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History



1951
1953
1954
1955
1956
1961

1962
1963

1964
1967

1968

1969

History: to 1970

Ferranti Mk I: first commercial computer
UNIVAC I: memory with parity

EDSAC | ‘heavily used’ for science (Cambridge)
Fortran | (IBM)

Floating point in hardware (IBM 704)

Hard disk drive prototype. 24" platters (IBM)

Fortran IV

Pipelined CPU (IBM 7030)

Hard disk drive with flying heads (IBM)
CTSS: Timesharing (multitasking) OS
Virtual memory & paging (Ferranti Atlas)
First BASIC

ASCII (current version)

GE635 / Multics: SMP (General Elect)
Cache in commercial computer (IBM 360/85)
Mouse demonstrated

Reduce: computer algebra

ARPAnet: wide area network

Fully pipelined functional units (CDC 7600)
Out of order execution (IBM 360/91)



1970

1971

1972

1973
1974
1975

1976

1978

1979

History: the 1970s

First DRAM chip. 1Kbit. (Intel)

First floppy disk. 8" (IBM)

UNIX appears within AT&T

Pascal

First email

Fortran 66 standard published

First vector computer (CDC)

First TLB (IBM 370)

ASC: computer with ‘ECC’ memory (TI)
First ‘Winchester' disk (IBM)

First DRAM with one transistor per bit
UNIX appears outside AT&T

Ethernet appears (Xerox)

Apple | launched. $666.66

Cray |

Z80 CPU (used in Sinclair ZX series) (Zilog)
5%” floppy disk

K&R C appears (AT&T)

TCP/IP

Intel 8086 processor

Laser printer (Xerox)

WordStar (early wordprocessor)

First VAX (11/780) and VMS (DEC)
TEX



1980

1981

1982

1983

1984

1985

History: the 1980s

Sinclair ZX80 £100 10° sold

Fortran 77 standard published

Sinclair ZX81 £70 10° sold

35" floppy disk (Sony)

IBM PC & MS DOS version 1 $3,285
SMTP (current email standard) proposed
Sinclair ZX Spectrum £175 48KB colour
Acorn BBC model B £400 32KB colour
Commodore64 $600 107 sold

Cray X-MP (first multiprocessor Cray)
Motorola 68000 (commodity 32 bit CPU)
Internet defined to be TCP/IP only
Apple lle $1,400

IBM XT, $7,545

Caltech Cosmic Cube: 64 node 8086/7 MPP
Apple Macintosh $2,500. 128KB, 9" B&W screen
Sinclair QL £400. 128KB

IBM AT, $6,150. 256KB

CD ROM

IATEX2.09

PostScript (Adobe)

Ethernet formally standardised

IEEE 748 formally standardised

Intel i386 (Intel's first 32 bit CPU)
X10R1 (forerunner of X11) (MIT)

C++



1986

1987

1989
1990

1991

1992

History: the RISCs

MIPS R2000, RISC CPU (used by SGI and DEC)
SCSI formally standardised

Intel i860 (Intel's first RISC CPU)

Acorn Archimedes (ARM RISC) £800
SPARC I, RISC CPU (Sun)

Macintosh Il $4,000. FPU and colour.
Multiflow Trace/200: VLIW

X11R1 (MIT)

ANSI C

PostScript Level 2

Power I: superscalar RISC (IBM)

MS Windows 3.0

World Wide Web / HTTP

PVM

Tera starts developing MTA processor

PCI

OpenGL

0S/2 2.0 (32 bit a year before NT) (IBM)
Alpha 21064: 64 bit superscalar RISC (DEC)



A Summary of History

The above timeline stops a decade before this talk will
first be given. Computing is not a fast-moving subject,
and little of consequence has happened in the past
decade.

By 1970 the concepts of disk drives, floating
point, memory paging, parity protection, multitasking,
caches, pipelining and out of order execution have
all appeared in commercial systems, and high-level
languages and wide area networking have been
developed.

The 1970s themselves add vector computers and
error correcting memory, and implicit with the vector
computers, RISC. The rest is just enhanced technology
rather than new concepts.

The 1980s see the first serious parallel computers, and
much marketing in a home computer boom.



The CPU



The Computer
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Inside the Computer

CPU

memory

disks

VDU

Bus

video
card
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The Heart of the Computer

The CPU is the brains of the computer. Everything
else is subordinate to this source of intellect.

A typical modern CPU understands two main classes of
data: integer and floating point. Within those classes
it may understand some additional subclasses, such as
different precisions.

It can perform basic arithmetic operations and
comparisons, governed by a sequence of instructions,
or program.

It can also perform comparisons, the result of which
can change the execution path through the program.

Its sole language is machine code, and each family
of processors speaks a completely different variant of
machine code.

12
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What the bits do

Memory: not part of the CPU. Used to store both
program and data.

Instruction fetcher: fetches next machine code
instruction from memory.

Instruction decoder: decodes instruction, and sends
relevant data on to. ..

Functional unit: dedicated to performing single
operation

Registers: store the input and output of the
functional units There are typically about 32 floating point registers,

and 32 integer registers.

Partly for historical reasons, there is a separation
between the integer and floating point parts of the

CPU.

On some CPUs the separation is so strong that the only way of transferring data between the
integer and floating point registers is via the memory. On some older CPUs (e.g. the Intel
386), the FPU (floating point unit) is optional and physically distinct.

14



Clock Watching

The best known part of a CPU is probably the
clock. The clock is simply an external signal used
for synchronisation. It is a square wave running at a
particular frequency.

Clocks are used within the CPU to keep the various
parts synchronised, and also on the data paths between
different components external to the CPU. Such data
paths are called buses, and are characterised by a width
(the number of wires (i.e. bits) in parallel) as well as
a clock speed. External buses are usually narrower and
slower than ones internal to the CPU.

Although sychronisation is important — every good
orchestra needs a good conductor — it is a means not
an end. A CPU may be designed to do a lot of work
in one clock cycle, or very little, and comparing clock
rates between different CPU designs is meaningless.

15



Typical instructions

Integer:

e arithmetic: +,—,*,/,negate

e logical: and, or, not, xor

e bitwise: shift, rotate

e comparison

e load / store (copy between register and memory)

Floating point:

e arithmetic: +,—,*,/,\/,negate,modulus

e convert to/from integer

e comparison

e load / store (copy between register and memory)

Control:

e (conditional) branch (goto)

Most modern processors barely distinguish between integers used to represent numbers, and
integers used to track memory addresses (i.e. pointers).

16



A typical instruction

fadd £4,f5,f6

add the contents of floating point registers 4 and 5,
placing the result in register 6.

Execution sequence:

e fetch instruction from memory

e decode it

e collect required data (f4 and £5) and sent to
floating point addition unit

e wait for add to complete

e retrieve result and place in £6

Exact sequence varies from processor to processor.

Always a pipeline of operations which must be
performed sequentially.

The number of stages in the pipeline, or pipeline
depth, can be between about 5 and 15 depending on
the processor.

17



Making it go faster. . .

If each pipeline stage takes a single clock-cycle to
complete, the previous scheme would suggest that it

takes five clock cycles to execute a single instruction.

Clearly one can do better: in the absence of branch
instructions, the next instruction can always be both
fetched and decoded whilst the previous instruction is
executing. This shortens our example to three clock

cycles per instruction.

Time

Fetch Return
Execute
Fetch | Decode Operands Result
first instruction
Fetch Return
Execute
Fetch | Decode Operands Result
second instruction
—

18



. . . and faster. ..

Further improvements are governed by data
dependency. Consider:

fadd f4,f5,f6
fmul f6,f7,f4

(Add £4 and £5 placing the result in £6, then multiply
£6 and £7 placing the result back in £4.)

Clearly the add must finish (£6 must be calculated)
before the multiply can start. There is a data
dependency between the multiply and the add.

But consider

fadd f4,f5,f6
fmul £3,f7,£9

Now any degree of overlap between these two
instructions is permissible: they could even execute
simultaneously or in the reverse order and still give the
same result.

19



. . . and faster

We have now reached one instruction per cycle,
assuming data independency. The problem is now
decoding the instructions.

Unlike written English, there is no mark which
indicates the end of each machine-code word,
sodecodingmustbedonesequentially.

