
Computer Arhiteture Instrution at the University of MihiganGary S. TysonSteve ReinhardtTrevor MudgeThe University of Mihigantyson,stever,tnm�ees.umih.edu1 Curriulum OverviewThe Eletrial Engineering and Computer Siene de-partment (EECS) onfers BS, MS and PhD degreesin both eletrial and omputer engineering within theCollege of Engineering. In addition, the EECS depart-ment supports majors in the Computer Siene degreeprogram administered through the College of Litera-ture, Siene, and the Arts. Undergraduate ComputerEngineers and Computer Siene majors take similarourses in omputer arhiteture; CS majors are re-quired to omplete a three ourse sequene (EECS 100,EECS 270 and EECS 370), with CE majors taking anadditional ourse (EECS 373) 1.In this paper, we will desribe both undergraduateand graduate ourse o�erings in omputer arhitetureand disuss new trends in instrution of this materialat the University of Mihigan.2 Undergraduate EduationIn the past, undergraduate students in CS or CE havetaken two or three required ourses in omputer hard-ware/arhiteture. In the past two years, we made sig-ni�ant hanges to the introdutory ourse to inor-porate a broad overview of the omputing disiplineinluding mahine organization.In this setion, we will examine the hanges to the in-trodutory ourse (EECS 100) as well as provide a briefdesription of the standard arhiteture sequene. Theatalog desription for both undergraduate and gradu-ate ourses an be found on this last page of this paper.This table also inludes prerequisite requirements foreah ourse and the average annual enrollment at theUniversity of Mihigan.1Undergraduate ourses are numbered from 100 to 399; grad-uate ourses are numbered from 500-799; transitional ourseso�ered to advaned undergraduates and �rst year graduate stu-dents are numbered 400-499.

2.1 EECS 100EECS 100 is an introdutory lass to the Computer Si-ene and Computer Engineering programs. Over thepast two years the EECS 100 ontent has hanged dra-matially. Many introdutory omputer siene oursesare all about programming. We onsider this to be un-fortunate beause there is muh more to omputer si-ene than programming. There is the mystery of howa omputer was designed, how it works, and how weget it to do our bidding. In this ourse, we addressa broad foundation of topis in omputer siene tolift the veil of mystery that pervades muh of the un-dergraduate experiene. Course topis range from theomponents that make a omputer work (instrutionsand gates) to high level language abstrations. A de-tailed desription of the subjet material is inluded inTable 1. The ourse is partitioned into two major areaswith omputer organization overed in the �rst half ofthe semester and high level language (C) organizationin the later half. A large amount of material is overedin this ourse, but our experiene has shown that highretention is possible even for the average student.Course information for this lass (and most otherlasses) is available on the departmental web site.These pages are generally used to improve om-muniation among the instrutor(s), teahing as-sistants and students in the ourse; the webpages are also available to the general ommu-nity. the EECS 100 web page is loated athttp://www.engin.umih.edu/lass/ees100/ (in May1998). A new textbook 2 has been developed to supportthis new approah.2.2 EECS 270EECS 270 is a �rst ourse on digital logi. Like sim-ilar ourses at most universities, this ourse overs a2"From Bits and Gates to C and Beyond" by Yale N. Pattand Sanjay J. Patel1



Wk Course material Covered1 Administration, Bits and operations onbits.2 Bits and operations on bits (ontin-ued), Basi logi strutures (transis-tors, gates, truth table representation),ADDER, MUX, DECODER3 Storage elements (register, memory ad-dressing), Introdution to the von Neu-mann model. Emphasis on memory.4 ISA Spei�ation of simple proessor(instrution formats, ontrol, datap-ath), Problem Solving and On-Line De-bugging,5 ontrol struture of a stored program(sequential, onditional, iteration), As-sembly Language (translation, hand as-sembly of sample programs)6 Physial I/O (Keyboard Data andStatus Registers, Polling, Interrupts),Traps, ISRs7 Subtroutines (JSR/RET mehanism)Staks, Parameters. How are theypassed?8 Motivation for programming at ahigher level, An introdution to theC programming language, Variables(types, delaration, sope, symbol ta-ble, alloation).9 Operators (arithmeti, bitwise, logial,relational, assignment), Control stru-tures (if, if-else, swith, for, while, do-while), Translation to assembly.10 Funtion (prototypes, de�nition, alls),Revisiting the ompiling, linking pro-ess; what happens with funtions.Translation to assembly. Stak man-agement.11 Soure Level Debugging, Reursion,Pointers.12 Arrays in C, I/O in C, Strutures in C,Translation to assembly.13 Dynami alloation, linked list datastruture.14 Analysis of algorithms (Big-O nota-tion), Divide and onquer algorithm(binary searh), Spae omplexity:Memory usage.15 What omes after EECS 100? What doomputer engineers and omputer si-entists do?Table 1: EECS 100 Letures.

