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Rules of Thumb 

1. Amdahl/Case Rule: A balanced computer system needs about 1 MB of main memory capacity and 1
megabit per second of I/O bandwidth per MIPS of CPU performance.

2. 90/10 Locality Rule: A program executes about 90% of its instructions in 10% of its code.

3. Bandwidth Rule: Bandwidth grows by at least the square of the improvement in latency.

4. 2:1 Cache Rule: The miss rate of a direct-mapped cache of size N is about the same as a two-way set-
associative cache of size N/2.

5. Dependability Rule: Design with no single point of failure.
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Computer Architecture Formulas 

1. CPU time= Instruction count x Clock cycles per instruction x Clock cycle time 

Execution timc01d 
2 . Amdahl's Law: Speedupovcran= E t· t ' = . . Fractioncnhanccd 

xecu 1011 ,me,,ew ( 1 Fraction ) + - - ----
- . . . enhanced Spccdupenhanced 

3. Power,1y,uunic = 1/2 x Capacitive load x Yo]tagc2 x Frequency switched 

4. Powers,atic = Curren½.tatic X Voltage 

5. Average memory-access time= Hit time+ Miss rate x Miss penalty 

6. Availability = Mean Time To Fail /(Mcan Time To Fail+ Mean Time lo Repair) 

7 D . . ld W f . Id ( 1 Defects per unit area X Die area) ·•x 
. te yie = . a e r y1e x + ---~--------

ex 
where Wafer yield accounts for wafers that are so bad Ibey need not be tested and ex is a fitted parameter 
that approximates the number of masking levels critical to die y ield (usually ex= 4.0) 

8. A verage memory-£wcess time= Hit time+ Miss rate x Miss penalty 

9. Misses per instruction= Miss rate x Memory access per instruction 

I 0. Cache index size: 2ind
cx = Cache sizc/ (Block size x Set associativity) 

11. Means--ari1hmetic (AM), wei}?ltted arithmetic (WAM), and geome1ric (GM): 

AM == - L T imcj WAM =:: I. Weight; X Time; GM = n T ime; == exp ! X I. ln(Time;) 1" ,, 'F" (" ) n. II 
i = I i=I i= I i : I 

where Time; is the execution time for the ith program or a total Qf n in the workload, We ight; is the 
weighting of the ith program in the workload. 
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In 1981, he started the MIPS project at Stanford with a handful of graduate students. After com­

pleting the project in 1984, he took a one-year leave from the university to cofound MIPS Com­

puter Systems, which developed one of the first commercial RISC microprocessors. After being 

acquired by Silicon Graphics in 1991, MIPS Technologies became an independent company in 

1998, focusing on microprocessors for the embedded marketplace. As of2006,over 500 million 

MIPS microprocessors have been shipped in devices ranging from video games and palmtop 

computers to laser printers and network switches. 

David A. Patterson has been teaching computer architecture at the University of California, 

Berkeley, since joining the faculty in 1977, where he holds the Pardee Chair of Computer Sci­

ence. His teaching has been honored by the Abacus Award from Upsilon Pi Epsilon,the Distin­

guished Teaching Award from the University of California, the Karlstrom Award from ACM, and 

the Mulligan Education Medal and Undergraduate Teaching Award from IEEE. Patterson re­

ceived the IEEE Technical Achievement Award for contributions to RISC and shared the IEEE 

Johnson Information Storage Award for contributions to RAID. He then shared the IEEE John 

von Neumann Medal and the C & C Prize with John Hennessy. Like his co-author, Patterson is a 

Fellow of the American Academy of Arts and Sciences, ACM,and lEEE.and he was elected to the 

National Academy of Engineering, the National Academy of Sciences, and the Silicon Valley En­

gineering Hall of Fame. He served on the Information Technology Advisory Committee to the 

U.S. President, as chair of the CS division in the Berkeley EECS department, as chair of the Com­

puting Research Association,and as President of ACMThis record led to a Distinguished Service 

Award from CRA. 

At Berkeley, Patterson led the design and implementation of RISC I, likely the first VLSI reduced 

instruction set computer.This research became the foundation of the SPARC architecture, cur­

rently used by Sun Microsystems, Fujitsu, and others. He was a leader of the Redundant Arrays 

of Inexpensive Disks (RAID) project, which led to dependable storage systems from many com­

panies. He was also involved in the Network of Workstations (NOW) project, which led to cluster 

technology used by Internet companies.These projects earned three dissertation awards from 

the ACM. His current research projects are the RAD Lab, which is inventing technology for reli­

able, adaptive, distributed Internet services, and the Research Accelerator for Multiple Proces­

sors (RAMP) project, which is developing and distributing low-cost, highly scalable, parallel 

computers based on FPGAs and open-source hardware and software. 
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A. I Introduction A-5 

dal.a loaded from m mo:ry. In th case of a slo , lhc second l'7 gisteT operand 
is th source of lhc data lhat is s tored into memory. 11re instructions load 
wmd (LD) and store word (SD) foad or store lhe entire 64-bit register conllents. 