The solution is to fix the ‘word’ length. If all
instructions are four bytes long, then one knows
trivially where the next, or next-but-ten instruction
starts without decoding the intermediate ones.

Then multiple decoders can run in parallel, and
multiple instructions can be issued per clock cycle.
Such a processor is said to be superscalar, or n-
way superscalar if one wishes to specify how many
instructions can be issued per cycle.

20



Keep it simple

With short, simple instructions, it is easy for the
processor to schedule many overlapping instructions
at once.

If a single instruction both read and wrote data to
memory, and required the use of multiple functional
units, such scheduling would be much harder.

This is part of the CISC vs RISC debate.

CISC (Complex Instruction Set Computer) relies on a single instruction doing a lot of work:
maybe incrementing a pointer and loading data from memory and doing an arithmetic
operation.

RISC (Reduced Instruction Set Computer) relies on the instructions being very simple — the
above CISC example would certainly be three RISC instructions — and then letting the CPU
overlap them as much as possible.

21



The VLIW EPIC

As an alternative to the CPU determining which
instructions can be issued simultaneously in a dynamic
fashion as the code executes, VLIW computers rely on
the compiler to bundle the instructions appropriately,
thus simplifying the logic on the CPU.

A single instruction word for a VLIW machine contains
several independent instructions for different functional
units with no data dependencies. The instruction
decoder can simply take the bundle and issue them
simultaneously without significant further thought.

However, if the compiler cannot fill all the slots in one
word, the empty ones need to be filled with explicit
‘nop’ instructions. This can lead to large code sizes.

VLIW = Very Long Instruction Word
EPIC = Explicitly Parallel Instruction Code
nop = No OPeration

22



Within a functional unit

A functional unit may itself be pipelined. Considering
again floating-point addition, even in base 10 there are
three distinct stages to perform:

9.67 % 10° + 4 % 10*

First the exponents are adjusted so that they are equal:
9.67 * 10° + 0.4 x 10°

only then can the mantissas be added

10.01 x 10°

then one may have to readjust the exponent

1.001 x 10°

So floating point addition usually takes at least three
clock cycles. But the adder may be able to start a new
addition ever clock cycle, as these stages are distinct.

Such an adder would have a latency of three clock
cycles, but a repeat or issue rate of one clock cycle.

23



Breaking Dependencies

do i=1,n
sum=sum+a (i)
enddo

This would appear to require three cycles per iteration,
as the iteration sum=sum+a(i+1) cannot start until
sum=sum+a (i) has completed. However, consider

do i=1,n,3
sl=s1+a(i)
s2=s2+a(i+1)
s3=s3+a(i+2)

enddo

sum=s1+s2+s3

The three distinct partial sums have no
interdependency, so one add can be issued every cycle.

Do not do this by hand. This is a job for an optimising compiler, as you need to know a lot
about the particular processor you are using before you can tell how many paritial sums to use.

24



A Branch in the Pipe

So far we have assumed a linear sequence of
instructions. What happens if there is a branch?

double t=0.0; int i,n;
for (i=0;i<n;i++) t=t+x[i];

# $17 contains n, # $16 contains x
fclr $£0
clr $1
ble $17,L$5

L$6:
1dt  $f1, ($16)
addl $1, 1, $1
cmplt $1, $17, $3
lda  $16, 8($16)
addt $f0, $f1, $£f0
bne $3, L$6

L$5:

There will be a conditional jump or branch at the end
of the loop. If the processor simply fetches and decodes
the instructions following the branch, then when the
branch is taken, the pipeline is suddenly empty.

25



Assembler in More Detail

The above is Alpha assembler. The integer registers
$1, $3, $16 and $17 are used, and the floating point
registers $£0 and $£f1. The instructions are of the
form ‘op a,b,c’ meaning ‘c=a op b'.

fclr $f0
clr $1

ble $17, L$5

L$6:

1dt $f1, ($16)

addl $1, 1, $1
cmplt $1, $17, $3

lda $16, 8($16)

addt $f0, $f1, $£0
bne $3,L$6

L$5:

Float CLeaR $£0

— place zero in $£0

CLeaR $1

Branch if Less than or Equal on
comparing $17 to (an implicit) zero
and jump to L$5 if less (i.e. skip loop)

LoaD $£1 with value value from
memory address $16

$1=51+1

CoMPare $1 to $17

and place result in $3

LoaD Address

effectively $16=$16+8

$£0=$£0+$£f1

Branch Not Equal

— if counter #n, do another iteration

26



Predictions

lat $f1| F|D |o [x |R
\|
addl $1 | F|D |0 | X \2 Iteration i
\
cnplt $1 | F | D \ olx [r
Y )
lda$16 | F|D |O x\ R
\
3 -
addt $f0 | F|D | O >2\ R
v |
bne F|D O\l X I?
\ \\\
With branch \ ' It ti i+1
prediction ldt $f1 | F|D o) X |R eration i
Without branch prediction ldt $f1 | F|D |0 [x |R
Time

With the simplistic pipeline model of page 18, the
loop will take 9 clock cycles per iteration if the CPU
predicts the branch and fetches the next instruction
appropriately. With no prediction, it will take 12 cycles.

A ‘real’ CPU has a pipeline depth much greater than the five slots shown here: usually ten to
twenty. The penalty for a mispredicted branch is therefore large.

Note the stalls in the pipeline based on data dependencies (shown with red arrows) or to
prevent the execution order changing. If the instruction fetch unit fetches one instruction

per cycle, stalls will cause a build-up in the number of in flight instructions. Eventually the
fetcher will pause to allow things to quieten down.

This is not the correct timing for any Alpha processor.
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Speculation

In the above example, the CPU does not begin to
execute the instruction after the branch until it knows
whether the branch was taken: it merely fetches and
decodes it, and collects its operands. A further level
of sophistication allows the CPU to execute the next
instruction(s), provided it is able to throw away all
results and side-effects if the branch was mispredicted.

Such execution is called speculative execution. In the
above example, it would enable the 1dt to finish one
cycle earlier, progressing to the point of writing to the
register before the result of the branch were known.

More advanced forms of speculation would permit the
write to the register to proceed, and would undo the
write should the branch have been mispredicted.

Errors caused by speculated instructions must be carefully discarded. It is no use if
if (x>0) x=sqrt(x)

causes a crash when the square root is executed speculatively with x=-1, nor if

if (i<1000) x=a(i)

causes a crash when 1=2000 due to trying to access a(2000).

Almost all current processors are capable of some degree of speculation.

28



Predication

Most CPUs have the branch instruction as their only
conditional instruction, so that a code sequence such
as:

if (a<0) a=-a;
must be converted to

if (a>=0) goto L1;
a=-a;
L1:

This causes a large number of conditional branches with
the problems mentioned above. With full predication,
any instruction can be prefixed by a condition. This
avoids interrupting the progress of the instruction
fetching and decoding logic.

Many modern CPUs, including Alpha, can predicate on loads. Full predication is rare,
although the ARM CPU achieved it in 1987.
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000!

ldt $f1| F|D |O | X |R

addl $1 | F|D |O | X Iteration i

cnplt $1 | F | D

o) ///:u/

\
| da $16 F|D X |R \
\

addt $fO0 FDOXR&

bne F|D

ldt $f1 | F | D X |R Iteration i+1

Time

Previously the cmplt is delayed due to a dependency on
the addl immediately preceeding it. However, the next
instruction has no relevant dependencies. A processor
capable of out-of-order execution could execute the
1da before the cmplt.

The timing above assumes that the 1dt of the next iteration can be executed speculatively
and OOO before the branch. Different CPUs are capable of differing amounts of speculation
and OOOE.

The EV6 Alpha does OOOE, the EV5 does not, nor does the UltraSPARC IIl. In this simple

case, the compiler erred in not changing the order itself. However, the compiler was told not
to optimise for this example.
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Machine Code

Most RISC processors use a fixed instruction word of
four bytes — the smallest convenient power of two.

An instruction may need to specify up to three registers,
and, with 32 registers, 5 bits are needed to identify
each, or 15 bits for three. The remaining 17 bits are
plenty to specify the few dozen possible instructions.

