - HILO F1EasfIi 5 #/E,
Al LUEIEMFLO ~ MFHI~ MTLO FIMTHI PUFHFE4 52 A, -

3.3 FhHad

MIPS32 CPU H32 1MEBEH B RIEFes, Wi NS0 £$31. &1 FAerITh
fe LR A @ W N R TR

FERFAMIPS32 ZRIGEIEEE RGP, FFfFasEN 63 LiAr32 Ml B %
fray, FEENFFARHINTLIN32 O« F 4 A HIE AT LU — i 1
WHMERE RS, (B R AEERMEh LA H ek . MIPS32 R4S H KR T
L (WERBEIES . JEBDIIELE) REW L ="PAFFESODR, I
HAUE NP aF fr o FIEEEUOR, HRSEREARE P a et - B, &
R AR B E R E RO EE S, SFHER WD a7 8 R TR
&, FAERT B AN F— DT a3 AT I S R A -



WAONEANTERE], HAETEESHHEGLSERE AT e, AN 557
WG NRIENT ST A TIEEESR, XEWERNERTE N FASEHRINL
BNGHERERES, DB -

BERS | HFEEE Thi
$0 zero W0
$1 a B i 4 23
§52-33 Un — pR HUE FH AR [
§4-$7 @p — (3 R HOR 245
S8-815 | t,—t; Ul DA77 A7 4R
§16-%23 Sy — S7 R AR A e
$24-925 | tg—tq Ul Fi] 3 (A7 25 A
$26-827 | ky — K, i B &5 i b A ]
$28 ap 4 IEdEr (Global Pointer)
249 sp HEFE 315 (Stack Pointer)
30 fr Wi % (Frame Pointer)
£31 ra iZ[AHAE (Return Address)

Figure 3: MIPS32 CPU #7232 W7 K ThE

34 CPO

*Lﬂﬂ%’?ﬂ”ﬁ/?dhucore PO LI R0sE, R HA AR ELILCPL FICP3 . CP2
BOERRDIEE, FIFEARSEH . AECPO ZME— AT EEs, T EW
FORUTAARE - PR TRATE | 7)&‘%#?’%’? AT BN BH - Mtk EE ML S B T
ﬁE%/EfMl‘MZ\ZDUJD LLEBE AL - MIPS32 ZR44 € LI PEE 3 CPO BT ST £ %
TAEEAR -

BEECPU TIERE: @i i3E5 —Pal— N HFAey, N —ERERA
FICPU H#tE, QnR¥mR R/ NG R 7N B H#E -

FOEZAF ] FORIEH] . B HRAE
FHEER. FEORUAMLERCP F#—SH Fas T E LA -

FHEBERBTTES . R AEXEHTES . SEMSE, FE PR
FIMMU ~ TLB FI3R1E -

HE: SR EIN I REREER, it . TREs . TR -



CPO f1532 N3F7es, BTN ECH32 £ . #1E R Siucore BT KK
AL FEZRCPO FFFes i E11 1, XEFERNRS - LHRMEEEE T RF
I o AT SEEINCPO FIEHIThEE, FATFEMFHAMTCO . MFCO W4k b2
2R IMFE4 - FEMIPS32 f8& LM, MTCO 84 LIMEHRCPO HHIFF
¥, MFCO 54 SLILECPO FHF Aoy, BEERE TS % M 5%+ fucore 1§
ST F . FHAER, CPU HRRHGEEIIGRICPO Fi7sy, ¥RE
JEE -~ FEA ML« I FEERR M« O ERIR S S E BB AN N RS -

WFME | HFiEMA IhiE
0 Index TLB FEF| A %ES|
2 EntryLo0 | 530N Db AT 32 fE5E 4
3 EntrvLol | #F#UEdm A ks 32 £ 564
8 BadVAddr | i3l — RAFE R AR 50 e i) g S
9 Count 5 Compare & (Far LA PTHRT 8%, M8 HISR R BT R p S 5
10 EntrvHi | TLB A O HhERIE 32§07 5049
11 Compare 5 Count B {EaS20 BN M THT 88, 5 RSN & Er e (s 5
12 Status | AhEEERRAE MRS AEA. YUE CPU KRR P (A3
13 Cause PeAF i — s %]
14 EPC PRAF IS AR T AR
15 Ebase {7 Fes AR P N Dk

Figure 4: CP0 FF 7 haER (FF5)

3.4.1 Count %5y

TR ERS, THEURR— 5 CPU IEMRRAERE, Mit5EIA32 M AT
SECERRIT N0 EHFFIRITEL . AEE .
3.4.2 Compare FF55

5 Count FF 7 — L SEAUER FWTIIRE - = Count &F 7745 HIEE S Compare
T PRIE RS, PR ER T - Z P — BERFFRIEEIE S ACompare
FHEas L. TS .

3.4.3 Status FHER

RIS SRR AR - I ERE R BWPIRE T BN T RFTR - 7

Bit [31]sof20]2s]27 2625 [24]23] 22 [21[20] 19 [ 18 [ 17 [16
R4 CU3-CU0 RP| R |RE| 0 |BEV|TS| SR | NMI 0

Bit [5[ufwf{ulwlols[7] b [543 27]1TJo
WEH IM7-IMO R UM | R [ERL[EXL[IE

Figure 5: Status & f7es 7B &

10



ERPFRNR OFERRETE, THNMAEF HRERNIERETE -

CU3-CU0: FRMCHEESELRH (Coprocessor Usability) , 43AI#EH| )
AFEECP3 BICPO. HIT AEMEHEIECPO, HFIXE 4" b0001 -

BEV: FEREGFEREBESRFEIRE (Bootstrap Exception Vector) o
TS: FREBRXATLB (TLB Shutdown) -

SR: FRETNEME (Soft Reset) , N1 FRERFERHZHREBEM
HY .

NMI: FREGEENAFER AW (Non-Maskable Interrupt) , N1 F/RE
J& 8 S8 FH AN T B P e B

IM7-IMO: FoR2FElE RN AT « MIPS ZFRES ] LIES NHWR, *f
MNIM FEEHISHL, HAe AW S /N R, FHahe N EE A
W .

UM: RpREENHPER (User Mode) , N1 RRAIEEBATE N IZHE
., H0 FRAFEBITEH A .

EXL: ErRERFLTHEER (Exception Level) , M FH &AM, RFE
Bl

IE: FBREZEGHEEFE (Interrupt Enable) |, XZE2 R W HREREAL -
F1 FoRFETEERE, 0 FRFWIEEILE .
3.4.4 Cause FHFs

FEVEFRRE— IR L ERER, WG rER . 7B~
Re BRTIP[L:0]~ IV WP 7B, HART B i .

Bit 31 [30]20]28] 27 [ 26 [25][24]23] 22 [21]20]10]18]17]16
trE4 [BD|R| CE |DC|PCI 0 IV | WP 0

Bit G lufwlifu|w|[o]s[7]6 [s]a]s]2]1]0
rEs IP[7:2] IP[1:0] | O ExcCode 0

Figure 6: Cause &7 1725 FE K

ERPFRRNR BT BERRETE, THNAETHREENIERETE -

11



BD: Y4 44ERERESLT 4 IERME (Branch DelaySlot) B, %5 B
Bl

IP[7:2]): FWHEA (Interrupt Pending) S-BZ, #HN A7 FH R FEEH S EBAE {4

IP[1:0]: FRUTEERTEL, W RIECH R

ExcCode: FHRICFALETLRH - #BIERSucore ¥ M EIHFH AL
TERITR -

ExcCode | BViZHF fmik
0 Int rp by
1 Mod | TLB & 5 e aml
2 TLBL | TLB n# 5% J[iﬂr P A §
3 TLBS | TLB {76& 5 i ol
4 AdEL | hn#f ekt iEd, Hb.h[ iR
5 AdES | fefiicbfdr, HhhEgE R 0
8 Sys E4 R4 SYSCALL
10 RI AT AGE U4 S RA R
11 CplU [ip &b B 2% A AT FH S
12 Ov | Bt »H

Figure 7: ExcCode HI4wi% N & L& (FF47)

3.4.5 EPC Hfiss

FHEEFITEES (Exception Program Counter, EPC) , FiRAF iR 5k A
ik, —RMEESTRERERIESHMEE . MR L ERERIE ST ERE
., MEPC fEERR R — R BB RaL . 715 .

3.5 MMU

MMU s&Memory Management Unit FI4E5E, H XL eNFEHEHBITT, B
FCPU FHIREHEMGFEME - WHE MO [R5 57 R
B S R DL SR AR RE AR LI RN R AL, £ F P 2 R
TERG . BA1E, THENA RN 2 B X/ NECPU MLEUTRE, XF—
32 MLICPU, HhkVEE H0-0xFFFFFFFF, EA/NAAG o T SE PR B diE
FEEAEEMNIESEFE, HHEESEMMU BITENL L, BHMhRE
HMMU R Y3 hL -
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MIPS32 ZEAAIMMU 3= ZES0HR R 0L N AR S O ThRE . DL G 8 #l1E 5 Fl
LA RN, SEPNT R4 PR B B AERE R 1R o MIPS BRI R 77 B S
E I NI

B Eflibht (VA) IR YIIEHHE (PA)
kuseg | 0x00000000 - 0x<7FFFFFFF | HI /& TLB

ksegO | 0x80000000 - 0x9FFFFFFF | E4& | 0x00000000 - 0x1FFFFFFF
ksegl | 0xA0000000 - 0xBFFFFFFF | J#4 | 000000000 - 0x1FFFFFFF
kseg2 | 0xC0000000 - 0xFFFFFFFF | H#& TLB

S

S

Figure 8: MIPS bR Rzl bk 5 77 =

TEARRELES T, BRI NFBS 7 2 ERFR, BT AR EFISRAM A
AEE S5 kseg0 Fllksegl Br W ERMIHE 2 18], [ 1% B 2 8] SE R A 20 kb Yo
F: VA 0x80000000 - 0x800FFFFF (X FZPA 0x0000000-0x000FFFFF) «

%%%,m%lﬁﬁﬁﬁﬂm%Kﬁﬁﬁﬂ%@Wﬁﬂm,ﬁ%%%ﬂ%%&

VA 0xBE000000-0xBEFFFFFF # #8128 Flash -
VA 0xBFC00000-0xBFCOOFFF #BLEIEIROM -

VA 0xBFDO003F8-0xBFDO03FC # W5 2 & 1 -

3.6 TLB

e R R (Translation Lookaside Buffer, TLB) , EI#ERTE, 7] LIFRAR
bk AR R R R AT

L=, TRENLAERE LS SEPRYIE IR 22 (8] A R Sk F0E
H— MR EE 451 ——T1& (Page Table) #ATHER - Fib, BEIINAFE
VBN BB R] LUE S BRI (BT - T ICRFIELEFF, BRFEIRY
FINFEZRDTREWRIR: —RERBYELE, 0O A RSEEE - 265
VIR BE A SR BEAE T KSR TUR AU (M) R « = — D e ) B2 40 0T 5 1 f
I, EATREE AN ABRRB R E] . TLB SRR & X S Z KA — i 5%
7, AT B 1 o6 R R UL I B B b b ) P O S