3. Bmnches and jumps-Bramch m-e conditional trans:fi rs of co111ml Tire 

are usually two ways of specifying th branch condition. in RISC architec­
uues: with a set of condition bits (sometimes called a condition cod ) or by a 
limited set of comparisons between a pair of r gist rs or between a register 
and liero. . IPS uS:es lihe lat T. For lhis appelildix. we consjd :i- onl compari­
sons fm eqHli1:y between two :liCgisters. In 11 RISC architootures, th branch 
dcslimal.ion is obtained by adding a sign-exllended offset (16 bil-5 in MIPS) lo 
th cument l?C. Unconditional j1.1.mp& are pm ided in many RISC architec­
tu:res, bul we will not cover jumps in !his: appendix. 

A Simple lm1Plementaitio,n of a liUSC llnstructiion Set 

To understand !:low a H:ISC insl.ruclion set can b implemented in a pip ' ined 

fas.]riion. w need l.o undusland how it is implemented wilhou.l pipelining. This 
section shows a simple impl m ntal:ion where every instrnction lakes at most ~ 

clock eyc!c-s:. '!i c will ex1tend tJriis basic implem nla!Don lo a pipelined version, 
re-s1.1.lling in a much lower CPI. Omr u:npipelined impkmenmlion i.s not th most. 
economical or the 1:iighesl-performance impl.emenlaliom wilhoull pipelining .. 
Instead, il is d jgnc.d ito lead maturally lo a pipelined implememlation. ]mple­
mentimg (Ile in.s:Lruction set requires lh introducl.ion of several temporary regis­
ters lhat are nol pwt of I.Ile a:i-dril Lurre ; 1.1:iese are introduced in this secl.ion lo 
simplify pipelining. Our implementation wi] focus onl, on a pipeline foli an inte­

ger subset of a RISC architecture that oomsisls of load-slor word, bralilch and 
integer ALU operations. 

Every instruction in this R]SC subset can be implemented in al most 5 clock 

cycles. 11re 5 clock cycles arc as follows. 

1. lnstmc.l.ion fetch ryde (IF): 

Send (he program cou:nter (l?C) l.o memory and fetch lhe current instruction 
from memory. pdate lhe PC to then xt sequentiall PC 'by addimg 4 (since 
each instruction is 4 bytes) l.o lhe PC. 

2. fnstrucJio11 decode/regisJer fetch cycle (ID): 

Decode th imstruction and read lhe r gisters corrc.-spomding lo regisreT 
source specifiers from Lbe register file.. the eq ual.i ty test on lhe regi slcrs 
as they arr read, for a possible branch . Sign-extend llhc offset liield of the 

inslructiom in case il is needed. Compute lh possible b:rnnch la.-gel addrcs.s 
by adding th sigm-extended oHS:el lo th incr mented PC. [n !!Iii aggressive 
implemenlaLion, which we explore later, the branch cam be completed at lhe 
end of this stage, by storing the braneh-l rget address into lh PC, if lh 
conditi o:n L yielded true. 

Decoding is done in paral.lcl wilh reading registers, which i.s possible 
because the register speciliiers alie at a liixed location in a !:USC ardrilectme. 



A-46 � Appendix A  Pipelining: Basic and Intermediate Concepts

the instruction to continue. In the VAX an additional bit of state records when an
instruction has started updating the memory state, so that when the pipeline is
restarted, the CPU knows whether to restart the instruction from the beginning or
from the middle of the instruction. The IA-32 string instructions also use the reg-
isters as working storage, so that saving and restoring the registers saves and
restores the state of such instructions.

A different set of difficulties arises from odd bits of state that may create
additional pipeline hazards or may require extra hardware to save and restore.
Condition codes are a good example of this. Many processors set the condition
codes implicitly as part of the instruction. This approach has advantages, since
condition codes decouple the evaluation of the condition from the actual branch.
However, implicitly set condition codes can cause difficulties in scheduling any
pipeline delays between setting the condition code and the branch, since most
instructions set the condition code and cannot be used in the delay slots between
the condition evaluation and the branch. 