Some instructions might need just two registers and an
integer constant provided within the instruction itself.
Many RISC processors allow for 16 bits of data to be
stored in this manner, for a subset of their instructions.

Branch instructions need just a single register, and
the destination is usually stored as an offset from the
current position. This will always be a multiple of four,
so the two lowest bits are not stored.

Unlike byte, which always means 8 bits, there is no precise definition of word. It usually
means 4 bytes, the length of an instruction, except when talking about the 8086, when it
means two bytes, or vector Crays, when it means eight bytes.

The IA32 instruction set, with its variable length, can place double precision floating point
values as data within a single instruction, and must store all bits of its branches.

Not all possible bit sequences will be valid instructions. If the instruction decoder hits an
invalid instruction, it objects. Under UNIX this results in the process receiving a SIGILL:
SIGnal ILLegal instruction. 31



Meaningless Indicators of Performance

e MHz: the silliest: some CPUs take 4 clock cycles
to perform one operation, others perform four
operations in one clock cycle. Only any use when
comparing otherwise identical CPUs.

e MIPS: Millions of Instructions Per Second.
Theoretical peak speed of decode/issue logic.

e MTOPS: Millions of Theoretical Operations Per
Second. Current favourite of the US Government.

e FLOPS: Floating Point Operations Per Second.
Theoretical peak issue rate for floating point
instructions. Loads and stores usually excluded.
Ratio of + to x is usual fixed (often 1:1).

e MFLOPS, GFLOPS, TFLOPS: 109, 109 1012
FLOPS.

As we shall see later, most of these are not worth the paper they are written on.
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Meaningful Indicators of Performance

The only really good performance indicator is how long
a computer takes to run your code. Thus my fastest
computer is not necessarily your fastest computer.

Often one buys a computer before one writes the code
it has been bought for, so other ‘real-world" metrics
are useful.

Unfortunately, there are not many good ones. Here is
a critique of the main contenders.
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The Guilty Candidates: Linpack

Linpack 100x100

Solve 100x100 set of double precision linear equations
using fixed FORTRAN source. Pity it takes just 0.7 s

at 1 MFLOPS and uses under 100KB of memory. Only
relevant for pocket calculators.

Linpack 1000x1000 or nxn

Solve 1000x1000 (or nxn) set of double precision
linear equations by any means. Usually coded using a
blocking method, often in assembler. Is that relevant
to your style of coding? Achieving less than 50% of a
processor’'s theoretical peak performance is unusual.

Number of operations: O(n3), memory usage O(nz).
n chosen by manufacturer to maximise performance, which is reported in MFLOPS.
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SPEC

SPEC is a non-profit benchmarking organisation. It
has two CPU benchmarking suites, one concentrating
on integer performance, and one on floating point.
Each consists of around ten programs, and the mean
performance is reported.

Unfortunately, the benchmark suites need constant
revision to keep ahead of CPU developments. The first
was released in 1989, the second in 1992, the third in
1995. None of these use more than 8MB of data, so
fit in cache with many current computers. Hence a
fourth suite was released in 2000.

It is not possible to compare results from one suite with
those from another, and the source is not publically
available.

Until 2000, the floating point suite was entirely Fortran.

Two scores are reported, ‘base’, which permits two optimisation flags to the compiler, and
‘peak’ which allows any number of compiler flags. Changing the code is not permitted.

SPEC: Standard Performance Evaluation Corporation (www.spec.org)
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The glimmers of hope

Linpack, the return

Taking the 100x100 Linpack source and rewriting
it to be 1000x1000 (or 2000x2000) does give a
half-reasonable benchmark. Most computers achieve
between 5 and 15% of their processor's peak
performance on this code.

Streams

Streams (a public domain benchmark) does not
really measure CPU performance, but rather memory
performance. This is often rather more useful.
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Various Results, SPEC

Processor

Alpha 21364
ltanium 2
Alpha 21264
Power4
Pentium4
Athlon
UltraSPARC Il Cu
ltanium
MIPS R14000
Power3-II
Pentium I

MHz

1150
1000
1250
1450
3066
2250
1050

300

600

450
1000

Specint

arv
807
928
935
1107
933
610
379
500
346
442

SpecFP

14382
1431
1365
1295
1091
843
3827
701
529
433
335

For each CPU, the best result (i.e. fastest motherboard / compiler
/ clock speed) as of 1/2/03 is given.

Note that the Pentium4, Athlon and Pentium Il are the only CPUs to have higher SpecInt

scores than SpecFP.
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Various Results, Streams and Linpack

Machine Year

Pentium4 2002
Pentium4 2002
Pentiumll| 1999
XP1000 1999
PW500au 1998
AS500/500 1996

CPU/MHz

P4 /2400
P4/1800
P11 /650
21264 /500
21164 /500
21164 /500

Streams

1850
1140
343
980
233
170

Linpack

241
140
47
146
42
32

dgesv

2750
1980
454
683
590
505

The ‘Linpack’ column is for the 2000x2000 Fortran version, whereas the dgesv column is the
same problem using the vendor's supplied maths library.

The faster P4 uses RAMBUS memory, the slower SDRAM. Similarly the two 21164 machines
have different memory subsystems, but identical processors.
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Representing Integers

Computers store bits, each of which can represent
either a 0 or 1.

For historical reasons bits are processed in groups of
eight, called bytes. One byte is sufficient to store one
English character.

Most CPUs can handle integers of different sizes,
typically some of 1, 2, 4 and 8 bytes long.

For the purposes of example, we shall consider a half-
byte integer (i.e. four bits).
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Being Positive

This is tediously simple:

Bits | number
0000 0
0001 1
0010 2
0011 3
0100 4
1111 15

This is the obvious, and universal, representation for
positive integers: binary.

One more obvious point: 4  bits implies 24
combinations. Whatever we do, we can represent
only 16 different numbers with 4 bits.
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Being Negative

There are many ways of being negative.
Sign-magnitude

Use first bit to represent sign, remaining bits to
represent magnitude.

Offset

Add a constant (e.g. 8) to everything.

One’s complement

Reverse all the bits to represent negative numbers.
Two’s complement

Reverse all the bits then add one to represent negative
numbers.

41



Bits | ssm | off | 1's | 2’'s
0000 0| —8 0 0
0001 1| -7 1 1
0010 2| —6 2 2

0111 7| —1 7 7
1000 | -0 0| =71 -8
1001 | —1 1| -6 =7

1110 | —6
1111 | -7 71 —=0] -1

@)
|
(-
|
(N

Of these possibilities, two's complement is almost
universally used.

Having only one representation for zero is usually an
advantage, and having zero being the bit pattern
‘000. .. " is also a good thing.
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Adding up

Again, trivial:

0101 4 1001 = 1110

Otherwise known as

5+9=14

But note how this would read using the various
mappings for negative numbers:

e sign-mag: 5+ (—1) = —6

e offset: (—3)+1=06

e 1's: 54 (—6)=—-1

® 2's: 54 (—7) =2

Clearly not all mappings are equal.
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Overflow

o+12=1

maybe not, but
0101 + 1100 = 0001

as there is nowhere to store the first bit of the correct
answer of 10001. Integer arithmetic simply wraps
around on overflow.

Interpreting this with 1's and 2's complement gives:

e 1's: 5+ (—3)

1
e 2's: 54+ (—4)=1

This is why two's complement is almost universal.
An adder which correctly adds unsigned integers will
correctly add two's complement integers. A single
instruction can add bit sequences without needing to
know whether they are unsigned or two's complement.
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Ranges

bits unsigned 2's comp.
8 0 to 255 —128 to 127
16 0 to 65535 —32768 to 32767
32 | 0to 4294967295 | —2147483648 to 2147483647
64 | 0to 1.8 x 101? —9 x 10'® to 9 x 1018
Uses:

8 bits: Latin character set

16 bits: Graphics co-ordinates
32 bits: General purpose

64 bits: General purpose

Note that if 32 bit integers are used to address bytes
in memory, then 4GB is the largest amount of memory
that can possibly be addressed.

Similarly 16 bits and 64KB, for those who remember
the BBC ‘B’, Sinclair Spectrum, Commodore64 and
similar.

45



Text

Worth a mention, as we have seen so much of it. . .

American English is the only language in the world, and
it uses under 90 characters. Readily represented using
7 bits, various extensions to 8 bits add odd European
accented characters, and £.