CPU Vi ERS, &8 R IE R A E20 MAETLB FEHK - 1H
RFREEMBAIRDL, ML TTREERE (TLB miss) , FFEET RN
FHRRTEITEEEN BRI . 5 FER P93 ERE— 1 TLB %
Wi, DU R —ZEtht /e, B NTLB R AR EhE R, #R
T FEAMA (TLB hit) -

13



LEABRIE R iucore X THINPAD #2550 F & WISLFRIGN, BA1HREHE
FHTLB %5 HEGXE 16 . FHHIEAIE20 NIEAETS, ATAETLB HEH#
SR TR, IR B SEFRIFE L -

3.7 FH KA

MIP32 ZEH A 1) 5 5 AL 4 T (Interrupt) - Fabf <Trap> < RGAA
(System Call) LLJHE AL /] LLFT Wi #2 7 15 % $UAT I R B AE - Eucore
FHEOHE—TIAMCPO — T ExcCode £H, FA1EEF2E T #1E R Sucore

TR, TN R NHE— SR ERAIMIPS CPU iR 5 BB HAT T
HeF
tise s L3 Hid

1 Reset il k8 A

2 Soft Reset | KA A EI iR BYUIETICE N

5 NMI AR B i i)

ki Interrupt iz 8 -y —

11 AdEL W gt bl 55

12 TLB Refill | 474 TLB &tk

13 TLB Invalid | #4 TLB L&

16 Sys AT RG R A4 SYSCALL

16 RI Pt CiERs

16 Ov HWAREHRS ADD. ADDI. SUB iz

19 AdEL g Fos v suhE S 7

19 AdES TE0E Bt iy sk A6 57

20 TLB Refill | #df§ TLB &tk

21 TLB Invalid | #d5 TLB &

22 TLB Mod | 3Awl5 ) TLB 47 75 #4E

Figure 9: MIPS32 5 R LN EK (EFh57)
RS RELZEZE, CPU 2HUT—RFIFEL UALERH - MIPS32 ZRA4HY
S B RRANR

1. KeMICPO HStatus A FasHIEXL FB - WEHREXL 70, K55 EERF
Z|CPO b B ESCause B 17 s ExcCode FEL -

2. REXEFHIESEGELEEES, WRENKEEPC FFaEN

EAHNEE4, Cause BFEESBD FE N1, BNIKEEPC FESNIENTESMH
Ht, Cause F1FEE2EBD FEHO -
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3. & EStatus FHFAEXL FBN1, BRFANZSLERE, ZibEF

4. WHEIRERFEME, BRAMNFFELCEFIROA DI, BTREL
AR

5. WHLEHR, A FIRETESERET ¥2|7H Z LRI . ERET 8%
=15FRStatus FFHEXL 7B, B REPC #FfFasfEEHIEPC .

MIPS CPU H8 PMHILH WL (fECause FFiFast) . HA6 1 HIMEREE
PRI, 2 DNOVEIEANT . BARSEHUTE, CPU RERSALERA) AP RBL U0 TR AT

o IBEIPUTES, CPU FBb AR H B EF AL . HAhiiiiaFor
BE RN, A7 IR BT .

4  PKRgE
4.1  FIKEHLA

WKL RIGEITEAIE S G HEI BRI S AEANPE, T2 s
TEHATHATRINRIZ S HATEE « KEZEENRAF SRR K% T
B4 . JBH, —ZFMIPS SN AP IE:

1. NIB& e FIEEIE 4 -

2. B EIRHEE E 2 - MIPS 548 2 AR D SR T -
3. BUTERER T B IE

4. NEIEF S I BaRESL -

5. B RE E e o

4.2 BB

FRFKEEER BT, BWEEM — DB AN, CPU &L TS
FIES - HILLAEECPU Bmim ks by, Sl AR RIFTE <3
P BORHAT i 44

BUEMBL (IF) « WIES RS HIES, FE T —&fia <t -
BB (ID) - WEUHRFES TR, Ml 8 ik i S A i

FEasE - WRIES P EE AL, FER AR ST RETA ST R,
WRIELEBIRTES, FE4 HipkEs Binse < it -

15



PATH B (EX) - #EFGIH B N R R R, #7285
HEER - MRREHFRIES, LT HE BRI

VN (MEM) : W5GEVIFRIES, AR MM BL 2 Uy MEUR i
B HATH Bz B R A MR EE G E . R, hBELZER
H, R R CE G Ot .

EEME (WB) : RzsRAERERFE RS-

BT ERES, 8588 Em RS LK . i Eink
R BRI A ey, TR BT AEF AT USEEIO i I ) 3L = - SRR
i BRI — e Sh . Han, SRR B EEAE RS BRI i (] ) AT
fFEefEd; RFPTEERE N — DU, FEBHRIPC FID MrB= A/ 3CH
PRZIANESE - B P HISATRESEEIRE TS, £ MBI AT RS EUEH § ke .
KFWARLERE, TR 4% H B AU AR T2 -

4.3 BRESWRRGTR
4.3.1 FKELERERHERR

TR EAE BERIREFHATIERERIFIRS , i mBA T TSR, Hh
REENERKELER . BREBHNALE, FRESFIITH N —RELTEE
BRSO AR B R BREAT . TR R K RO IERE - WK BB H A 53 AR
ZRPSRA.

SR BLUUTIERT, BT 2 ARSESN I BTIR A A P A R S
BER . o, FESMBURILER MR, ERREEN, UiFERE
FESEERIES KPS DIRINR, SEENER .

BIEER: WOKENERJLAESH, — 5B T LRI < KT
R HUNHFITES BB BREIRR LRGSR E RN TFRE, X5
KL T [ 5t 1 T T -

TR FOKLH D B E S AEID B B REff € A intbitk, (HHSS
AR EORAT, XA REE IERTE < T R IR Ry ) E

[ o
4.4 VHBREE GRS

N THHER SIS S, Bi— B EM B S G —5f B4 Egs
M B AT BEIRIST U5 R 2t o 1 7= A= 4540 B e o SR T iR i

WAKLEE: NIRRT, i EERKEHF AR, AL
SIRSEM EEWIE SR ) BERK&EBTT -

16



4.5 JTHBREUEEE
X FAHARE ARG — 25 F8 S FEAERIEURE B S, MIPS CPU SRR N fpfg 77
%

TKEREE: Fla1: LW $1, 0($2) FIORI $3, $1, 0x0020 54 2 [AIFFAEE IR
B . MLW FEA A TEX BB, AR EFHORI 84— EATHFD
B, BERELW 8RR RFFHRSL 5, MKEMEETT

BIEFR: it EGERNELEEEE Mg SHFENM T, LUBRITK
¥ . MIPS CPUREX EiMEM K45 R(EHRZEID §h5, REUEE -
I0: AND $1, $1, $2 FIADDU $3, $1, $2 84 Z [RIfF#E5UE BFE - ADDU 84
B FERET, AND 844 FEX MBL, WMARFEHZFFars1 ME . 3R
??xWMﬁ@%E%%ﬁﬁm%,ﬁﬁ%ﬁﬁ%%ﬁ%,ﬁ%ﬁm%ﬁﬁﬁ

4.6 FlEEH K

B IEERIESEHEHTIEASBN T PC ME, SR COZHAFKENIEST
B, M5 & EHIERS . MIPS CPU R4 % 4EiR (Branch Delay Slot) i
/NI E S R AAR

FATRE 73 SRS R HRFE S ML E N 7 SHEIRE, SERREARTES Y i
RIEL o WERIEAIETT R I E R 2 ARIKE, FIE SR
17, SRR ESBERAERR - HRIEEREH E —&iES, 30T E
FERERSPTBLSERL, MIPS CPU @i BT B A ICRILX —IhRE - IREAR,
FARFTE T AT IR EIRE - FRo i as e XS TR S P LT 2, &
LERAZB IR N (G RIE R MAMERE - (ERZEIBR T, EiRfEL HTE
Fr AR SRR DLR A -

FRER, MRIERELSERT, FBAEARHLHEF 20, CPo it
HEREPC a3 N ARIF Z R 0 SCBRFR TR S itk AR IXIEIR TR < HdLE -

5 FH#EATFISNEBIE

5.1 SRAM

SRAM (Static Random Access Memory) , RIERASHEVLEEFiERS, &—
FREEE AT RERINAE, AT ZEmHT B8k AT DLOR A N EdE - SRAM Y
MR RHER, NFEEAERBINFEGE; 2B RE R, HREHRIES
Z5, MAAETRERFIFERR, MisEE - FIttSRAM —f/b&EH T %
BAUERGT, DREEITHE.
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THINPAD #H2AitEHLEE T U 256X 1024 X 16b FISRAM {ERNNTE, &
W H2H A TE—RE R — 32 itk 2 AMB N7 - Hik [l B A @ %R A
LRI N AL 5 B B SE BN

5.2 Flash

Flash fFtias XARONNTE, EAMNE SR T BRI WIS, LY
PREEBUTE - Flash MRSRAM, PRIFHVEURIT A EK - BT IXLEsF
M, EEEFEEPRREMSN, WP PRAER . U ZFISD £4% -

AL EAETEKRF, Flash FRESSHCS MO BN R REH, BRE
B EEVE R Giucore MIAZ OSSN, L] IFRE A P REFFEYE - BIERGRE
B2 Hi, S AFPGA FJBootLoader &7 R & FlashNHF FIHR1E RS AL F%
ZSRAM - LIPS E A SR E -

5.3 HBiTEO

THINPAD #ATRHLAIFPGA (SR AP EA 8 O A, 2525 N TF
HHELCPLDE AR M EE S . BN TR EHEESK, BEHRE
FEHIICES BB O ADhRER SR EMARINAE: ucorelzfTHY, 1@ H M T EYLA A
Wikan <, FRAOTEIEZEOEIKEER, WHEFHRES . NEdE . sk

— = Par
~EEEE .

