cs 152 L25 final.1DAP Fa97, � U.CBDec 5, 1995Dave Patterson (patterson@cs) lecture slides: http://www-inst.eecs.berkeley.edu/~cs152/CS 152Computer Architecture and EngineeringLecture 25: The Final Chapter

cs 152 L25 final.2DAP Fa97, � U.CBOutline of Today�s Lecture�Recap: What was covered in lectures (15 minutes)�Questions and Administrative Matters (2 minutes)�Future of Computer Architecture and Engineering (15 minutes)�Lessons from CS 152 (10 minutes)�Your Cal Cultural Heritage (20 minutes)�HKN evaluation of teaching staff (15 minutes)

cs 152 L25 final.3DAP Fa97, � U.CBWhere have we been?

cs 152 L25 final.4DAP Fa97, � U.CBThe Big PictureControlDatapathMemoryProcessorInputOutput�Since 1946 all computers have had 5 components

cs 152 L25 final.5DAP Fa97, � U.CBIntegrated Circuits CostsDie cost = Wafer cost Dies per Wafer * Die yieldDies per wafer = p * ( Wafer_diam / 2)2 — p * Wafer_diam — Test dies » Wafer Area Die Area � 2 * Die Area Die Area Die Yield = Wafer yield *

Die Cost is goes roughly with the cube of the area.

{- a}Defects_per_unit_area * Die_Area a

1 +

cs 152 L25 final.6DAP Fa97, � U.CBPerformance Evaluation Summary�Time is the measure of computer performance!�Remember Amdahl�s Law: Speedup is limited by unimproved part of program�Good products created when have:¥Good benchmarks¥Good ways to summarize performance�If NOT

good benchmarks and summary, then choice between 1) improving product for real programs 2) changing product to get more sales (sales almost always wins)CPU time= Seconds= Instructions x Cycles x Seconds Program Program Instruction Cycle

cs 152 L25 final.7DAP Fa97, � U.CBArithmetic¥Bits have no inherent meaning: operations determine whether really ASCII characters, integers, floating point numbers¥Divide uses same hardware as multiply (Hi & Lo registers in MIPS)¥Floating point follows paper & pencil method of scientific notation —using integer algorithms for multiply/divide of significands¥Pentium: Difference between bugs that board designers must know about and bugs that potentially affect all users —$200,000 cost in June to repair design—$400,000,000 loss in December in profits to replace bad parts—How much to repair Intel�s reputation?—Make public complete description of bugs in later category? ¥What is technologist�s and company�s responsibility to disclose bugs?

cs 152 L25 final.8DAP Fa97, � U.CBControl: Hardware vs. Microprogrammed�Control may be designed using one of several initial representations. The choice of sequence control, and how logic is represented, can then be determined independently; the control can then be implemented with one of several methods using a structured logic technique.Initial RepresentationFinite State Diagram MicroprogramSequencing ControlExplicit Next State Microprogram counter Function + Dispatch ROMs Logic RepresentationLogic EquationsTruth TablesImplementation TechniquePLAROM�hardwired control�microprogrammed control�

cs 152 L25 final.9DAP Fa97, � U.CBRecap: Pipelining Lessons (its intuitive!)�Pipelining doesn�t help latency of single task, it helps throughput of entire workload�Multiple tasks operating simultaneously using different resources�Potential speedup = Number pipe stages�Pipeline rate limited by slowest pipeline stage�Unbalanced lengths of pipe stages reduces speedup�Time to �fill� pipeline and time to �drain� it reduces speedup�Stall for Dependences6 PM

789Time

BCDA

30303030303030TaskOrder

cs 152 L25 final.10DAP Fa97, � U.CBPipeline Summary�Pipelines pass control information down the pipe just as data moves down pipe�Forwarding/Stalls handled by local control�Exceptions stop the pipeline�MIPS I instruction set architecture made pipeline visible (delayed branch, delayed load)�More performance from deeper pipelines, parallelism

� U.CBFirst Generation RISC Pipelines (1990)� All instructions follow same pipeline order (�static schedule�).� Register write in last stage— Avoid WAW hazards� All register reads performed in first stage after issue.— Avoid WAR hazards� Memory access in stage 4— Avoid all memory hazards� Control hazards resolved by delayed branch (with fast path)� RAW hazards resolved by bypass, except on load results which are resolved by fiat (delayed load).Substantial pipelining with very little cost or complexity.Machine organization is (slightly) exposed!Relies very heavily on "hit assumption"of memory accesses in cacheCS 152 project

� U.CBHow can the machine exploit available ILP?Technique � � � �

ExMWIFDExMWIFDExMWIFDExM W IF D Ex M W IF D Ex M W W IF D Ex M W IF D Ex M W IF D Ex M W IF D Ex M W IF D Ex M W IF D M W Ex M W Ex M W

11 0 1 0 0 1 0 0 0

1980

1981

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000DRAMCPU

1982

Processor-MemoryPerformance Gap:(grows 50% / year)

PerformanceTime�Moore�s Law�

RegistersCacheMemoryDiskTape

Instr. OperandsBlocksPagesFilesStagingXfer Unitprog./compiler1-8 bytescache cntl8-128 bytesOS512-4K bytesuser/operatorMbytesUpper LevelLower Level

faster

Larger

cs 152 L25 final.15DAP Fa97, � U.CBMemory Hierarchy�The Principle of Locality:¥Program access a relatively small portion of the address space at any instant of time.-Temporal Locality: Locality in Time-Spatial Locality: Locality in Space�Three Major Categories of Cache Misses:¥Compulsory Misses: sad facts of life. Example: cold start misses.¥Conflict Misses: increase cache size and/or associativity.¥Capacity Misses: increase cache size�Virtual Memory invented as another level of the hierarchy—Today VM allows many processes to share single memory without having to swap all processes to disk, protection more important—TLBs are important for fast translation/checking

cs 152 L25 final.16DAP Fa97, � U.CBMain Memory Performance¥Simple: CPU, Cache, Bus, Memory same width (32 bits)¥Wide: CPU/Mux 1 word; Mux/Cache, Bus, Memory N words (Alpha: 64 bits & 256 bits)¥Interleaved: CPU, Cache, Bus 1 word: Memory N Modules(4 Modules); example is word interleaved