Most common mapping is ASCII.

0000000-0011111 | control codes
0100000 space
0110000-0111001 0to9
1000001-1011010 AtoZ
1100001-1111010 atoz

Punctuation fills in the gaps.

The contiguous blocks are pleasing, as is the single bit
distinguishing upper case from lower case.

Note that only seven bits, not eight, are used. The ‘control codes’ are special codes for new
line, carriage return, tab, backspace, new page, etc.

ASCIlI = American Standard Code for Information Interchange
Other main mapping is EBDIC, used (mainly) by old IBM mainframes.
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Multiplying and Dividing

Multiplication is harder and (typically) slower than
addition. It also causes numbers to increase rapidly in
magnitude.

Some processors have expanding multiply instructions,
e.g. for multiplying two 16 bit numbers, and keeping
all 32 bits of the result. Other instructions simply
truncate the result to the size of the operands.

Some processors have no integer multiply instruction.
Examples include the old and simple, such as the Z80,
and the relatively modern RISC range PA-RISC (HP).

Division is yet more complex, and much rarer in code.
Hence even fewer processors support it. Alpha does
not.
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Shifting and Rotating

All processors have both shift and rotate instructions.
Shift moves the bits along, filling in with zeros, whereas
rotate fills in with the bits shifted out of the other end
of the register. lllustrated for an 8 bit register.

0
'

shift left

rotate | eft

A left shift by n positions corresponds to x2™.

A right shift by n positions corresponds to dividing by
2™ with the remainder lost.

One can simulate multiplication from a combination of shifts, adds and comparisons.
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Logical operations

The other class of operations that all processors can do
is bitwise logical operations. The common operations
are provided:

and or xor

00 O 0 O
01 O 1 1
10 O 1 1
11 1 1 0

These operations crop up surprisingly frequently. For instance:

x and 7 = O implies x is divisible by eight.

(x + 7) and —8 is smallest number > x divisible by 8

(any letter) or 32 = corresponding lower case letter (ASCII)
(any letter) and 95 = corresponding upper case letter (ASCII)

xor is used for trivial encryption and for graphics cursors, because (a xor b) xor b = a.
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Typical functional unit speeds

Instruction Latency | Issue rate
iadd /isub 1 1
and, or, etc. 1 1
shift, rotate 1 1
load /store 1-2 1
imul 3-15 3-15
fadd 3 1
fmul 2-3 1
fdiv 15-25 15-25
fsqrt 15-25 15-25

In general, most things 1 or 2 clock cycles, except
integer X, and floating point <+ and V-

‘Typical’ for processors such as DEC Alpha, MIPS R10000 and similar RISC processors.
Very recent processors tend to have longer fp latencies: 4 for fadd and fmul for the
UltraSPARC 111, 5 and 7 respectively for the Pentium 4.

Those slow integer multiplies are more common that it would seem at first. Consider:

double precision x(1000),y(500,500)

The address of x(i) is the address of x(1) plus 8 * (i — 1). That multiplication is just a
shift. However, y(i,j) is y(1,1) plus 8 x ((i — 1) 4+ (j — 1) % 500). A lurking multiply!

C does things very differently, but not necessarily better.
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Floating Point
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Floating Point Numbers

Perhaps the most important area of scientific
computing, but probably not the most well understood.

Let us begin by revising our knowledge of base-10
‘scientific notation’ and assuming that every number
we write shall be written as a four digit signed mantissa
and a two digit signed exponent.

+0.X XXX % 10F%XX

e.g.
0.1000 * 10"

or
0.6626 * 1033

(As is conventional, the mantissa, M, is restricted to
0.1<M<1)

52



Representable numbers

Using this notation, we can represent at most four
million distinct numbers. Having merely six digits
which can range from 0 to 9, and two signs, there are
only 4,000,000 possible combinations.

The largest number we can represent is 0.9999 * 1097,
the smallest 0.1000 % 10729, or 0.0001 % 10~°? if we do
not mind having fewer than four digits of precision in
the mantissa.
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Algebra

at+b=aAb=0

0.1000 * 10* 4+ 0.4000 * 1073 = 0.1000 * 10!

(a+b)+c#a+ (b+ c)

(0.1000 * 10" + 0.4000 * 10™3) 4 0.4000 * 103
= 0.1000 * 10* 4+ 0.4000 * 10~
= 0.1000 * 10*

0.1000 * 10* + (0.4000 % 10™2 4 0.4000 = 10~3)
= 0.1000 % 10" + 0.8000 * 10~ °
= 0.1001 % 10*
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Algebra (2)

Va2 # |al

1/ (0.1000 * 10—60)2 = +/0.0000 * 1099 = 0

a/b# a x1/b
0.6000 * 10 /0.7000 x 10 = 0.8571
0.6000 * 10* x (1/0.7 % 10) = 0.6000 * 10" x 0.1429

= 0.8574
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Zeros, Underflows, and Denormals

Whereas 1—1 = 0O is indisputable, other zeros are more
doubtful.

0.1%10799/0.1 % 101% = 0 is an example of underflow.
The real answer is non-zero, but smaller than
the smallest representable number, so it is/must

be expressed as zero. A sign can be retained:
—0.1%10799/0.1 % 101° = —0.

0.1 x 10799/2 is more awkward. Should it be kept as
0.05 %« 10~9?, which breaks the rule that the mantissa
must be greater than 0.1, and risks nonsense as
precision is slowly lost, or should it be set to zero?
The former is called gradual underflow, and results
in denormalised numbers.  Flushing denormalised
numbers to zero is the other option.

Many processors cannot compute directly with denormalised numbers. As soon as the FPU
encounters one, it signals an error and a special software routine needs to tidy up the mess.
This can make computing with denormals hundreds of times slower than computing with
normalised numbers. Given that their use also implies a precision loss, flushing to zero is often
best.
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Binary fractions

Follow trivially from decimal fractions:

0.625 = 271 +273 = 0.101,

but note that some finite decimal fractions are not
finite binary fractions

0.210 = 0.0011001100110011 .. .5

(although any finite binary fraction is a finite decimal
fraction of the same number of digits)

N is @ common way of expressing ‘interpret n as a number in base m." Of course, m itself
is always base-10.
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Computers and IEEE

IEEE 754 defines a way both of representing and
manipulating floating point numbers on a computer.
Its use is almost universal.

In a similar fashion to the above decimal format, it
defines a sign bit, a mantissa of fixed length, and an
exponent. Naturally everything is in base 2, and the
exponent is not signed, but rather it has a constant
offset added to it: 127 in the case of single precision.

|[EEE requires that the simple arithemetic operators
return the nearest representable number to the true
result, and and consequently that a + b = b + a and
ab = ba.

Note that the IEEE mantissa is an example of sign-magnitude storage, and exponent offset.
Two's compliment is not universal.
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IEEE Example

As an example of a single precision number:

3
51 — 101.115 = 0.101114 * 23

This is stored as a sign (0 for +), an 8 bit exponent
biased by 127, so 10000010 here, and then a 23 bit
mantissa. Because the first digit of a normalised
mantissa is always 1, that digit is not stored. This
leaves the sequence

01000001001110000000000000000000

So this bit sequence represents 5% when interpreted
as a single precision |[EEE floating point number, or

1094189056 when interpreted as a 32 bit integer.

The above is perfectly valid, but very different, when interpreted as a real or an integer.
Nothing tags a value to make it clear that it is integer or floating point: a programmer must
keep track of what was stored where!
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Nasty numbers

A few other ‘special’ numbers exit, for dealing with
overflows, underflows, v/—1 and other problems. For
this reason, two of the possible exponent bit-sequences
(all ones and all zeros) are reserved.

For an overflow, the resulting ‘infinity’ is represented
by setting the sign bit appropriately, the mantissa equal
to zero, and the exponent equal to all ones.

Something which is ‘Not a (real) Number’, such as
0/0 or /—1, is represented similarly but the mantissa

is set non-zero. This is normally reported to the user
as ‘NaN'.

Zero is represented by setting all bits to zero. However
the sign bit may still be one, so +0 and —0 exist. For
denormalised numbers the exponent is zero, and all
bits of the mantissa are stored, for one no longer has
a leading one.