5.4 DVIE#BHH

ARSI O B B 3% O R DR R IR SN REIR R E, v EMgh &
A3, bR G20 . ThEERRI:

B EVGA RoRasr)PRFMBFRRHR, i EFRT 2R ELIEME P
55, REFEGIEE-

SCRERE & D ORI Bl B R, RS 295 AT B R ASCIT
T

XFi bR IRIRES -

Fril s A PRI R R 0 R, (EEAE N Flash A st HUE A 9F B
71N o
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1 CESULRA

R Y R 404Not Found2H 320 MIPS32CPURY T SCRY , ViR T & MEE Y
VERFISOTH AR « SOt HITE ST - B MR ARIAR T =3 17

A ARSI RS RS -

EOMEENES: HMERROE AR HZOMNTNEEES -

BT AT ARG BRSO I 7 R A0 T AR 20 e AT, — 2%
Sy RIS -

2 AREBRIT

2.1 Reg

BN BRI N AU regfile.vhd

Tige: NEFE32 1 MIPS32% fies - 5 W fren: (EMHF L AW, HIE Srst,we,waddris
5 NN TFRNEERTFAL . LT Fay: TR NS EapLi, HA
AR, [F5rst , raddrl /raddr2 , rel /re2 FEHISES HAIHAL -

regfile
554 RIE/EE =X
clk FHL % i NEES
rst %%1‘}5’( EE%%
we D A iiae
waddr 1D 5 ffan itk
i | wdata 1D B e iUk
rel D LA 1IHRE
raddrl D sy Ay beihils
re2 D L2 aE
raddr2 ID B a2tk
o rdatal ID ey S
rdata2 D A e 28

Table 1: regfile A1 AH

BT ESHASRREETEFASNTS, BRIBENZ NG E S
I, EEREAFFEHEREE -
2.2 HILO

A o BERXTRIASCHE: hilo reg.vhd
SEWDEKE RN ES, HIFFSRMLOTFS - AR T,
First,welZ il /& T IBHI, LOF 25 HI(E -

3



hilo reg

EE S IESER B

clk FHL R WEES

rst FEL B HERFS, SRTER
BN | we MEM_ WB 5{¥fE

hi i MEM_ WB SHIFFaiE

lo i MEM_WB SLOFfFaE
s | Moo EX BLHIZ 7 an A

lo o EX BLOH FiI(E

Table 2: hilo regHJ 5 IR A

2.3 PC

WA BERXIRIAOSLMF: pe_reg.vhd

Tifie: EEIE S HALAE R I L AR L - FEcpulE B Frst Z 5 HEE —
B EFHEE B H0xBFC00000, RIROMX RIfHbAL . 7E0&H “gis” - ©
P . HEE RESIESE, 80 L 4.

pc_reg
554 Kl =1 B X
clk FL AR I BfE S
rst FEL B HERFT, WHEFER
stall CTRL =55
L TYN branch flag i ID Py it
branch target address i D Bz -
flush CTRL GESERE]
new_pc CTRL HHIPCIE
i pC IF_ID MICS U TEHHE
ce MICS BUEERE

Table 3: pc_regH B AA

Wt poEEF B AEE - BiE . BEZEMAHE . Edh—FER
& BREEE SRR — 4T84, RIS MA T RE - HEMIPS326IME,
FERAE B OR E IR R E— &5 4 Rl . MIPSHI 4 SCBKER R AT 93¢
BhEL4e 4 > IERHETE 4> BARBkiE it ANTE 4, e ERVERE N T TR 184S
4o WNRPCHERERTIEHINE TS, HWT IR BB R B SR RS TS & bt (01, 8T
PATHIHE LI N IERTETE S > (ERTIEE S ht + 4)itfis 4, BHEB
o XS ENEFRMITRI AT, N T IKE FSRATE &I T B e hs) il
ﬁ@?ﬁ%ﬁéiﬁ%kmm%o%uﬁ@ﬁ@¢%ﬁﬁﬁmﬂm%ﬁﬁ%%
g4 it -



2.4 IF _ID
A R RIAISCHE: ifid.vhd

The: BB ETHY, IRIEESIE Srst,Aush stall = PAITLSEIAIE,
BB TR L 2 B (R A B B -

if id
R ES LIRSS B
clk FEL R ZRNES
rst FL R ERENFES
B if pc PC BB BcfE < ik
if inst  MMU Bk Bt 4
stall CTRL HiEE5
flush MEM TR EEZHEES
B id pc D FER BrrE < ik
id_inst ID B BrE <

Table 4: if idAURERIR BH
WY = EHIES e, rst>flush>stall -

2.5 ID

W BEH RS id.vhd

hfe: WKEREBINE . ATTRATESREMA NS, BT FeE, mE
FOKERIERIES, DS, ACHEEIRER S .



id

E5% KR/ =1E B X
rst R wRENES
pc_i IF_ID g4 HihE
inst_i IF_ID BN
regl data i REGFILE  FFfFas i 0 1 FT4dE
reg2 data i REGFILE  FF {7 a3 1 2B 3 4E
ex_wreg i EX FHEST, TR ELL
LTV TEXMBHE <25 5 [F
Gazaiid
ex_wd i EX FEIES, ARk
TEXH BHE < 5 B H) 5 77
Lol
ex_wdata i EX FHES, fERAnt
TEXF BHE < 5 [0l BEE
ex_aluop i EX FRES, RS
TEXMBIR < HTHIZRE
TR
is_in_delayslot_i ID EX %’lﬁﬁ?gé\%:ﬁﬁ?ﬁﬁfg
mem_wreg i MEM FRES, RSt
TMEMBHEHE < &5 5
A
mem_wd i MEM FRES, RSt
TMEMP Bt R < 5 [0l % 77
ar ik
mem_wdata_i MEM FRES, RSt
?MEMB}AIE%?EE/&/\EIEIE@@
aluop o ID EX ALUEH TR 2B T RE
alusel o ID EX ALUZLHTHIZ B 2R TY
wd o ID EX HE NHEF etk
wreg o ID _EX ROEENTFFE
stallreq CTRL K
branch_flag o pPC Py, dast =g 2
Biti | branch target address o PC A Hbpithdik
is_in_delayslot o ID EX HRITREL R MA T IEIRTE
H
link_addr_o ID_EX TR BARTF AR [|] 3
i
next inst_in_ delayslot o ID EX S e U IAY
H
excepttype o ID EX BERDR B A ) S R T
current_inst_address o ID EX E I ;S
inst_o ID_EX HHTECAE

Table 5: idAJEHL A
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Oy

2.5.1 5 BkEk

HATRA TIEREEA, FEBRES T~ I8 TR 5 S0 €T,
T BbF TR </ Z M BT, N RELZRRTELERENESE T 58
<, BIERFETE < IR B -

2.5.2 HIEFZHEX->ID

BHEREZERF T orifs & BHandfE 4 - orif 5 AN FF 45 Rand B R )
T - onfEEXMTBOTHE M T 5 AREGE, A£MEM_WBH B 5 [l 3 /745 -
and FEIDMT BOREER A7 /7 2% . LI orifEEXF B - 77 Zand FIIDR B A EUE 16 4F
FEEXM B4, AR AR . RIS E R EX->1D, H3IDI
BT LURBEXPBOT RIS a3 (E - B T onif8 & Fa 22 M IR -

2.5.3 HUEEFMMEM->ID

RG] T fElw,and « IWEMEMB BTG G AT F 4 H(H, MandfEIDI BLH
BIRFFARAE . AT, andEIDM R, IwfEEXF By, ToiEVi 7R
FHandFEILAE - FELEATEA—DSE, FREINMEM->IDFLER - 5
PEIE BRI HIR -

2.5.4 FHEBKRMN

IDI& 1 TE K S B BOAI Z BRI PR 7% - FATAEMEMET Bt 49— 4k
B, FMHRE RSN AL, B 5 O IRITFP#A THL -

2.6 ID_ EX

WA BRI id_ex.vhd
TiRE. G NEPED T, ARIEE IS Srst fush,stall = M RISEBAE, miE
M EXALUSRESL . ALUSSELREL . 297788008 « MRAF HiOV7 - M ATHE &4
HE - SH LRI AEXIEL



id ex

5% KR/ A B
clk R ZRHES
rst FHEL AR JREES
id alusel ID FERM B @ TR R
KA
id _aluop D BRI B @ T HiE R
TR
id regl D M B HTHIZ R
o R
id reg2 D FRM B & AT HIE R
IRERER2
id wd 1D FEEHBRIESCEE AT
Erazihils
id wreg ID FEBRIESCRTEEAHF
e
stall CTRL HiFEs
id link address D PR TR S RAF B R [E] ik
id_is_in_delayslot D TR R BAEIE R+
next inst_in_delayslot i D N —IEL R GIEER
flush CTRL K2R 25 (ERE
id current_inst address ID FERDR B & itk
id _excepttype 1D BFEEM RS T HE AR
id inst D R R A
ex_link _address EX EE PN
ex_is_in_delayslot EX HETYN
is_in_delayslot o EX [ A\
ex_current inst_address EX FETPN
ex_excepttype EX [EETPN
o ex_ alusel EX PATR R S TR
RE
ex_aluop EX PUTH BE & 2 THIZ R
TR
ex_regl EX PATH Bt & Zat T ria R
AR BRI ER L
ex_reg2 EX PATR B RS EH TR E
HJRER L2
ex_wd EX PITIT B e S BE ANF 78
0pizhil
ex_inst EX PATP B RS N
ex__wreg EX BT RS R B EBEAF
fr s

Table 6: id exH IR EH




WITHETT T ASIE LR A SR EXN B G SR, FrelD EXBFrE
BEEHRETRERES . MR,

2.6.1 W/KEZE=ZSMYE

WRMARE SN ERN LA, R RNRKEREERRAO SRR, FHILR
KEFER RS TESES -

2.6.2 T/KELEZSNE

ESMSWER L E, ERREEMEMERE, a4 TIF,ID EXI EERITE 4
RRNIZEFAT, FTLUEE AR KT .