variety of design omponents. Boolean algebra is �rstintrodued in this ourse; logi gates, logi minimiza-tion and standard ombinational iruits are presentedand reinfored in a lab omponent to the ourse. Labo-ratory inludes hardware design and CAD experiments.2.3 EECS 370EECS 370 has been the �rst ourse on omputer orga-nization, but with the hanges to EECS 100 the on-tent of EECS 370 is being expanded. This ourse fo-uses on pipelined arhitetures with students buildingsimulators of the pipeline exeution at varying levelsof omplexity. Both C and Verilog have been used toonstrut the detailed simulation.2.4 EECS 373While EECS 370 treats the implementation of proes-sors from low-level digital omponents, EECS 373 ov-ers the appliation of miroproessors as omponents inomplete digital systems. Students learn hardware andsoftware aspets of interfaing devies to modern miro-proessors through a ombination of letures and lab-oratory exerises. Letures stress fundamental, devie-independent onepts, illustrated by a range of urrentand historial examples. Topis inlude bus protools,interrupt strutures, DMA, memory tehnologies, A/Dand D/A onversion, and basi video and disk interfa-ing. Both embedded and general-purpose system issuesare overed.Laboratory exerises reinfore these onepts viahands-on experiene with spei� devies. For Fall1998, we are introduing new, state-of-the-art labequipment. Eah lab station is built around a Mo-torola embedded PowerPC development system ou-pled with a ustom interfae board. Eah interfaeboard ontains two Xilinx �eld-programmable gate ar-rays (FPGAs) and a number of peripherals, inlud-ing swithes, a seven-segment LED display, A/D andD/A onverters, and a small SRAM. Students designinterfae iruits for the various peripherals and down-load them to the FPGAs. They also develop smallassembly-language programs to exerise the peripher-als. Students develop and debug their software usingan integrated environment from Software DevelopmentSystems, In. (SDS) that inludes a C ompiler, an as-sembler, and a debugger. The debugger uses the Mo-torola proessor's built-in debug failities to ahieve in-iruit emulation apabilities without additional hard-ware. Hewlett-Pakard 16600A 136-hannel logi ana-lyzers work in tandem with the SDS debugger to pro-vide a omplete, sophistiated view of hardware a-



tivity supporting both software and hardware debug.Both the Xilinx development tools and the SDS envi-ronment inlude simulation apabilities, and are avail-able on mahines in the publi engineering omputerlabs. Students an design and test their hardware andsoftware independently outside the lab, leaving pre-ious lab time to fous on hardware/software integra-tion and to observing and measuring the physial sys-tem at work.3 Graduate EduationThe University of Mihigan has a very large and ativegraduate program, partiularly in omputer arhite-ture. With over 50 PhD students assoiated with theAdvaned Computer Arhiteture Lab (ACAL), thereis a great demand for a variety of ourses in arhitetureat the graduate level. All graduate students in Com-puter Engineering are required to take EECS 470 (orequivalent). In addition, several eletive ourses areregularly o�ered (EECS 570, 571, 573 and 583). Fi-nally, experimental ourses (EECS 598 and EECS 670)are often o�ered { these ourses are seleted to overurrent topis and are therefore unlikely to be repeated.3.1 EECS 470The introdutory graduate-level lass in omputer ar-hiteture (EECS470: Computer Arhiteture) is de-signed for the student who wishes to obtain a detailedunderstanding of how omputers are designed and im-plemented. We assume that the entering student un-derstands the onepts of assembly language, mahinelanguage, ALU design, and the basi ideas of pipelin-ing, ahes, and virtual memory, whih are overed inour senior-level lass EECS 370. EECS 470 expands onthis material in both depth and breadth. In additionit introdues advaned material on instrution set de-sign, miroprogramming, instrution-level parallelism,vetor proessing, and storage systems. Conepts areillustrated with historial and state-of-the-art systems.The lass is o�ered in both the Fall and Springsemesters and meets twie a week for 90 minutes. Ex-luding lasses taken for exams and reviews, there areabout 25 lasses. The lass material emphasizes a quan-titative approah to design. Design goals are usuallyformulated in terms of performane or power measuresand require the students to understand performaneevaluation tehniques. So that the student is awarethat performane omes at a ost, tradeo�s in designand implementation are disussed. Trends that will af-fet these tradeo�s in future systems are also disussed.