In comparisons, 4+0 and —0 compare as equal.

When reading rubbish bit sequences as doubles, one expects merely one in 2000 to appear as
a NaNl.
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Signals

Sometimes it is useful for a program to abort with an
error as soon as it suffers an overflow, or generates a
NaN. Less often it is useful for underflows to stop a
program.

By convention Fortran tends to stop on overflows and
NaNs, whereas C does not and expects the programmer
to cope.

If the code does stop, it will do so as a result of
receiving a signal from the floating point unit, and it
will complain SIGFPE: SIGnal Floating Point Exception.

Also by convention, integer overflow wraps round
silently. The conversion of a real to an integer when
the real is larger than the largest possible integer might
do almost anything. In Java it will simply return the
largest possible integer.
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Ranges

Precision
Single Double

Bytes 4 3

Bits, total 32 64

Bits, exponent 8 11

Bits, mantissa 23 52
Largest value 1.7 %1038 | 9% 10397
Smallest non-zero 6% 10732 | 1% 107308

Decimal digits of precision c.7 c.15

Other representations result in different ranges. For instant, IBM 370 style encoding has a
range of around 1075 for both single and double precision.

IEEE is less precise about extended double precision formats. Intel uses an 80 bit format with
a 16 bit exponent, whereas many other vendors use a 128 bit format.
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Rounding

Rounding errors have a habit of building up. With
|[EEE’s round-to-nearest, a simplistic estimation of the
relative error is

272 % \/n

after n single-precision operations. Other forms of
arithmetic can be much worse. IBM 370 style rounds
by truncation (i.e. towards zero). This is simple to
implement, but leads to relative errors building as

272 4 n

in its single-precision form. This can be disasterous.

IEEE also provides for rounding by truncation, but this is rarely used!
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Backwards and Forwards

S|

N
n=1

Consider summing this series forwards (1..N) and
backwards (/N..1) using single precision arithmetic.

N  forwards backwards exact
100 5.187378 5.187377 5.187378
1000 7.485478 7.485472 7.485471
10000 9.787613 9.787604 9.787606
100000 12.09085 12.09015 12.09015
1000000 14.35736 14.39265 14.39273
10000000 15.40368 16.68603 16.69531
100000000 15.40368 18.80792 18.99790

The smallest number such that 15 4+ x # x is about 5 x 10~ 7. Therefore, counting
forwards, the total stops growing after around two million terms.

This is better summed by doing a few hundred terms explicitly, then using a result such as

zi: %% log (b+0.5) + i <(b_|_0_5)—2 ~(a— 0.5)_2> —|—O(a_4)

n—a a— 0.5
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The Quadratic Formula

—b+ b2 — dac
€Tr —
2a

3022 4 60.01z + 30.01 = 0

1
Roots are —1 and —1m.

Single precision arithmetic and the above formula give
no roots!

number nearest representable single prec. no.
30 30.0000000000

30.01 30.0100002289. . .

60.01 60.0099983215. . .

Even with no further rounding errors, whereas 4 * 30 * 30.1 = 3601.2 and
60.012 = 3601.2001, 60.0099983215 . . 2 = 3601.199899. . ..

The following gives no roots when compiled with a K&R C compiler, and repeated roots with
ANSI C

void main(){
float a=30,b=60.01,c=30.01,d;
d=bxb-4x*a*c;
printf ("%18.15f\n", (double)d) ;
b
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10
15
20
30
40

50
51

The Logistic Map

single

0.5200000
0.9934000
0.0063896
0.0253952
0.0990019
0.3567998

0.9957932
0.7649255
0.2214707
0.6300818
0.1077115

0.0002839
0.0011354

Ln4+1 — 4xn(1

double

0.5200000
0.9984000
0.0063898
0.0253957
0.0990031
0.3568060

0.9957663
0.7592756
0.4172717
0.0775065
0.0162020

0.9009089
0.3570883

_ CIJn>

correct

0.0520000
0.9984000
0.0063398
0.0253957
0.0990031
0.3568060

0.9957663
0.7592756
0.4172717
0.0775067
0.0161219

0.9999786
0.0000854

With just three operations per cycle, this series has even double precision producing rubbish
after just 150 elementary operations.
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Making Life Complex

Processors deal with real numbers only. Many scientific
problems are based on complex numbers. This leads
to major problems.

Addition is simple

(a+ib) + (c+id) = (a+¢) + (b+d)i
and subtraction is similar.
Multiplication is slightly tricky:

(@ 4 ib) * (¢ + id) = (ac — bd) + (bc + ad)i

What happens when ac — bd is less than the maximum
number we can represent, but ac is not?

What precision problems do we have if ac is
approximately equal to bd?
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The Really Complex Problem

(ac+ bd) + (bc — ad)i
2 + d?

(a+1ib)/(c+id) =
This definition is almost useless!

If N is the largest number we can represent, then the
above formula will produce zero when dividing by any
number z with |z| > v/ N.

Similarly, if NV is the smallest representable number, it
produces infinity when dividing by any = with |z| <

VN.

This is not how languages like Fortran, which support
complex arithmetic, do division: they use a more
complicated algorithm which we shall quietly ignore.

68



Hard or Soft?

The simple operations, such as 4+, — and x are
performed by dedicated pipelined pieces of hardware
which typically produce one result each clock cycle,
and take around four clock cycles to produce a given
result.

Slightly more complicated operations, such as / and
/ may be done with microcode. Microcode is a tiny
program on the CPU itself which is executed when a
particular instruction, e.g. /, is received, and which
may use the other hardware units on the CPU multiple
times.

Yet more difficult operations, such as trig. functions
or logs, are usually done entirely with software in a
library. The library uses a collection of power series or
rational approximations to the function, and the CPU
needs evaluate only the basic arithmetic operations.

The 1A32 range is unusual in having microcoded instructions for trig. functions and logs.
Even on the Pentiumlll and Pentium4, a single such instruction can take over 200 clock cycles
to execute. RISC CPUs tend to avoid microcode.
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Soft denormals

x=1d-20
y=1d-28
n=1e8

do i=1,n
X=x+y
enddo

This yields x=2E-20 in under half a second on a
466MHz EV6. If x and y are scaled by dividing by
2955 hefore the loop, and multiplied by the same factor
afterwards, the loop takes 470s.

The EV6 hardware cannot handle denormals, so
software emulation was used for each addition. Ditto

most other RISC CPUs.

With the default compiler flags, Alphas flush denormals to zero, and thus get an answer of
x=1E-20 in under a quarter of a second after scaling. Full IEEE compliance costs a factor of
two anyway, and over a factor of 2000 with denormals present.
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Dividing slowly

The simplest way for a CPU designer to impliment
division is to use the long division process familiar
to all(?) school children. This requires only shifts,
subtractions and comparisons, but is horribly slow.
Each iteration of the algorithm yields one more bit of
the quotient, and there are 52 to find. . .

The Intel 486 used a variation of this technique, and
like all 1A32 Intel processors it worked to 64 bits of
precision internally. It is not too surprising it took 73
clock cycles to do a division!

The Pentium used a more sophisticated variation, effectively doing the calculations in base 4
so that two bits of the quotient were produced at every step. This reduced the time to a
‘mere’ 38 clock cycles, or twice as slow as any serious CPU. The Pentium Il is no better.
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Conquering division

If one has a fast hardware multiplier, there is a better
way to do division: one can use a Newton-Raphson
like iterative algorithm.

a/b=ax1/b

and, for reasonable starting guesses, this series will
converge to 1/b. As an example with b = 6.

Ln

0.2

0.16

0.1664

0.16666624
0.1666666666655744

A OWODNREROSI
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Division in more detail

Returning to our base-10 example, let us consider the
initial guess for the reciprocal.

0.X XXX x10%X¥

the important parts are the exponent and the first digit
of the mantissa:
0.4 % 10%

and the reciprocal is (approximately)
0.B%10'~%

where B is chosen from a table such as

A B

1

2

3
4,5,6
7,8,9

R N WSS~

e.g. given 0.6 x 10!, we guess 0.2 x 10°.
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Converging

Applying the above iterative formula four times to any
guess is sufficient to converge to the four significant
figures we are using. As the convergence is exponential,

converging to 10 or 20 significant figures would not be
hard.