2.7 EX

WA - EERXTRAICE: ex.vhd
RE. MEREAR. BHEEZE, BRALURSSIER . ©iT8E HEE B 5|5 775
H . CPORFFes - HILOZ F88 - memMbEAIE, FiBA T —ME.-



ex

F5%4 R/ E1E B X
rst R A EREMES
alusel i ID EX Tﬂﬁm&%;ﬁﬁ@ﬁ%
el
aluop i ID EX PITM B ZEH# TR E
TR
regl i ID EX Z 52 BRI
reg2 i ID EX 2 52 B HIRERIEER
wd i ID_EX RS EG ANNF et
Ik
wreg i ID_EX RO R BGES NFFfras
inst i ID_EX LA
hi i HILO REG hiFF 77 s (H
lo_i HILO REG lo?¥ e {H
LTYN wb_hi i WB SR B8 < Bhit 7
FRME
wb lo i WB SR BE < Blo#F 7
ZH(E
wb_whilo_i WB SEMBRIECRR
HhiloF 725
link address i ID_EX B HE & DR A7 B IR [E 3
bl
is_in_delayslot_i ID_EX 4 Hif T‘éé\%fﬁiﬂéﬂ%
current_inst_address i ID EX T*%Tﬁgiﬁﬁﬂiﬂ
excepttype i ID _EX ZHIMENRHEEER
mem_cp0_reg we MEM WM EBIE S 2 HE
5 cpOaF 7oy
mem_cp0_reg write addr MEM VIR BLTE 2 5 ep0FF
Fras itk
mem_cp0_reg data MEM VIR BLE < 5 ep0FF
17 2R
wb_cp0 reg we WB SHM e SRR
5 cpORF 7oy
wb_cp0_reg write addr WB SR BE < 5 cp0FF
Fras itk
wb_cp0_reg data WB SR BIE < 5 cp0FHF
Tt
cp0_reg data i CPO_REG BLep0FF 78 HIE
mem_hi_i MEM VIR BIE < BhiH 7
ARHI(E
mem_lo_i MEM TN BIE L BloW
ari{E
mem_whilo_i MEM TN BIES T
Shilo? f7a

1
Table 7 ex#EIE (1)




ex

F5% MR /A L
wd o EX_ MEM PATR B S B 7 et ik
wreg_ o EX MEM PITM B BB S T iien
wdata_o EX_ MEM PATR B S B
aluop o EX MEM #UThhBIe&# s EF
KA
mem _addr_o EX_ MEM VIFFFE 2R R b1k
reg2 o EX MEM i #IEN T FERIES
B
einfan stallreq CTRL HFIEK
current_inst_address o EX MEM VIEM B & itk
excepttype o EX MEM #UTRZAWEFREEER
is_in_delayslot o EX_MEM UFEMEIE< R EEEIRY
H
cp0_reg read addr o EX MEM  HUTHIEE 2 iEcp0EF 75y
Hihk
cp0_reg we o EX MEM PUTH B HE & 2 R 2
Hep0FF iy
cp0_reg write_addr o EX MEM  HUTIMEFEL 5 cp0Ffids
Hok
cp0_reg data_o EX MEM BepOFF 78 HIE
hi_o EX_ MEM M8 L Ehid fAasi)
=)
lo o EX MEM B82S Slo3 Fesi
{I=]
whilo_o EX MEM TN BIES T
ShiloF 725

Table 8: exHJIEHIIAT (2)

BT ARRTBUEAAE SRR - K T ALUIZE AR & 2 AT HE -

2.7.1 ALUzE
ALUOPIW, A
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(5 AluOp IheE
FHES EXE_OR_OP EHE
FEES EXE_AND_OP PS5
FHES EXE_NOR_OP ZEEadE
FEES EXE_XOR_OP EER
FhrigtE EXE_SLL_OP B AFS
BirRiE EXE_SRL_OP BEAH
BREE EXE_SRA_OP BEALH
HARIE EXE_SLT_OP FSELLE
BEAREAE EXE_SLTU_OP THEER
BEARBRE EXE_ADD_OP A A IS
HAZE®E EXE_ADDU_OP o S A A A
BEAREE EXE_ADDI_OP i AT B9 37 B E0n
HAAZEE EXE_ADDIU_OP T A8 a9 <7 B &N
BEAREBE EXE_SUB_OP A A T 8RR
HEAZHM®E EXE_SUBU_OP Tt NaEE
HAEE EXE_MUL_OP B
BEARE EXE_MULT_OP &, MTHLOZZa

Hith EXE_MFHI_OP BHHSERNE

Hith EXE_MFLO_OP BHLOF FaarE

Hoth EXE_MFCO_OP B CPOS 7748

Hith EXE_MTCO_OP 5 ACPOF 7%

Figure 1: aluopZ&7
2.7.2 Hih

UATFEATALUZERN, Hrst= 0" B, JIDIEMEE H EIR &S AMEMM
Bo

2.8 EX_ MEM

i o BERXTRIAIICME: ex_mem.vhd
Thie: ERFE B, REXHE S 5B MEMBREH M -
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€X 1mem

E5%4 EREIESE B X
rst P B EREMES
clk FLE AR ERNEMES
ex_wd EX PATH Brfa © 5 N F frdaith
Ik
ex_ wreg EX PATH Bfa ¢ 2 B EE N
17 s
ex_wdata EX PATR BLIE < B N A a8 8
b/
stall CTRL FIFEES
IV flush CTRL K EE = RE
ex__excepttype EX PATI B AR B R R T
ex_is_in_delayslot EX PATR BLTE < 2 BRI IRE
I:FI
ex_current_inst_address EX PATRY BT < ik
ex_hi EX PATH B e < 25 Ahif%L
/]
ex_lo EX PATH B e © 25 AhifEL
/]
ex_ whilo EX Vi Bfe e R B E
S hiloZF 7 a5
ex_aluop EX PITH EFE S Ha BT R
ex_mem _addr EX AT B AR < 0 B iRt
bil
ex_reg2 EX AT BOE L B IER ST 7%
a1E
ex_cp0_reg we EX HATR ELIE & 2B %
Hep0FF ey
ex_cp0_reg write addr EX AT BFE 5 cp0FF f7as
Hihk
ex_cp0_reg data EX PATR BLE < 5 cp0F 7 a
i

Table 9: ex memPIEHUIEE (1)
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€X 1mem

5% IEREIESE B
mem _wd MEM VI BTE @ 5 N fFen
Hik
mem__ wreg MEM WHEMBIESEBEEA
T
mem _wdata MEM N BIE < B N7 e
A
mem__excepttype MEM TR BRI I R E
fe Y B
mem is_in_delayslot MEM ViR Bfe @ 2 B AEER
T
mem _current _inst_address MEM TIAERT BT 4 ik
mem _aluop MEM WM BIE S iZE X
el
mem _mem _addr MEM UIEM B & 1 B Ar itk
mem _ reg?2 MEM VIR BR © BRAE AT 1725
HIRIa({E
mem _hi MEM VI B < 25 Ahiff)
A
mem_lo MEM VIR B < 25 Nlof)
A
mem _ whilo MEM TN BIRESZT
HhiloF 745
mem cp0_reg we MEM DI BE @ 21
5 cp0Ri oy
mem cp0 reg write addr MEM DN BIE L S cp0H
EEaaihl
mem cp0_reg data MEM W BE < 5 cp0FF 77
AU
Table 10: ex memFREHRULEH (2)
2.9 MEM
A - RERXRAISC: mem.vhd

Thie: ZW B SV RIRIE - (RAFH) 2 AL EAIE 55 .«




mem

E5%4 MR/ EH B X
rst PR HERES, SHEPER
wd i EX_ MEM Caye il
wreg i EX MEM Gafien s
wdata i EX MEM 5 H iR
aluop i EX MEM BLRA
mem addr i EX MEM VifF it
reg2 i EX MEM T E
mem data i EX MEM G NFEIE
hi i EX_ MEM S HIFF fras 58U
lo_i EX_ MEM SLOZ 7 a8
whilo_i EX_ MEM S HILOfERE
TN excepttype i EX MEM 4&%9"]5‘:@
is_in_delayslot i EX MEM fEIEREE S
current_inst_address_i EX MEM E IRk
excepttype _mc_i MMU MMU R B 75
cp0_status i CPO STATUSH fF#x
cp0 cause i CPO CAUSEZF 78
cp0_epc i CPO EPCFf7a%
wb_cp0_reg we MEM WB 5CPOfERE
wb_cp0 reg write_addr MEM _ WB ECPOHb AL
wb_cp0_reg data MEM_WB 5 CPORHE
cp0_reg we i EX MEM BIEE -5 CPOfERE
cp0 reg write addr i EX_ MEM BRI B-5 CPot gk
cp0_reg data i EX MEM BimiE -5 CPOBURE
tlb_ write MMU EATLBWIES
mem_addr o MMU gkl
mem_we o MMU 5 e
mem _sel o MMU 3204 F TR RE
mem _ce o MMU VIFFIERE
mem _data o MMU SR
wd o MEM_WB Cfayea il
wreg o MEM _ WB EHFRS
wdata_o MEM_WB 5 H iR
B hi o MEM_ WB 5 HIFF e 80E
lo o MEM_WB SLOZ 7 v 8
whilo_o MEM_WB SHILOfERE
excepttype o CPO|CTRL WEEBI RH
cp0_epc_o CTRL EPCH
is_in_delayslot o CPO IERIETE S
current_inst_address_o CPO E IR gk
cp0_reg _we o CPO ECPOffRE
cp0_reg write_addr o CP0 ECPOH AL
cp0_reg data_o CPO 5 CPO%UE
stallreq CTRL|MICS MEM & {55

Table 11: memAJEHIHEA




Oy

2.9.1

MEMERIE 5 77 B3 65 5 & A MMURB S 82523k EMMURIE HE 5,
FE AN AR .

2.9.2 RBH

MEMBE i 57 5 W B 1 75 90— A R TS A BERCTRL - # FRAL SE i 78
FISH R R, MMURIS® (TLBMISS) , RGEH, TifE4, K
A, %, ERETiRHE .

2.10 MEM_WB

W BE RS memwh.vhd
e RESATFES-

mem wh
F5% K/ EAE B
clk R B IR 5
rst FEL I HEES, mEFEN
mem__ wd MEM 5H AT
mem__ wreg MEM EHFRS
mem _wdata MEM 5
stall CTRL HiFES
LN flush CTRL HEES
mem _hi MEM S HIA fras 51k
mem o MEM SLOF e it
mem _ whilo MEM SHILOEHIES
mem cp0 reg we MEM 5 CPOfffE
mem_cp0_reg write addr MEM 5 CPORH AR
mem_cp0_reg data MEM 5 CPORE TR
wb_wd MEM_WB B Fmon s
wb_wreg REG EH e ERE
wb_wdata REG 5H 7 e i
wb_hi EX|HILO SHIFfF e iU
i wb_lo EX|HILO SLOFF 7 e i
wb_ whilo EX|HILO SHILOfRE
wb_cp0_reg we EX|MEM 5CPOfERE
wb cp0 reg write_addr  EX|MEM S5CPOFFentis
wb_cp0_reg data EX|MEM 5 CPO%UIE

Table 12: mem wh IR 1A
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Wit FEGMHFERAHE: 320 EARFHFE - HILOF 723 - CPOA 7
o TR FERIIZE: flush,stall .
2.11 MMU

WA BN A S mmu.vhd
Thee: ST HihEBLS f A EE AU B T MEMAIYME, FH—4&5dE 5 4%
FEESME RV - [RIBT 71 5 T TLBMISSH# BI& i -