To give students a deeper understanding of the pra-tialities of many of the onepts and tradeo�s studiedduring leture, students are required to design a sub-stantial, realisti proessor using the Verilog hardwaredesign language. A weekly one hour disussion sessionis sheduled to learn how to use the design tools and todisuss implementation issues. The disussion is alsoused to disuss homework problems.For the projet the student is expeted to use theextensive design environment that has been developedover the past 10 years at Mihigan. It inludes modernommerial CAD tools from Cadene, Mentor, Casadeand Avant. Not all of these tools are neessary in thispartiular lass where the goal is to design and testa mixed behavioral/strutural Verilog model that anbe synthesized using the Synopsis synthesis tools. Theprojet represents a signi�ant investment of time forthe student and the grade breakdown for the lass re-ets this.The required text is the seond edition of "ComputerArhiteture: A Quantitative Approah," by Hennessyand Patterson. Additional texts that are referred toinlude, "Computer Arhiteture: Pipelined and Par-allel Proessor Design," by Flynn, and the seond edi-tion of "Computer Arhiteture and Organization," byHayes. Papers that supplement the text are also usedand handed out in lass as needed. Verilog material in-ludes tutorial hapters from the Cadene manual anda set of lass notes on synthesizeable design with Ver-ilog.3.2 Graduate EletivesIn addition to the required graduate arhitetureourse, eletives are available to further explore di�er-ent aspets of arhiteture. EECS 570 onentrates onthe design and use of parallel proessors. Students tak-ing this ourse are exposed to a variety of parallel arhi-tetures (IBM SP2, HP Convex Exemplar SPP-1000,GSI Power Challenge GR, et.). Many of the studentsin this ourse ontinue working on parallel mahineswith the Parallel Performane Projet (PPP) and/orthe Center for Parallel Computing (CPC) at the Uni-versity of Mihigan.The EECS571 ourse is intended to over priniplesand foundations of real-time omputing (RTC). Due toits vital role in almost all appliation domains, suh asmultimedia, virtual reality, teleommuniations, indus-trial automation, aerospae, embedded ommerial anddefense systems, medial instrumentation and life sup-port systems, RTC has beome an essential disiplinein the �eld of omputer siene and engineering. RTCas studied in this ourse is based on three attributes:



high performane, ultra-high reliability, and environ-mental interfae. These three attributes are stronglyoupled together by a single preious resoure, time.In this ourse students will be exposed to the state-of-art (both analyti and experimental) researh anddevelopment related to all these three attributes andtheir interplay.EECS 573 provides a fundamental body of knowl-edge useful to grad students who plan to do researhin miroarhiteture. In partiular the emphasis is onombining the mastery of fundamentals with ritialreading and analysis and reative thinking. The oursebegins with four fundamental properties of miroarhi-teture dealing with instrution supply, instrution pro-essing, data supply and ontrol ow. The bottleneksin eah of the four aspets are overed. Various arhi-tetural paradigms (e.g. VLIW, Supersalar, HPS andMultiSalar) are disussed with the fous on how theseparadigms try to overome the bottleneks desribedabove. Finally an introdution to patent and opyrightlaws are disussed and the pros and ons of patentinga design are explained.4 New Diretions in TeahingArhitetureArhiteture designs ontinue to evolve with di�eringtradeo�s leading to new solutions. In order to providethe exibility in the urriulum to explore new arhi-tetural researh, two ourses are available: EECS 598and EECS 670. EECS 598 is the primary mehanismfor introduing new ourse o�erings into the urriu-lum; these are ourses that are taught �rst as a 598ourse and later, if suessful, designated a new oursenumber and added to the regular urriulum. In on-trast, 670 ourses are designed to enable instrution ona urrent topi one time only.In a reent EECS 598 ourse, we introdued a newourse examining the relationship between ompiler op-timization, instrution set design and miroproessorarhiteture. With the advent of just-in-time (JIT)ompilation and objet ode translation, the time hasome to more losely integrate ompiler developmentwith instrution set design and miroarhiteture. Thisourse has been taught one as an EECS 598 oursewith the intention of inorporating it as the regulargraduate eletive ourse in later years. By teahingit as a speial projets ourse, we were to experimentwith the lass before �nalizing a new ourse proposal.In this partiular ourse, we were able to disuss ur-rent trends in instrution set design (e.g. Intel's EPIC

arhiteture) while determining whih features of theourse apture more fundamental aspets whih an beinluded in a more permanent ourse.5 SummaryIn this paper we have disussed the ourse frameworkfor teahing omputer arhiteture. The University ofMihigan has a very ative faulty in this area whihenables us to o�er a broad range of ourses on thissubjet. The ourse struture has been developed toprovide as muh exibility as possible to hange ourseontent as our �eld advanes. This is best demon-strated in the major reordering of the introdutoryourse (EECS 100), whih is now better able to prepareinoming students for the rigors of the later ourses. Atthe graduate level, the urriulum is designed to pro-vide a ore set of ourses overing major aspets ofomputer arhiteture as well as enable the addition ofexperimental ourses.