Additionally, in processors with condition codes, the processor must decide
when the branch condition is fixed. This involves finding out when the condition
code has been set for the last time before the branch. In most processors with
implicitly set condition codes, this is done by delaying the branch condition eval-
uation until all previous instructions have had a chance to set the condition code.

Of course, architectures with explicitly set condition codes allow the delay
between condition test and the branch to be scheduled; however, pipeline control
must still track the last instruction that sets the condition code to know when the
branch condition is decided. In effect, the condition code must be treated as an
operand that requires hazard detection for RAW hazards with branches, just as
MIPS must do on the registers.

A final thorny area in pipelining is multicycle operations. Imagine trying to
pipeline a sequence of VAX instructions such as this:

MOVL R1,R2 ;moves between registers
ADDL3 42(R1),56(R1)+,@(R1) ;adds memory locations
SUBL2 R2,R3 ;subtracts registers
MOVC3 @(R1)[R2],74(R2),R3 ;moves a character string

These instructions differ radically in the number of clock cycles they will require,
from as low as one up to hundreds of clock cycles. They also require different
numbers of data memory accesses, from zero to possibly hundreds. The data haz-
ards are very complex and occur both between and within instructions. The sim-
ple solution of making all instructions execute for the same number of clock
cycles is unacceptable because it introduces an enormous number of hazards and
bypass conditions and makes an immensely long pipeline. Pipelining the VAX at
the instruction level is difficult, but a clever solution was found by the VAX 8800
designers. They pipeline the microinstruction execution: a microinstruction is a
simple instruction used in sequences to implement a more complex instruction
set. Because the microinstructions are simple (they look a lot like MIPS), the
pipeline control is much easier. Since 1995, all Intel IA-32 microprocessors have
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Name 

ondition 
code (CC) 

ondition 
regi ter 

ompare 
and branch 

Examples 

B.6 In tructions fo r Control Flow B-19 

Conditional Branch Options 

inc mo t change in c ntrol fl ow are branche , d ciding h w t p cify th 
branch co ndition i important. Figure B.16 shows the three primary techniqu e in 
use today and their advantages and di sad antage . 

One of the mo l noticeable propertie of branche i that a large number of 
the comparison are imple te t , and a large number are comparison with zero. 
Thus, ome archi tectu re choo e to treat the e compari ons a pecial ca e , 
c pecially if a ompare and bra11ch in truction i being u ed. Figure B.17 show 
the frequency f different comparison u ed fo r c nditi na l bran hing. 

Procedure Invocation Options 

Pr cedure calls and returns include control tran" fer and p . ibly s me state sav­
ing; at a minimum the r tum addre. s must be . a ed somewher , sometimes in a 
special link register or just a GPR. Some older architectu re provide a mecha­
ni m to ave many register , while newer archi tecture require the compiler to 
generate tore and I ad for each regi ter a ed and re tored. 

There are two ba ic convention in use to ave regi ter : either at the call site 
or in ·ide th p rocedure being called. oiler saving means that the call ing proce­
dure mu t ave the regi ter that it want pre erved for acce s after the all , nd 

thu the c. lled procedure need not worry abou t rcgi ter . Callee saving i the 
opposite: the called procedure mu t ave the regi ter it want to u e, lea ing the 
caJler unre trained . here are time when caller a e must be u ed because of 

How condition is tested Advantages Disadvantages 

80x86,ARM. 
PowerP , 

PARC. SuperH 

Tests special bits ct by 
ALU operation . possibly 
under program control. 

Sometimes condi tion 
is el for free. 

CC is extra state. ondition 
code con train the ordering of 
in tru lions ·ince they pa ·s 
information from one instruction 
to a bran h. 

Alpha. MIP 

PA-RI 

Te ts arbitrary register 
with the result of a 
comparison. 

ompare i pa1t of the 
branch. Often compare is 
limited to subsel. 

Simple. 

ne instruction rather 
than two for a branch. 

ses up a register. 

May be too much work per 
instruction for pipelined 
execution. 

Figure 8.16 The major methods for evaluating branch conditions, their advantages, and their disadvantages. 
Although condition codes can be set by ALU operations that are needed for other pu rposes, measurements on pro­
grams show t hat this rarely happens.The major implementation problems with condition codes arise when t he con­
dition code is set by a large or haphazard ly chosen subset of the inst ructions, rather t han being controlled by a bit in 
the instruction. Computers with compare and branch often limit the set of compares and use a condition register fo r 
more complex compares. Often.different techniques are used for branches based on floatfng-point com parison ver­
sus those based on Integer comparison. This dichotomy is reasonable since the num ber of branches that depend on 
floating-point comparisons is much smaller than the number depending on integer comparisons. 
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