For simplicity, we can choose to iterate for a fixed
number of steps, rather than checking the convergence
ever.

Most processors use a similar lookup table and
convergent series combination. The bigger the table,
the fewer iterations are required. Division typically
takes around 20 clock cycles, enough time for about 4
iterations through the a loop like the above.
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Square roots

A similar approach to that for division is taken
for square roots, and often reciprocal square roots
too. The latter operation is common in graphics
(normalising vectors), so a special instruction is often
supplied which is about twice as fast as doing the
square root and reciprocal separately. Again it takes
around 20 clock cycles to extract a square root.

And again it is possible to do it without multiplications, as shown by Intel whose Pentium
takes typically 70 cycles and 486 over 80 for a square root.
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Memory

Memory technologies
Parity and ECC
Going faster: wide bursts

Going faster: caches
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Memory Technologies

ROM Read Only Memory: contents set at fabrication
and unchangeable.

PROM Programable ROM: contents written once
electronically.

EPROM Erasable PROM: contents may be erased
using UV light, then written once.

EEPROM Electronically EPROM: contents may be
erased electronically a few hundred times.

RAM Random Access Memory: contents may be read
and changed with ‘equal’ ease.

DRAM Dynamic RAM: the cheap and common
flavour. Contents lost if power lost.

SRAM Static RAM: contents may be retained with a
few uW.

An EPROM with no UV window is equivalent to a PROM. A PROM once written is equivalent
to a ROM. SRAM with a battery is equivalent to EEPROM.

Most ‘ROMs’ are some form of EEPROM so they can have their contents upgraded without
physical replacement: also called Flash RAM, as the writing of an EEPROM is sometimes
called flashing.
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RAM

A typical DRAM cell consists of a single capacitor and
fleld effect transistor. It stores a single bit, and has
barely changed since 1974.

The slow leak of charge onto or off the capacitor is
accounted for by refreshing the memory periodically
(thousands of times a second). The bits are simply
read, then written back. This refreshing is usually
done by circuitary on the motherboard, rather than the
memory module or the CPU.

Conversely SRAM has four or six transistors per bit,
and needs no refreshing.

SRAM comes in two flavours: that optimised for low-power data retention (pocket diaries),
and that optimised for speed (cache). DRAM'’s requirement for refreshing leads to a very
much higher power consumption when idle than SRAM.
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DRAM in Detall

RAS CAS
1/10/1/@/1/1(0|1
0/1/0(3|/0/12|1]|0
0=t 0-Q- 0011
0/1/0(@|1/1/0]|0
1/0/0|{3/0|0]|0 |1
0/1{1/3|{0(1|11|0
0/0j0(3|1/0]1]|O0
0/1/0(3/0/12/0]|0

Buffer [0(1(0|@|0|0|1]1

DRAM cells are arranged in (near-)square arrays. To
read, first a row is selected and copied to a buffer, from
which a column is selected, and the resulting single bit
becomes the output. This example is a 64 bit DRAM.

This chip would need 3 address lines (i.e. pins) allowing 3 bits of address data to be presented
at once, and a single data line. Also two pins for power, two for CAS and RAS, and one to
indicate whether a read or a write is required.

Of course a ‘real’ DRAM chip would contain several tens of million bits.
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DRAM Read Timings

To read a single bit from a DRAM chip, the following
sequence takes place:

e Row placed on address lines, and Row Access Strobe
pin signalled.

o After a suitable delay, column placed on address
lines, and Column Access Strobe pin signalled.

e After another delay the one bit is ready for
collection.

e The DRAM chip will automatically write the row
back again, and will not accept a new row address
until it has done so.

The same address lines are used for both the row and

column access. This halves the number of addess lines
needed, and adds the RAS and CAS pins.

Reading a DRAM cell causes a significant drain in the charge on its capacitor, so it needs to
be refreshed before being read again.

80



More Speed!

The above procedure is tediously slow. However,
for reading consecutive addresses, one important
iImprovement can be made.

Having copied a whole row into the buffer (which is
usually SRAM), if another bit from the same row is
required, simply changing the column address whilst
signalling the CAS pin is sufficient. There is no need
to wait for the chip to write the row back, and then to
rerequest the same row. Thus Fast Page Mode (FPM)
DRAM.

Extended Data Out (EDO) is similar, but allows the
column address for the next read to be given whilst
the data from the previous read are being read.
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DRAM Timings compared

Address Row Col. Row Col.
Classic
Data Data Data
Address Row Col. Col. Col.
Fast Page M ode
Data Data Data

Address ——row > cal. )< co. )< ca < ca.)
EDO

Data Data Data Data Data

The first two lines show ‘classic’ DRAM, with both
row and column addresses being sent before each data
transfer. The next two lines show FPM, with the row
addresses being omitted after the first. Finally EDO
overlaps the column addresses with the data.

Time increases left to right in the above diagrams.
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Measuring time

The three graphs show memory of identical latencies,
that is, time from the start of a new read to the data
being available.

They also have identical cycle times, that is, the time
from the start of one read, to the start of another
unrelated read.

They have very different bandwidths, that is, how
rapidly data streams out when requested sequentially.
A group of sequential reads is often called a burst.

Classic, FPM and EDO memory is sold on latency (50-
80ns typically), although the time between data items
in a burst is less than half the latency for EDO.
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SDRAM

SDRAM is a major current memory technology. It is
advertised as being very fast: introduced at 66MHz
(15ns), soon moving to 100MHz (10ns) then 133MHz
(7.5ns). Much faster than that 60ns EDO stuff current
when SDRAM was first introduced?

Not really. ‘Headline’ SDRAM times are those between
data items in a burst, and EDO was already down to
25ns for this. SDRAM latencies are typically four to
five clock cycles, so 100MHz SDRAM has a similar
latency to 50ns EDO. SDRAM is optimised for bursts:
during a burst the CPU does not have to keep changing
the column address, the data are sent automatically.

As SDRAM s usually sold in modules which output
64 bits at once, PC100 SDRAM (100MHz) has a peak
bandwidth of 800MB/s.

The 'S’ in SDRAM stands for synchronous: the bus has a clock and all signals on it are
synchronised to the clock pulses.

DDR-SDRAM s similar, except that data are transfered twice each clock-cycle, thus doubling

the bandwidth, and not touching the latency. It is rated on bandwidth, not clock speed, so
133MHz DDR-SDRAM calls itself 266MHz (sic) or PC2100.

84



RAMBUS

The RDRAM vs (DDR-)SDRAM debate is too complex
to be presented here, except to say that RAMBUS
provides yet another way of getting at a DRAM core

which is, in essence, very similar to that on a SDRAM
or EDO RAM chip.

RDRAM uses a very fast (400MHz or 533MHz) bus,
over which data is transfered twice each clock cycle.
The bad news is that the data bus is only 16 bits wide,
so PC800 RDRAM, which runs at 400MHz, has a peak
data rate of 1600MB/s. Intel's Pentium4 chipsets

take RDRAM modules in pairs, to give a theoretical
3.2GB/s with PC800 parts.

RDRAM is not magic: its latency is still around 40ns.

The double data rate 533MHz bus RDRAM uses is fairly close to magic. The issues of path
length and termination become quite exciting, and it uses clock forwarding (different clock
pulses for data travelling in different directions), because Einstein has difficulty synchronising
things any other way. (The speed of light is just one foot per nanosecond in vacuum.)
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Packaging it up

DRAM is usefully sold in small, plug-in modules:

30pin SIMMs: obsolete, bus width 8 or 9 bits,
capacity up to 16MB.

72pin SIMMs: obsolete, bus width 32 or 36 bits,
capacity up to 64MB, plain, FPM or EDO.

168pin DIMMs: bus width 64 or 72 bits, SDRAM.
184pin RIMMs: bus width 16 or 18 bits, RDRAM.

SIMM: Single In-line Memory Module (the contacts on each side of the module are equivalent)
DIMM: Dual In-line Memory Module (84 distinct contacts on each side for 168pin)
RIMM: Rambus In-line Memory Module

The SIMMs have just 12 address lines, limiting capacity to 224 \ords.
The individual chips on a SIMM used to supply one bit each, so there would be eight on an
8-bit SIMM. Later chips supplied several (e.g. four) bits each, but internally still had one bit

per array of cells. More recent DRAM chips have four or eight bits per cell.