Course Prereq Annual CourseTitle Courses Enrollment Desription100Introdution to Com-puting Systems 800 How a omputer works, from the mahine level to high level programming. Cir-uits, instrutions, memory, data. Assembly language. Binary arithmeti, datatypes, data strutures. Translation of high level languages. The C program-ming language: data strutures, ontrol, iteration, reursion. Basi algorithmanalysis.270Introdution to LogiDesign 100 450 Binary and non-binary systems, Boolean algebra digital design tehniques,logi gates, logi minimization, standard ombinational iruits, sequential ir-uits, ip-ops, synthesis of synhronous sequential iruits, PLAs, ROMs,RAMs, arithmeti iruits, omputer-aided design. Laboratory inludes hard-ware design and CAD experiments.370Introdution to Com-puter Organization 270, 280 300 Computer organization will be presented as a hierarhy of virtual mahinesrepresenting the di�erent abstrations from whih omputers an be viewed.These inlude the logi level, miroprogramming level, and assembly languagelevel. Lab experiments will explore the design of a miroprogrammed om-puter.373Design of Miroproes-sor Based Systems 370 240 Priniples of hardware and software miroomputer interfaing; digital logidesign and implementation. Experiments with speially designed laboratoryfailities. Introdution to digital development equipment and logi analyzers.Assembly language programming. Leture and laboratory.470Computer Arhiteture 370 90 Basi onepts of omputer arhiteture and organization. Computer evolu-tion. Design methodology. Performane evaluation. Elementary queueingmodels. CPU arhiteture. Introdutions sets. ALU design. Hardware andmiroprogrammed ontrol. Nanoprogramming. Memory hierarhies. Virtualmemory. Cahe design. Input-output arhitetures. Interrupts and DMA. I/Oproessors. Parallel proessing. Pipelined proessors. Multiproessors.473Advaned Digital Sys-tem Design 373 | This ourse introdues advaned digital system design onepts, suh as tim-ing analysis, reliability, and testability. These onepts are then applied to asemester-long design projet of the student's hoie. The result of this projetwill be a highly testable, highly reliable digital system.570Parallel Computer Ar-hiteture 470 20-40 Pipelining and operation overlapping, SIMD and MIMD arhitetures, numeriand non-numeri appliations, VLSI, WSI arhitetures for parallel omputing,performane evaluation. Case studies and term projets.571Priniples of Real-TimeComputing 470, 482 < 20 Priniples of real-time omputing based on high performane, ultra reliabilityand environmental interfae. Arhitetures, algorithms, operating systems andappliations that deal with time as the most important resoure. Real-timesheduling, ommuniations and performane evaluation.573Miroarhiteture 470 < 20 Graduate level introdution to the foundations of high performane miropro-essor implementation. Problems involving instrution supply, data supply,and instrution proessing. Compile-time vs. run-time tradeo�s. Aggressivebranh predition. Wide-issue proessors, in-order vs. out-of-order exeution,instrution retirement. Case studies taken from urrent miroproessors.583Advaned CompilerConstrution 470, 483 < 20 Code Generation and Optimization: Advaned ode generation tehniques.Representation of intermediate ode. Data ow analysis, ode movement, loopoptimization, ommon subexpression elimination, and peephole optimization.Optimization by program transformation. Mahine spei� optimizations, im-proving instrution shedule for pipelined miroproessors.598Speial Topis: Trendsin Instrution Set Ar-hiteture Design varies Trends in Instrution Set Arhiteture Design (taught Winter 1998): Thisourse will analyze urrent trends in the evolution of instrution set arhite-tures. In partiular, we will explore modi�ations to existing instrution setsthat enable the ompiler to onvey additional information useful in ahievinghigh levels of instrution parallelism. These modi�ations will inlude: mem-ory prefeth, speulative load, prediated exeution and newer VLIW designsinluding the Intel/HP Expliitly Parallel Instrution Computing (EPIC) ap-proah used in the next generation platforms for Intel (P7 or Mered) and HP.Current researh projets will also be disussed.670Advaned Topis inComputer Arhiteture 570 | Advaned onepts and speialized areas in omputer systems design are dis-ussed and analyzed in depth. Topis hosen by instrutor. Examples aredatabase mahines, highly reliable systems, omputers for arti�ial intelligene,arhitetural support for operating system funtional, high-level language ar-hitetures, objet-oriented arhiteture, other speial purpose arhiteture (vi-sion, dataow).Table 2: EECS Catalog Course Desriptions.