17



mimau

E5%4 MR /A B
rst R A HERES, mEFEK
writetlb i MEM RERETLBWIFES, —AiL
mem _sel i MEM 32 R A4 1T B RESS
5
we_i MEM S {#fE
ce i MEM VIFFIERE
wdata i MEM SR
vAddr i MEM|PC R Hb 41k
cp0_cause i CPO causedF fFen
EIUN cp0_status i CPO status?¥ 77 ay
cp0_entrylo0 i CPO 100 ZF FF-a
cp0_entrylol i CPO o1& 7 8%
cp0_entryhi i CPO hiZF e
cp0_index_i CPO index? a8
ram_read data SRAM Msrami (RIEHE
flash _data FLASH M HashiL HIEE
transmmit _busy SERIAL O BERIE
receive_data ready SERIAL BHEGAER
receive data SERIAL ME I AU
rom data i ROM Mromz W HIE R
tIbBadAddr MEM TLB 5 iR bk
invalid _index MEM TR TLBR IS
data_ o MEM BRI
ram_en SRAM SRAME £ RE
ram_wr SRAM SRAMBELE 4
ram_be SRAM SRAM327 14187 [ 8 g
ram_addr SRAM SRAMIEE H#ifik
ram_write data SRAM SRAME %
exceptiontype o MEM MMU £ B FEE R
flash ce FLASH FLASHf#gE
b 4 flash _addr FLASH FLASHiZ 1!
pauseforflash o MEM FLASHE Fi/K %
transmmit _start SERIAL B & A ERE
transmmit_data SERIAL B O A K VR
receive_data read en  SERIAL H H I RE
rom _addr o ROM ROMH LI HF
dispmem _wen T LFEHRE
dispmem _wdata T BHFEENEEE
Table 13: mmuH IR 1
CaEine
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2.11.1  Hbhkpest

Bt FEfMHE (VA) PR YRk (PA)
kuseg | 0<00000000 - O<7FFFFFFF | f/& TLB
ksegl | 0x80000000 - 0x9FFFFFFF | PI#4& | 0x00000000 - 0x1FFFFFFF
ksegl | 0xA0000000 - 0xBFFFFFFF | JE4 | 0x00000000 - 0x1FFFFFFF
kseg2 | 0xC0000000 - 0xFFFFFFFF | Py TLB

Figure 2: HufibB ¢ R

2.11.2 TLBi%if

———%3B-—-
CONSTANT TlbSum : integer = 1&;
SUBTYPE TlblItem iz integer range ©2 downto O

CONSTANT TLE VALID: INTEGER := ©3;

SUBTYFE TLE VPNZ IS INTEGER RANGE 62 DOWNTO <<;
CONSTANT TLE VALID 1:INTEGER := <3;

CONSTANT TLE DIRTY 1:INTEGER:=:Z;

SUBTYPFE TLE PADDE 1 IS INTEGEE RANGE <1 DOWNTO 2:2;
CONSTANT TLE VALID 2:INTEGEER := Z21;

CONSTANT TLE DIRTY 2:INTEGER:=:20;

SUBTYPE TLE PADDE 2 IS INTEGEE RANGE 12 DOWNTO C;
SUBTYFE ASID IS INTEGEE RANGE 11 DOWNHTO C;

Figure 3: tIbf5 &

TLBI%&E T 1651, &W64fr .

SHF—T0: 630 IZIAIERANL; 62 downto 4452 IZIAAIVPN2; 4307 = EBETT
BIE RN, 4200 BRI AN, 41 downto 222 (BETTAIPPN,; 2147 24 5L
TRIERNL; 200 & A ETHIIENL; 19 downto 0JE AT A TTAYPPN -

2.12 TLB

g BEH RS tib.vhd
Thfg: XN —TLBW . SEIL T % AVADDRE Hi DTHC (=55 F1 UL AC A9 Bt 41k
HIZIHE -
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tlb

e ERES =X

B Tlbin MMU TLBIIHIE

W vAddr  MMU FER RN ML
pAddr MMU R S5 F ) 2L

it | valid MMU & 5 UCHEL S R T
match MMU [SeIED R Ui}

Table 14: tIbAREHR A
WA BARE L MMURZ T .
2.13 CTRL

Wi o BRSO ctrlvhd FTE KGRI F - 1§ 7% - 7Rk
eI A AR SRR O 2

ctrl
554 KR/ ETE L
rst P HERET, @B TEX
stallreq  from id ID IDHEEES
stallreq from _ex EX EXHIEFES
BN | stallreq from mem MEM MEMPEI=ES
ebase i CPO EBASE%F frénHI{E
excepttype i MEM MEMUCE R 75
cp0_epc_i MEM EPCHIA
new pc PC HHIPCE
i i flush * HEES
stall * HiFES

Table 15: ctrlfrfE 17 AA
*PCIF_ID,ID EXEX MEMMEM WB
2.14 CPO

B BTN cp0_reg.vhd
IheE: EHCPOFF FAEsHERY S A H) -

20




cp0 reg

554 K/ =AE BX
rst PR HERS, @MEFERN
clk FL A RS S
raddr i ID BLCPOMIHb L
int_i SOPC SR AT
we i MEM_WB 5 {#fE
B A waddr i MEM_ WB g\iﬁiﬂ:
wdata_i MEM_ WB SR
tlb_addr MMU SHETLBR R ik
tlb_index MMU FETLBRIIS
excepttype i MEM MEMP B &R 1) 75
current_inst_addr i MEM Rk =RS: bl
is_in_delayslot i MEM R &
index_o MMU LRIINDEX A /7 # 1B
entrylo0 o MMU HHTLO0R 725
entrylol o MMU HHILO1F e {E
vgaflash o DVI E| ﬁﬁ?ﬁ%ﬂDVI%g*ﬁﬁE@%ﬁ
i
badvaddr o — L HIBADVADDRA 725 H
4 data_o EX BERUAICPORT 7B E
count_o - HHICOUNTH fFariE
entryhi_o MMU Y HTHIA 738 E
compare o - 4 H]COMPAREF a8 H
status o MEM|MMU HFISTATUSE fax(E
cause_o MEM|MMU HHICAUSEF e 1H
epc_o MEM LHIEPCH FarH
ebase o CTRL Y HIEBASEF f74{E
timer_int_o MICS IS P (5 5

Table 16: cp0_reg 15 AH

BT BT EAMESCPOTIAE, TEERS L AR, i IEKEPCAICAUSE - BADADDRZ
AP

2.15 Flash

A BRSO flash.vhd

IEE: &CPU 5Flash i IR BEHIES . EHEZREMMU B F#EE,
FHF R E K1 (] Flash 15250 - HTFMIPS CPU 7Ei% it B AN K Flash #Y
GHEEREEIE, F I FlashControl A7 Flash #/ERIA] o iF AN 1612
T8, ROM T2 88 N #k FBootloader 127 ¥ 81 ECPU ¥ Flash A HIHR{E &R
Ziucore B ESRAM N, FERESHTAE-
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flash

E5% K ) 1E B X
flash _read MMU|[DVI HFlash e
BN | flash_read addr MMU|DVI BLFlashii ik
flash data CPU K B Flashith 7 FIEURE
flash_read data MMU[DVI  ZEEMMUFIDVIZEHIHIFlash R
flash_a CPU BHEESIFlash O A HIES
flash_rp n CPU HEESIFlashty 7 BIE S
" flash _vpen CPU HEEHIFlash G A HES
flash_oe n CPU BHEESIFlashith v 1155
flash ce n CPU HiEEHFlash A ES
flash _byte n CPU BHEESIFlash O A HIES
flash_we n CPU HEESIFlashty 7 BIE S

Table 17: flash I HL AR

BT FLASH.OH EESEWT:
K7\ 4096%16bit, F£8MB;
R 40nsiA;
SR 40nsEA;

M UL S 504015 AT 40, Flash & B B9 FE IR B bk 28 h23 A, B/
F8MB. TEFER, Flashith i NE I gm ik 77 S N F T 9k, 5SRAM #%
Fhtk R EEH R XS, (HEHIEZE 16 7. 32 fIMIPS CPU A HE

SIFFLW BSW 584,

FA TR Flash BN —H16MB 485 H
Z5[6], N EFTR:

0x0
Ox2
Ox4
Ox6

Ox7FFFC
Ox7FFFE

Riai R

HiE=(E)

0x457F

OxACO8

Ox74D1

0x0030

Ox25EB

0xB579

0x0
Ox4
Ox8
0xC

OxFFFF8
OxFFFFC

HASHFLH MISH X R F RIS - A EER,

& 8MB HISLPREE S5 8MB I E

FUIRE
#iR= 8] T
Ox457F 0x0000
0xACO8 0x0000
0x94D1 0x0000
0x0030 0x0000

| |
0x25EB 0x0000
0x8579 0x0000

Figure 4: Flash ;67 & 3URE K
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MO SHutb I, BiE S T E LR 16bit 57, EHES . 456 Flash o6
AT gRAE A RRE, TR 16bit B A HUR (L 32bit BiEiE . B,
ié_?,;l%]tg&%ﬁ‘]%m PGB SRR, EEHREERE0, B AENIBAE

INIFESS °

TR AR A S R R R (S 5 MR B4k - (5 —RATE, 7RI
I, Flash#ZEHIRERBEFE25MHz T IEFFIEUERE - (EREAFIKLS, BTHYE
EBEIER AR, 5 SR F lash L EUN AR R 48 R FRAT TR 2R I B 2
B E12MHz - EHATHER#RAERARMA R, nm] LUEE K
B E R SUERPR R T 14 -

2.16 Serial

A o BERXTRIAISCME: uart.vhd

Uifig: &CPU 58780 (HRE D) #T8EMER, J§TEZESIRR
Z— . BOEEANCPU TS ITHHEAZEXREE, E2&CPU 5/MFH
R (E 7 50 . MIPS CPU )& OfERAE TUART (Universal Asynchronous
Receiver Transmitter, BHFPIAERZY)  HEHIHTIE.

uart
s MR/ E1E BX
clk HL RS CPUEREIES
rst FRLER AR BhifES
transmmit_ start MMU i H AR TERE
TN transmmit_data MMU i H AR
receive _data read en MMU i U BE
clk _uart_in R A A H TAER B
rxd FEL B EE & D EdR R
transmmit_busy MMU TR B O TRER EBIR
il receive_data ready MMU BOPWES
receive _data MMU A R
txd FHL B FLE & D ERE A%

Table 18: uart BRI H

WAt RATEO, 4 B R B AT T U R PR R - KRR
Bf, UART WERROI R L L Re = A E S, BRI R 2% — N REL
HEURRS, B L AR AR R IRV B, SHIEI RS 5 31T R EE DL
IREUEHE - RS-232 1780 — kAT LUEHisbit £k, BB TtE -

MIPS CPU FmB &R & DR~

BFEZ. 115200Baud

AP, 11.0592MHz

FIRDHL: 1bit

BAEANL: Sbit

YbpL: 1bit

BEHAL: 1bit
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SEBICUART B, R M Bl R (RO RIR S BB R s A &
#RRIAT . UART HIEARGER DT EMYRICAS 2 Wipgadfun [H¥5, HilibR
http://fpgadfun.com/Seriallnterface.html -

B O HIRR A fUR TH 2 E AR, HXHFIEBRE CNHEETFES-
e b v e OB BE R ROZSLRIS 2 ik, (EAENZCRAST, & 0 F Wb
W, TG B RL « 0 RO B R A B OB R E R T AR O, %L
R E R KL JRBRIROL, BT T 8 ORAAHLH -

8 A F B e PEEARA S SE T, B RIRH &l — DA d it - 5
B EREEEE, MEEASH, T~ BT RIEE B3 s
AEGEERUT LW #80E, BNPCKREEE, N8 (5CPUEMMEF)
ETHIEAL IR B A A ORISR AR B O SRS A S -

DAGER, EMERERNEGRARNE, TR HE - 5655
ARERER, BATRRERNEENL FHELEBE 4.