Modules must be installed in groups sufficient to fill the width of the bus being used: four
30pin SIMMs for a 32 bit bus, two 72pin SIMMs for a 64 bit bus, etc.

DIMMs and RIMMs are capable of identifying themselves to the motherboard using a

protocol called Serial Presence Detect. This reveals capacity, speed and type, and allows the
motherboard to configure itself appropriately.
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Modules in Pictures
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30 pin SIMM 1MB, 70ns, parity. Two of the chips are identical supply four bits each, the
third supplies one bit to make up the nine.

72 pin SIMM 16MB, 60ns, EDO, 32 bit, four bits from each of eight chips.

168 pin DIMM 256MB, 133MHz, 64 bit. Eight more chips on the other side of the module.
184 pin RIMM 64MB, 16 bit, PC800. Note the metal heat-spreader to assist cooling.
Notches prevent misinsertion. The two-pound coin is 28mm in diameter.

Other forms of memory include 144 pin SO-DIMMs (Small Outline DIMM) used in laptops.
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Speed Required

A typical CPU runs at, say, 750 MHz. It can
perform a double precision floating-point addition and
multiplication each clock-cycle, which is four pieces
of data in, and two out, so potentially six memory
references.

So a latency of about 0.2 ns, maybe 2 ns if latencies
can be overlapped, and a bandwidth of 36 GB/s, are
needed.

The fastest SDRAM chips currently available, 133MHz
DDR-SDRAM, have a latency of 40 ns, and a peak
bandwidth of 4GB/s if configured in a 128 bit bus.

Thus the bandwidth is disappointing, and the latency
dreadful.

And it gets worse: other necessary control chips
between the CPU and the RAM chips increase the

latency (by over a factor of two) and reduce the
bandwidth.

The lowest latency machine in TCM (2003) has a latency to main memory of 100ns.
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More Conservative

Maybe somewhat less performance is actually needed.
Consider a dot product (a common operation). At
each step, two elements are loaded, a multiplication
and an addition done, and nothing stored, for the total
will be kept in a register.

In other words, two memory references, not six, so
‘only’ 12 GB/s of memory bandwidth needed.

However, those 667 MHz EV6 based Alphas in TCM

have an achievable memory bandwidth of about 1GB/s,
so a dot product will achieve a mere 125 MFLOPS, or
10% of the CPU'’s theoretical MFLOPS rating.

Vector computers are somewhat different. The Hitachi S3600 which used to be in Cambridge
had a peak performance of 2 GFLOPS, but a memory bandwidth of over 12 GB/s.
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Wider Still and Wider

One obvious bandwidth enhancer is to increase the
width of the memory bus. PCs have certainly done
this: 8086 and 286 used 16 bit memory buses, 386 and
486 used 32 bits and the Pentium and above 64 bits.
‘Real’” workstations tend to use 128 or even 256 bit
buses.

There is an obvious problem: a 256 bit bus does require
256 tracks leading to 256 different pins on the CPU,
and going beyond this gets really messy. Commodity
memory modules provide just 64 bits each, so they
must be added in fours for a 256 bit bus.

It also fails to address the latency issue.

Bus widths of things currently in TCM:
Pentiumlll: 64 bit

Alpha (XP900): 128 bit

Alpha (XP1000): 256 bit
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Caches: the Theory

The theory of caching is very simple. Put a small
amount of fast, expensive memory in a computer, and
arrange automatically for that memory to store the
data which are accessed frequently.

One can then define a cache hit rate, that is, the
number of memory accesses which go to the cache
divided by the total number of memory accesses. This
is usually expressed as a percentage.

One of the reasons for the expense of the fast SRAM
used in caches is that it requires around six transistors
per bit, not one.

The first paper to describe caches was published in 1965 by Maurice Wilkes (Cambridge).
The first commercial computer to use a cache was the IBM 360/85 in 1968.
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Caches: the Problem

Main memory may be slow compared to a CPU, but
it is not that slow. Any cache control logic must be
very fast (and therefore very simple) or there will be
no improvement in speed.

CPU memory
cache
CPU controller memory
cache

A badly designed cache controller can be worse than no cache at all.
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The Anomalies

For a (particularly horrible) program, the following
run-times are observed:

Processor Speed Time
(MHz) (s)
Pentium 100 33.0
Pentium 90 22.4
Pentium 120 21.7 and 14.1
Pentium 133 12.7
21064 (EV4) 206 6.0
486DX2 66 3.5
Pentium MMX 166 1.1
21264 (EV5) 500 0.75

Pentiuml| 350 0.25
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The Cache Controller

Conceptually this has a simple task:

e Intercept every memory request
e Determine whether cache holds requested data
e |f so, read data from cache

e If not, read data from memory and place a copy in
the cache as it goes past.

However, the second bullet point must be done very
fast, and this leads to the compromises.
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An aside: Hex

A quick lesson in hex (base-16 arithmetic) is due at
this point. Computers use base-2, but humans tend
not to like reading long base-2 numbers.

Humans also object to converting between base-2 and
base-10.

However, getting humans to work in base-16 and
convert between base-2 and base-16 is easier.

Hex uses the letters A to F to represent the ‘digits’ 10
to 15. As 2* = 16 conversion to and from binary is
done trivially using groups of four digits.
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Converting to/from Hex

0101 1101 0010 1010 1111 0001 1100 0011

5 C 2 A F 1 B 3

So

010111010010101011110001110000115

= 5C2AF1B315 = 1546318259

As one hex digit is equivalent to four binary digits, two
hex digits are exactly sufficient for one byte.

Hex numbers are often prefixed with ‘0x’ to distinguish
them from base ten.

When forced to work in binary, it is usual to group the digits in fours as above, for easy
conversion into hex or bytes.
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Our Computer

For the purposes of considering caches, let us consider
a computer with a 1MB address space and a 64KB
cache.

An address is therefore 20 bits long, or 5 hex digits.

Suppose we try to cache individual bytes. Each entry
in the cache must store not only the data, but also the
address in main memory it was taken from, called the
tag. That way, the cache controller can look through
all the tags and determine whether a particular byte is
in the cache or not.

So we have 65536 single byte entries, each with a
2% byte tag.

tag data
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A Disaster

This is bad on two counts.

A waste of space

We have 64KB of cache storing useful data, and 160KB
storing tags.

A waste of time

We need to scan 65536 tags before we know whether
something is in the cache or not. This will take far too
long.
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Lines

The solution to the space problem is not to track bytes,
but lines. Consider a cache which deals in units of
16 bytes.

64KB = 65536 * 1 byte
= 4096 * 16 bytes

We now need just 4096 tags.

Furthermore, each tag can be shorter. Consider a
random address:

0x23D17

This can be read as byte 7 of line 23D1. The cache
will either have all of line 23D1 and be able to return
byte number 7, or it will have none of it.
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Getting better. . .

A waste of space?

We now have 64KB storing useful data, and 8KB
storing tags. Considerably better.

A waste of time

Scanning 4096 tags may be a 16-fold improvement,
but is still a disaster.

Causing trouble

Because the cache can store only full lines, if the
processor requests a single byte which the cache does
not hold, the cache then requests the full line from the
memory so that it can keep a copy of the line. Thus
the memory might have to supply 16x as much data
as before!
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A Further Compromise

We have 4096 tags, potentially addressable as tag 0 to
tag OxFFF.

On seeing an address, e.g. 0x23D17, we discard the
last 4 bits, and scan all 4096 tags for the number
0x23D1.

Why not always use line number 0x3D1 within the
cache for storing this bit of memory? The advantage
is clear: we need only look at one tag, and see if it
holds the line we want 0x23D1, or one of the other 15
it could hold: 0x03D1, 0x13D1, etc.

Indeed, the new-style tag need only hold that first
hex digit, we know the other digits! This reduces the
amount of tag memory to 2KB.
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Direct Mapped Caches

We have just developed a direct mapped cache. Each
address in memory maps directly to a single location

in cache, and each location in cache maps to multiple
(here 16) locations in memory.

line no.