2.17 Sram

A R A SO sram.vhd

IhRE: J2CPU 5Sram ¥HIZ S KT BEHIEL . B2 R BMMU FEdEF
I HEAERS, #FESRAM (O F BN P ZSKIEI IS SRAM, FHMIMMU 1% [E#L
.

Sraln
F5% KR/ E1E B
clk FEL CPUEIHIFS
rst R BhifE5
ram_en MMU RAM#REE 5
ram_ wr MMU RAMBL 5 #ER
LTUN ram_be MMU SRAMIMN FTIAEES
ram_ addr MMU B ERAMHA AL
ram_write data MMU 5 ARAMBEIRE
base ram_data CPU F HBaseRamith Jr (AR
ext_ram_data CPU K HExtRamith i FUEHRE
ram read data MMU [AIMMU % 7% IR AMEE
base _ram_addr CPU B HIBaseRamith H E 5
base_ram_be n CPU B BaseRamuth i IS5
base _ram ce n CPU HEEHIBaseRamuty 4 HIE 5
base_ram_oe n CPU HiEEHBaseRamith i FIE S
Bith | base_ram we n CPU HEEHIBaseRamith H IE 5
ext_ram_addr CPU BHEEHIExtRamith HHIE S
ext_ram_be n CPU HEEHExtRam: i FIES
ext_ram_ce n CPU BHEEH ExtRam, i FIES
ext ram_oe n CPU HEESExtRamith 1 FIE S
ext ram_we n CPU HEAEHIExtRamiih H HIE S

Table 19: sram &7 AR
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BT SRAMGG A EESEAT
K7\ 1024*16bit, FH£2MB;
EREH: Sns - 10ns;

S E#: 8ns - 10ns;

RIEE32 TR, BEETENEM A SRAM HP U h— Mgy, %E R
FE32 fEdE&E 20 ks, S R/NAAMB. SLFR_ ETHINPAD 54 7H MW
N4MB SRAM f7fiEzs, #EOFRA I BaseRam FlExtendRam - iXFE, IERSE
AYFERH N LR Z8MB -

TEEREME, SRAM E#IEN Y E RS REFN . it i, E5 e
WE G, NEREEETRE, MR ASEES LR AR SR E s E, S
ATRESELE AR -

I, SCHIRTEER NS 485, (5 G S HErehdss . BT
FIE B (525 5026, RIS FREE B E L AR IRRE . =1 LR
FUSRRT, R NEEE RS LR, SR BN T 5 R, RIET —&
F) 5 PRFEHST ] o

B, RS AT B ERE, ENE B AT LA 50MHZ -
B TR R b R R R, SEPR R S B ERT B FTREANE A A - &
BREATR I B R/ N F25MHzE, SRAMIEHIELREE R /KL E iz
7o

2.18 DVI

A BRSO vega.vhd « dispmem.vhd

hRE: ZEHICPU 5B RS THMER . ©5 BHFKER (dispmem.vhd)
ADVI & OAEE . AN, R AF + 7 6 (ASCII 751,
N ERFEEE T ERIIROM, EA S OMERE SRR LER . R
R, B ash e itk A , PR HEER .

vga
55 % KR ) ZAE =L
clk FEL IR 25MHzI B {5 5
ascii 2 BoRFATHIASCITRG
LY rompixel T AFEROM FR R MR R EE
vga flash addr CPO BT B A R ek
flash _data FLASH B B R B
hsync FL % DVUKFRINES
vsync FEL DVIEH[FES
memaddr_x L7 FRFALPRX
ot memaddr_y BF FIFARY
romaddr FHHFEROM FAE P
vgapixel FHL &R DVIEEEE
data_enable FEL BRI DVIEUE{ERE
flash _addr FLASH FlashiZz B ik

Table 20: vgafJEHL 15 A
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FAT4T DVIFEESE T
SHEZ . 800%600;
BERHN. 25MHz;
BfgE A/ 8bit (R=3bit, G=3bit, B=2bit) ;

dispmem &R TG EAIELE « FEERAR, RO T4 Boni
Ko HIZRAT, BEFNFEFEEMBERIBUER, MEAFTELKED
X FAFASCITTY , BARBERENFEFILHFAF S FEROM A —IEE - X
FEAT LR Z A BRI AR . REEDFHITE DA% 16 MERR, XRFEEAD
JiF (A B & BE S /RB0* 37 D FAF

R IR Bh SEIN B EARA S R 7 2CSE T . AR/ NEIRRBEER), B
FORA R TR E R AOTREEI T DA - RIS B i BAF S RN, 8
AN E BIEE B A SSI B AR BN AR -

DVIF 7 — MR R B AR, 2R AW B oRFlash F &R B A -
RARIHET EAE CRE R — PR REFEI . ZHPREFET A E S
ARG SR AR IRCPOFF 7 s HIME, % F s P AFE I R Flash P 7 i &
i)ﬂ‘]i@ﬂﬁ‘f@ﬁt, IS AND VI R T P B oR (il Ol o 24 s
T °

2.19 MICS
A BEPGTRIAI SO mics.vhd
hee: FER T AMEER (Hrom; Jserial flash,sram,vga) HIfESEEE—IE -

WITTT vhdI200818 £ 3 Fentity work.yourmodule port map();AIA& =0, &
DE BRI ES -

2.20 SOPC

A - BESTRIAI SO mmu sope.vhd
Thee: FEFER . flash ~ sram ~ vga - serial FlmicsRHEFEL R -
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1 XU

RS2 404NotFoundH AIMips32 CPUMNASCHS, & T8N A B Er
AR TF B LSS R o SO AR, faMhs, R, PR
i



2 AR

R R 2 B R IR K R ) 2 MR DL 2 & MR R Tl a38 R
IKEIERPIERE TIE (B MESRAISE IS REE TS 2 MR I EZs , SHTs4m
ORISR IR IERATE) . MMU, TLB% -

2.1 HEHAKEVSERE

2.1.1  MHK iR

MK AR RE T IE 5 TAE -

2.1.2  WHE R
BT LR B forifE 4, WA BT 75 1IEAf

ori $1,$0,0x1100 # $1 = $0 | 0x1100 = 0x1100
> ori $2,%0,0x0020 # $2 = $0 | 0x0020 = 0x0020
5 ori $3,$0,0xff00 # $3 = $0 | 0xff00 = 0xff00
ori $4,%0,0 xffff # $4 = $0 | Oxffff = Oxffff

2.1.3 MR
MEGE, IR IER -



2.2 MMUKHR
2.2.1 IhfE
S BB B ST R A

2.2.2 Mk BFR
M MMU R IERfBL S R &

2.2.3 WS

T2 E B b3 AT flash,rom,sram,serial,vga . FEiE4T (5 Bl
i, HETREMEEE, #iMMU E RS S 5 ETRER
FEMMUF RS « SEA7 RGNS B A s ERIE, BRI %t a5
(B E] B 7 25T 5 HLAR S -

B A0 3

flashilliz: 1 Fflash5 5 T B 5 Amagic number » KRz #ihik i (B B B %5 77 28 34
fraim -

romili: {5 IR FEF bootloader, # IEAFFAIT T bootloaderf$54, romH[
SRR L7

stam{UiR: FREFEE Asram™, LcpullsramfFshHEHITIE S, KRR
BINEDN, sramB IR HER -

serial: HH320 WIEFET, & OFTES], N2 TIEHIT -

vga: EHREERER -

2.2.4 MRAER

R E N EGE S

e A 0 3

flashff T BTN, TTIERHER - (2SR F R - e e
e, AT Bk Aash A A5 A -

romiE: WIERFfucore X EFIEEN, romME IEH -

stam{ia: WEIEFREF FlucoreXI IEMRHIZITIES, sramBRETIER -

serial: (HH & O R A ALY - AN IEERFRERYAIE ORE, 5
FENEER S python I A, RER A& O IEH o JSEEZR T LB Bucore, ZIMA
M AEER TAE -

vga: EZWFREIER ERE R - [RIEUE &) Hveaf 2Kk T25M, & iF
B oRES I AT BonElE B R IR AL - R IEMVGAFIEHIIAVGAL
FRME S, BVGASELES|25MLL E, TEH TE-



2.3 TLBEH
2.3.1 Ihfe
A AT

2.3.2 MK BFR
MERTLBAIE #1525 FIBLST 5 22 A IERAE DL TLBHE 6 5 IR TAE -

2.3.3 MR K5

5 FI#M FE TLB I REMI B 3517 (7 EAIRE LR . BRI A ETLBR AZ
B AT RENL I S RENLEL, filt X TLBW Miss® %, 7 7% O HEFHHETLBER
Wio ZJGEX A —REYLH I TS BERIE, A TLBR Missi7%, E5ZHitH
FRIRD, EEEHENEIES 285 ARZ A -

#include <asm/asm.h>

> #include <asm/regdef.h>
3 #include <cpu.h>
#include <machine.h>

5 #include <ns16550.h>

¢ #include <asm/context.h>
7 #include <inst_test .h>

LEAF(n100_-TLB_test)
10 .set noreorder
11 lui a0, 0x1000

12 i v0, 0x10
13 #H#test inst
14 li t0, 0x00400004

15 li t3, 0x00200004
16 li t1, Oxla2b3c4d
17 sw t1, 0(t0)

18 lw t2, 0(t3)

19 nop

20 nop

21 bne t1, t2, inst_error

22 ###detect exception
23 lui sO, O0xOfff
24 beq v0, sO, score
25 nop

26 score:

27 addiu s3, s3, 1
28 ##output al|s3

20 inst_error:

30 or t0, a0, s3
31 sw t0, 0(sl)

32 jr ra

33 nop

34 END(nl100-TLB _test)

TLBMissF ¥ A FRFEF -

TLB_ex:
2 li t4, 15



mtcO t4, cO_index
mfcO t4, cO_badvaddr
li t5, 0xffffe000
and t4, t4, tb5

mtcO t4, cO_entryhi
li t4, 0x00000002
mtcO t4, cO_entryloO
li t4, 0x00000042
mtcO t4, cO_entrylol
tlbwi

nop

b ex_ret

nop

2.3.4 LR
15 B0 5 R A A 5

2.4 sram*ﬁﬂ%
2.4.1 IhfE
TFEN RS -
2.4.2 WK BFR

Mitsram A IERR L S AT FF 2K

2.4.3 MR K R K

fEF25MH B0z, WEHUETT iR, W T8 EP R, SRRt
AR RS A mil, IERRRZE SN FE #ik 2 y [F] — % -

2.4.4 MHAGER
ME A -

2.5 flashf&ik
2.5.1 IhfE
IENRINMERR >, FIRFHERIERS -

2.5.2 M HER
M Aash FIIERFISEA TR FF 23K .

2.5.3 MR K R

R 12MHZ AT BIRE), FrfashHIEHE (SMB) B35 Asram (& 4MB) -

B 1 sram BRI LS Aash IS BUETAE



2.5.4 WAL R
M@ -

2.6 HBOKBL
2.6.1 IhfE
SR IO E -

2.6.2 Mk BFR
3zt R 1 A IE BRSE 5 AOAST P 5K

2.6.3 MK K5

B TR 2 T o G 4038 i B BRI R FR P 5 A sram (it
R BRI FI B sram FOEE 3 & 24 R, -
2.6.4 MHRLER

M8 -
2.7 HDMIE REEHR
2.7.1 Thfe

TR A -

2.7.2 WK BFR
Mz B A7 A0 IE B8 5 R B R R P A IE A T AE M PR sk .

2.7.3  MhKS R X FH)

il B AF A OIS AASCIIFAF AR 2772 5 W 5 A LU F AT RIIE
R IR -

2.7.4 MR
38T -
3 B

T8 MR cpwiZ # 58 Bl A2 OB B, B SLEl—HB RS &t
F7—IRFE 2 M LARAIE P SEE S & A RSB B A IEFITT R -



3.1 ZHiEHEES

B A . . . .
$84 £3351ui, ori, or, andi, and, xori, xor, nor

3.1.1 MK HiR
B SIS o6 (R R A IR R AR, SRIE MR8 4 O IER SN -

3.1.2 WA
BRI B -

1 ori $1,$0,0x1100 # $1 = $0 | 0x1100 = 0x1100

> ori $1,$1,0x0020 # $1 = $1 | 0x0020 = 0x1120

3 ori $1,%$1,0x4400 # $1 = $1 | 0x4400 = 0x5520

. ori $1,%1,0x0044 # $1 = $1 | 0x0044 = 0x5564
BRI -

. lui  $1,0x0101

> ori  $1,$1,0x0101

3 ori  $2,$1,0x1100 # $2 = $1 | 0x1100 = 0x01011101

1 or $1,81,9%2 # %1 = 8%1 | $2 = 0x01011101

5 andi $3,$1,0x00fe # $3 = $1 & 0x00fe = 0x00000000

s and $1,$3,9%1 # $1 = $3 & $1 = 0x00000000

7 xori $4,$1,0xff00 # $4 = $1 ~ 0xff00 = 0x0000ff00

< xor $1,%4,$1 # $1 = $4 ~ $1 = 0x0000ff00

o nor $1,%4,%1 # $1 = $4 77 $1 = OxffffOOff nor is ”not

or”

3.1.3 MK R

MG BT R, SRR RARRT, BORAE S R Ih AR, AT
AL
3.2 Bifsd

F82F¥Esl, sllv, sra, srav, srl, srlv

3.2.1 MK BHiR
MAEFE 4 5 IERH I -

3.2.2 AR
F54 M3zt 451

1 lui $2,0x0404
> ori $2,%$2,0x0404
3 ori $7,%0,0x7
4 ori $5,$0,0x5
5 ori $8,%0,0x8



sll
sllv
srl
srlv
nop
sll

> Sra
3 sSrav

3.2.3

$2,$2,8
$2,$2, 87
$2,$2,8
$2,%$2,8$5

$2,%2,19

$2,%2,16
$2,82,8$8

RS R

FIHHE FIFHIHIH

$2
$2

$2
$2

$2

0x40404040
0x04040400
0x02020000
0x00020200

0x00001010
0x80800000
0xffff8080

sll
sll
srl
srl

sll
sra
sra

Ut 00 3 oo

16

0x04040400
0x02020000
0x00020200
0x00001010

0x80800000
0xffff8080
Oxffffff80

MBI E, SERAPRGERAANT, WhiE -

3.3

BihiRe

$84 8 FEmfhi, mflo, mthi, mtlo -

3.3.1

B ST A RE AR 5% (] R A IE R IR

3.3.2

i B A5

i

HERE R AN < M B -

.org 0x0
.set noat

.global

_start:

lui
lui
lui
lui

movz
movn
movn
movz

mthi
mthi
mthi
mfhi

mtlo
mtlo
mtlo
mflo

3.3.3

MM ERE R, SERPRISERAN, BrEdEAE R PR IIRRR, 5%

e s -

$1,0x0000
$2,0 xffff
$3,0x0505
$4,0x0000

$4,%2, %1
$4,$3, 81
$4 .83, %2
$4,%2,9$3

$0
$2
$3
$4

kG R

_start

$1
$2
$3
$4

$4
$4
$4
$4

hi
hi
hi
$4

li
li
i
$4

FFHFFHFH FFHFFHF HHFFHF O HFFHFH®

0x00000000
0xffff0000
0x05050000
0x00000000

0xffff0000
0xffff0000
0x05050000
0x05050000

0x00000000
0xffff0000
0x05050000
0x05050000

0x05050000
0xffff0000
0x00000000
0x00000000

IRIE TS 4 A IERR L -



3.4 HAREHEES

$84 f1F5addiu, addu, mult, subu, slt, sltu, slti, sltiu -

3.4.1 WK HiR

M L3584 ) IE R
3.4.2 WA

f5 0 MR

.org 0x0

.set noat

.global _start

_start:

HHHHHEAHHE add\ addi\addiu\addu\sub\subu #HHHHHHHHHE
ori $1,%0,0x8000 # $1 = 0x8000

sl $1,%1,16 # $1 = 0x80000000
ori $1,$1,0X0010 # $1 = 0x80000010
ori $2,%0,0x8000 # $2 = 0x8000

sl $2,$2,16 # $2 = 0x80000000
ori  $2,$2,0x0001 # $2 = 0x80000001
ori  $3,%0,0x0000 # $3 = 0x00000000
addu $3,%2,$1 # $3 = 0x00000011
ori  $3,%0,0x0000 # $3 = 0x00000000
add $3,%2,$1 # overflow ,$3 keep 0x00000000
sub $3,%1,9%3 # $3 = 0x80000010
subu $3,%3,$2 # $3 = OxF

addi $3,$3,2 # $3 = 0x11

ori $3,%$0,0x0000 # $3 = 0x00000000
addiu $3,$3,0x8000 # $3 = 0xffff8000
e slo\slou\slti\sltiu s
or $1,%0,0 xffff # $1 = Oxffff

sl $1,81,16 # $1 = 0xffff0000
slt  $2,%1,8%0 # 82 =1

sltu $2,81,%0 # $2 = 0

slti $2,$1,0x8000 # 82 =1

sltiu $2,$1,0x8000 #$2 =1

clo\clz

lui $1,0x0000 # $1 = 0x00000000

lui $1,0 xffff # $1 = 0xffff0000

ori $1,$1,0 xffff # 81 = Oxffffffff

lui $1,0xal100 # $1 = 0xal000000

lui $1,0x1100 # $1 = 0x11000000

$1,80,0 xffff
$1,%1,16

ori
sll

10



ori $1,81,0xfffb
ori $2,%0,6
mul $3,%1,$2

mult $1,8$2
multu $1,$2
nop

nop

3.4.3 MRGER

FFHF HHF FHHHF

$1
$2
$3

hi

hi
lo

—5
6
—30 = Oxffffffe2

Oxffffffff
Oxffffffe2

0x5
Oxffffffe2

MMTREICE, SEERH g RAAR, it -

3.5 X BkEES

$84 f1FEbeq, bgez, bgtz, blez, bltz, bne, j, jal, jalr, jr

3.5.1 MK bR

—J7 E L B84 AR FENLHI RO IERYE, 57— 7 WA Ectr BEER A0 30 7

ThEEERE -

3.5.2 M HH
843zt FH 51

.org 0x0

.set noat

.set mnoreorder

.set nomacro

.global _start
_start:

ori $1,%0,0x0001

j 0x20

ori $1,$%0,0x0002

ori $1,$0,0x1111

ori $1,%0,0x1100

.org 0x20

ori $1,$%0,0x0003
jal  0x40

nop

ori $1,$0,0x0005
ori $1,$%0,0x0006
j 0x60

nop

.org 0x40

jalr $2,$31
or $1,%2, %0

# $1 = 0x1
# $1 = 0x2
# $1 = 0x3
# rl = 0x5
# rl = 0x6
# $1 = 0x48

11



ori $1,%0,0x0009
ori $1,80,0x000a
j 0x80
nop
.org 0x60
ori $1,$%0,0x0007
jr $2
ori $1,$%0,0x0008
ori $1,$0,0x1111
ori $1,8%0,0x1100
.org 0x80
nop
_loop:
j -loop
nop
.org 0x0
.set noat
.set mnoreorder
.set nomacro
.global _start
_start:
ori $3,$0,0x8000
sll  $3,16
ori $1,%0,0x0001
b sl
ori $1,$0,0x0002
1
ori $1,%0,0x1111
ori $1,$%0,0x1100
.org 0x20
sl:
ori $1,$%0,0x0003
bal s2
t need inst ”bal”,
nop
ori $1,$0,0x1100
ori $1,$0,0x1111
bne $1,3%0,s3
nop
ori $1,$0,0x1100
ori $1,%0,0x1111
.org 0x50
s2:
ori $1,%0,0x0004
beq $3,$3,s3
or $1,$31,%0
ori $1,%0,0x1111
ori $1,$0,0x1100
2:
ori $1,$%0,0x0007
ori $1,%0,0x0008
bgtz $1,s4

= 0x9
= Oxa

# 81
# $1 =

# $3 =
# 81

# 81 =

# 81

0x7

0x8

0x1

0x2

= 0x3

# actually
the machine code works well

anyway ,

# 81
# $1

= 0x4

0x2c

12

0x80000000

it ’s not ”bal”

since we don’



ori  $1,$0,0x0009
ori $1,%0,0x1111
ori $1,$0,0x1100
.org 0x80

s3:
ori $1,$0,0x0005
BGEZ $1,2b
ori $1,8%0,0x0006
ori $1,$0,0x1111
ori $1,8%0,0x1100
.org 0x100

s4 :
ori $1,%0,0x000a
BGEZAL $3,s3
or $1,%0, $31
ori $1,8%0,0x000b
ori  $1,$0,0x000c
ori $1,$0,0x000d
ori  $1,$0,0x000e
bltz $3,s5
ori $1,80,0x000f
ori $1,$0,0x1100
.org 0x130

s5:
ori $1,$%0,0x0010
blez $1,2b
ori $1,%0,0x0011
ori $1,$0,0x0012
ori $1,$0,0x0013
bltzal $3,s6
or $1,%0,$31
ori $1,$%0,0x1100
.org 0x160

s6:
ori $1,$0,0x0014
nop

_loop:
j -loop
nop

3.5.3 MG R
S5 B TE R, SR RO4E RAERT

3.6 WHFEEY

B4 5D, by, 1w, sb, swe

$1

# 81

F W HFHFIHHE OF

F* HHF O®

$1

$1
$1
$1
$1
$1
$1

$1

$1
$1
$1
$1

$1

$1

0x9

0x5

0x6

Oxa

0x10c

0xb

= 0Oxc

Oxd
Oxe

Oxf

0x10

0x11
0x12
0x13

Ox14c

0x14

13
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3.6.1 ik Hin

— M DL EFe S IERTE, B — 7 N K S ' = DL R S IR TR
HloadtH 3% A1 -

3.6.2 A H
843zt 51 o

1 .org 0x0
2 .set noat
.set noreorder
1 .set nomacro
5 .global _start
6 _start:
7 ori $3,8%0,0xeeff

< sb $3,0x3($0) # [0x3] = Oxff

) srl  $3,$3,8

10 sb $3,0x2($%0) # [0x2] = Oxee

11 ori $3,8$0,0xccdd

12 sb $3,0x1($0) # [0x1] = 0Oxdd

13 srl  $3,$3.,8

14 sb $3,0x0($0) # [0x0] = Oxcc

15 1b $1,0x3($0) # 81 = Oxffffffff
w  lbu  $1,0x2($0) # $1 = 0x000000ee
17 nop

18

19 ori $3,%0,0xaabb # $3 = 0x0000aabb
20 sh $3,0x4($0) # [0x4] = Oxbb, [0x5] = Oxaa
21 lhu $1,0x4(30) # 31 = 0x0000aabb
. lh  $1,0x4($0) # $1 = Oxffffaabb

1 ori $3,$0,0x8899

25 sh  $3,0x6($0) # [0x6] = 0x99, [0x7] = 0x88
26 lh  $1,0x6($0) # $1 = Oxffff8899
27 lhu $1,0x6($0) # $1 = 0x00008899

29 ori $3,%0,0x4455
30 sll  $3,$3,0x10
31 ori $3,%3,0x6677

32 sw  $3,0x8($0) # [0x8] = 0x77, [0x9]= 0x66, [Oxa]l= 0x55,
[0xb] = 0x44

s Iw $1,0x8($0) # $1 = 0x44556677

34

55 1wl $1, 0x5($0) # $1 = 0xbb889977

s lwr $1, 0x8(80) # $1 = 0xbb889944

37

38 nop

39 swr 31, 0x2($0) # [0x0] = 0x88, [0x1] = 0x99, [0x2]= 0x44,
[0x3] = Oxff

10 swl $1, 0x7($0) # [0x4] = Oxaa, [0x5] = Oxbb, [0x6] = 0x88
, [0x7] = Oxbb

11

o 1w $1, 0x0($0) # $1 = 0x889944ff

43 lw  $1, 0x4($0) # $1 = Oxaabb8844

1

15 _loop:

14



N

j -loop
nop

loadHH Fe iz FH 71 -

.org 0x0

.set noat

.set noreorder

.set nomacro

.global _start
_start:

ori $1,$0,0x1234

$1 = 0x00001234
sw  $1,0x0($0) [

0x0] = 0x00001234

0x00001234
0x0
0x00001234

ori $1,$0,0x0

lw $1,0x0($0)
beq $1,%2, Label
nop

#
#
ori $2,$0,0x1234 +#
#
#

&h Ph P
— =N
(It

ori $1,$0,0x4567
nop

Label:
ori $1,$0,0x89ab # $1 = 0x000089ab
nop

_loop:

j -loop
nop

3.6.3 MR HR

ML BRE R, SEREF S RARRT, load MK AR ARER, T84

pibuRllbsivg

3.7 WhALBERERTIFTES

B4 8 Emfc0, mtc0 -

3.7.1 WK HR
— ML, PR IERTE, B— 7 R IEcpOEER B IERISIER .

3.7.2 WA H
$84 13zt 451

ori $1,%$0,0xf

mtcO $1,$11,0x0 #write to reg Compare, start to count
ori $1,%$1,0x401

mtcO $1,$12,0x0 #status = 0x401

mfcO $2,%$12,0x0 #$2=0x401

15



SIS

© =

3.7.3 MIRER
BT .

3.8 FHEAHEMX

F84 E¥fsyscall, eret -

3.8.1 MK HF
— M L, TR IERRTE, B— 7 HRIEctr BRI 5 ThEE I IEFRIZTT -

3.8.2 MK HH
T84zt A 61 o

.org 0x0

.set noat

.set mnoreorder
.set nomacro
.global _start

_start:
ori $1,$0,0x100 # $1 = 0x100
jr $1
nop
.org 0x40
ori $1,$0,0x8000 # $1 = 0x00008000
ori $1,$0,0x9000 # $1 = 0x00009000
mfcO $1,$14,0x0 # $1 = 0x0000010c
addi $1,8%1,0x4 # $1 = 0x00000110

mtcO $1,%14,0x0
eret
nop

.org 0x100
ori $1,$0,0x1000
sw $1, 0x0100($0)
mthi $1
syscall
lw $1, 0x0100(%0)
mfhi $2

_loop:
j -loop
nop

S P T I 151 -

.org 0x0
.set noat
.set mnoreorder
.set nomacro
.global _start
_start:
ori $1,$0,0x100 # $1 = 0x100
jr $1

= 0x1000
x100] = 0x00001000
= 0x00001000

— 5
o =

= 0x00001000
= 0x00001000

S S S
=

&
N =
|

16



10

1

I T T T~ S
o - 5

1

nop

.org 0x20

addi $2,%$2,0x1
mfcO $1,$11,0x0
addi $1,$1,100
mtcO $1,%11,0x0
eret

nop

.org 0x100

ori $2,$0,0x0
ori $1,$0,100
mtcO $1,%11,0x0
lui $1,0x1000
ori $1,%$1,0x401
mtcO $1,%$12,0x0

28 _loop:

j -loop
nop

3.8.3 MIAER
ST, ST R—2, st .

4 RGN

REMRAEE SR 2 FH#1T, WA RETRERTIEENG, WEEF
& B2 E ARSI SRR R IESH A FRER EM TIE. R, fFiX—
BRI A cpul SRR, BT LLEE R BB e P B SRkt & i R I S
Hir -

4.1  ThEEMF]

BT REI ] At B TF-Fe A TP SR < BI40% A 05 T 2 HH IR 5 1)
Mg, FEAT 07 B FAEE 0, B R A Fsignal tap BB KBS 51K
i

4.1.1 MWK HR
NGRS MR A S8 S BIERaTE, DUINERS FsramN% G B SR .

4.1.2 A
KRG FIEK, NELRER-

4.1.3 MRER
BLSLTIfAERE R, REREEEE -
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sramB 5 FERI, NHEGBHEEE .
MMUBEANEHFAEGBESERE, ZIEES -
TR TOIEESOMHz IR N IERIIT, B2 25MHz /5 7] LUEFEHUT -

4.2 WNBERRF
4.2.1 WK ER
FEME O IMA GRS ER TIE, ERMiHAashEANFRETIETIEA -

4.2.2 WA BH
KRG FTIEK, NELER-

4.2.3 MRGER
flash [FIREZE SKepulil, [ 28 12Mhz /5 7T LUE# A .

B DR NG AR R SRR, BUEREBA -
Bt termBEF AR, HScpultk -

4.3 ucoreBERS
4.3.1 WK EHR

2 JE EEA M . It 32 B8 i 18 Mucore G A1 W] B OFTENIE B, B A&
AL S, #1087 3 BeEB st B T R 7 iflashF E TCIE B A
Fm @, FE B AR AR AT, EATEA A Bk id bootloader L B AR F
KisramPIFB, e fashAIHH - SRR E, B Hfash-
4.3.2 WA H

WRARETERE, FRIEFRFTWEF, NEWER-
4.3.3 WAL R

1A IwIE ST SRR 7 £ R, M EcpulIEX B 1S -

Q. NEI MM B ERER, BEA DI EERFEORE, Sucore /S —
H, MIEcpufICTRLEEHMEIE . SEFRE, bootloader2 FHEBASEMSMUCA LMY

&, (EZREIEATAE Fbootloader, FTAFE Erst{F A EBASERIE - F: It
T A ANE Fmips32IHLE -
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3ESHFBHIT HHE - EMEMM B FERFEN WAL NERES
BMEMAT 1, AFEMMURBER -

LR ST TR O EN AR, BRRIANFEN SRS TR HEER
CEA T AR RN A (R A PR R 4 o AT A B B A

4 TR AN B I R ER . R T I B, SEEEH ARG
B O WA G T AN SRS R PR R A BT PR o RIS B R R i A T =Bk
FRET - FENKIREEER T R -

5. UMK & N B A AR ) . BAR R RN FEAR P REFE T — kB
BEE] 7O - ucoreiliitsyscallif A PR, S8/ umain.cppfJumain
P FAmainbk 20, mainf#HE A PR F Fmain 538 - SEPR ERVETE:
Aumain BRECFE [FFAZ0 0K o %R IE T fEumain B I —47 i H AR g R
5 PEREME
5.1 Wk HAR

Miteputs m TIEFIE
52 WAL

PR Brepun] LAZESOMhzI 8 R IEH TAE, it 05 2B gl -

TR B, AT sram AT G R FPESR | cpufE B E 25MHz -
TEAEMNART B, BT FlashiElf FESK, CPUFRERESME 12MHz

% cpufE12Mhz BT if s prA il ist
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