OXFFF

0x3D1
0x000

tag data

cache

address

0x40000

0x33D10

0x30000

0x23D10
0x20000

T 0x13D10

0x10000

™~ 0x03D10

0x00000

memory
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Success?

L The Overhead fOr Storing tags iS 3% Quite acceptable, and

much better than 250%)!

e Each ‘'hit’ requires a tag to be looked up, a
comparison to be made, and then the data to be
fetched. on dear. This tag RAM had better be very fast.

e Each miss requires a tag to be looked up, a
comparison to fail, and then a whole line to be
fetched from main memory.

e The ‘decoding’ of an address into its various parts
Is Instantaneous.

The zero-effort address decoding is an important feature of all cache schemes.

Ox2 3D1 7
|

byte within line

line addr ess within cache

part to compare with tag
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The Consequences of Compromise

At first glance we have done quite well. Any contiguous
64KB region of memory can be held in cache. (asiongas

it starts on a cache line boundary)

E.g. The 64KB region from 0x23840 to 0x3383F would be held in cache lines 0x384 to
OxFFF then 0x000 to 0x383

Even better, widely separated pieces of memory can be
in cache simultaneously. E.g. 0x15674 in line 0x567
and 0xC4288 in line 0x428.

However, consider trying to cache the two bytes
0x03D11 and 0x23D19. This cannot be done: both
map to line 0x3D1 within the cache, but one requires
the memory area from 0x03D10 to be held there, the
other the area from 0x23D10.

Repeated accesses to these two bytes would cause
cache thrashing, as the cache repeatedly caches then
throws out the same two pieces of data.
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Associativity

Rather than each line in memory being storable in just
one location in cache, why not make it two?

address

i 0x40000

oS 0x33D10

line no. s 0x30000
OXFFF o

e 0x23D10

0x3DL 0x20000

0x000 0x13D10

0x10000

. 0x03D10

cache 0x00000

memory

Now we have a 2 way (set) associative cache.

An n-way associative cache has n possible places for storing each location in memory, needs
to read n tags to check whether something is in the cache, and needs logo n extra tag bits
to keep track of things.
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Victim Caches

Victim Caches, or Anti Thrashing Entries, are a cheap
way of increasing the effective associativity of a cache.
One extra cache line, complete with tag, is stored, and
it contains the last line expelled from the cache proper.

This line is checked for a ‘hit’ in parallel with the rest
of the cache, and if a hit occurs, it is moved back into

the main cache, and the line it replaces is moved into
the ATE.

Some caches have several ATEs, rather than just one.

double precision a(2048,2),x

do i=1,2048
x=x+a(i,1)*a(i,2)

enddo

Assume a 16K direct mapped cache with 32 byte lines. a(1,1) comes into cache, pulling
a(2-4,1) with it. Then a(1,2) displaces all these, at it must be stored in the same line, as
its address modulo 16K is the same. So a(2,1) is not found in cache when it is referenced.
With a single ATE, the cache hit rate jumps from 0% to 75%, the same that a 2-way set
associative cache would have for this algorithm.
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Policies: Write Back vs Write Through

Should data written by the CPU modify merely the
cache if those data are currently held in cache, or
modify the memory too? The former, write back, can
be faster, but the latter, write through, is simpler.

With a write through cache, the definitive copy of data
is in the main memory. If something other than the
CPU (e.g. a disk controller or a second CPU) writes
directly to memory, the cache controller must snoop
this traffic, and, if it also has those data in its cache,
update (or invalidate) the cache line too.

Write back caches add two problems. Firstly, anything
else reading directly from main memory must have its
read intercepted if the cached data for that address
differ from the data in main memory.

Secondly, on ejecting an old line from the cache to
make room for a new one, iIf the old line has been
modified it must first be written back to memory.

Each cache line therefore has an extra bit in its tag,
which records whether the line is modified, or dirty.
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Policies: Allocate on Write

If a cache is write-back, and a write occurs which is
a cache miss, should the cache line be filled? For the
corresponding read event, the answer would always be
‘'ves', otherwise the cache would never be used!

If the data just written are read again soon afterwards,
filling is beneficial, as it is if a write to the same line
Is about to occur. However, caches which allocate on
writes perform badly on randomly scattered writes.

Each write of one word is converted into reading the
cache line from memory, modifying the word written
in cache and marking the whole line dirty. When the
line needs discarding, the whole line will be written to
memory. Thus writing one word has be turned into
two lines worth of memory traffic.

The PentiumPro allocates on writes, and the Pentium did not. Certain codes therefore ran
slower on the otherwise-faster PentiumPro.

A partial solution to this problem is to break a line into equal sub-blocks, each with its own
dirty bit. If only one sub-block has been modified, just that sub-block is written back to
memory when the line is discarded. This is useful even for caches which do not allocate on
writes.
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Policies: LRU vs Random replacement

With an n-way associative cache, when caching a new
line, in which of the n possible locations in the cache
should it be placed? A randomly-chosen line can be
ejected, or the Least Recently Used.

LRU is easy for a 2-way associative cache: it is simply
not the most recently used, and a single bit shared
by the two ways can keep track of which was most
recently accessed.

For higher associativities, a pseudo-LRU algorithm is
often used: random, but excluding most recently used
line. This reduces book-keeping.

As should now be clear, not all caches are equal!
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Write Buffers

It is usual for a CPU to provide a small number of
write buffers. These store data due to be written to
the main memory, but by performing the writes by
preference when the memory system is otherwise idle,
they can permit reads to continue without stalling the
CPU until the data are written.

Naturally all reads are checked against writes pending
in these buffers for consistency, otherwise a write
followed by an immediate read from the same address
would get the old data from memory, not the new data
which was overtaken whilst it was in the write buffer.

These buffers also collapse writes. Two 32-bit writes
to consecutive locations will be issued as a single
transaction on a 64-bit bus, if possible, etc.

A decent write buffer can produce a significant fraction of the gain of a write-back cache.
However, a write-back cache also needs a write buffer, so that writes caused by ejecting
modified cache lines can be delayed if necessary to reduce conflicts with reads.
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Not All Data are Equal

If the cache controller is closely associated with the
CPU, it can distinguish memory requests from the
instruction fetcher from those from the load/store
units. Thus instructions and data can be cached
separately.

This almost universal Harvard Architecture prevents
poor data access patterns leaving both data and
program uncached.

The term ‘Harvard architecture’ comes from an early American computer which used physically
separate areas of main memory for storing data and instructions. No modern computer does
this.
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A Hierarchy

The speed gap between main memory and the CPU
core is so great that there are usually multiple levels of
cache.

The first level, or primary cache, is small (typically
16KB to 128KB), physically attached to the CPU, and
runs as fast as possible.

The next level, or secondary cache, is larger (typically
256KB to 8MB), and usually placed separately on

the motherboard. In some systems it is completely
independent of the CPU.

Typical times in clock-cycles to serve a memory request
would be:

primary cache 1-3
secondary cache  5-25
main memory  30-300

Cf. functional unit speeds on page 50.

Intel tends to make small, fast caches, compared to RISC workstations which tend to have
larger, slower caches. Some machines have tertiary caches too.
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Cache size

The logic core of a CPU is typically between 1 million
and 30 million transitors. A cache which runs as fast as
the CPU core, must be approximately the same size,
for the core will run as fast as possible, and bigger
things tend to be slower due to thermal problems,
electrical capacitance, and the finite speed of light.

As one bit in SRAM requires six transistors, and extra
bits for tag and parity will be needed, fifty transistors
per byte of cache is probably an underestimate. So a
256KB cache requires over 12 million transistors, and
a 1MB cache would be bigger than any CPU core.

Thus most CPUs have around 128KB of primary cache,
and also the tags for the secondary cache, on the same
die as the core. Much more, and it becomes mostly
cache.

The bulk of the secondary cache is normally physically
separate, and running at a half or a third of the speed
of the CPU to reduce power consumption.

One million transistors for an 486 core (1989). Around thirty million for an IBM Power4
(2002).
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Line Size

Whenever the CPU wants a single byte which is not in
the cache, the cache controller will fetch a whole line.

This is good if the CPU then requests the following
item from memory: it is probably now in cache.

This is bad if the CPU is jumping randomly around:
the cache will cause unnecessary memory traffic.

As current DRAM is so much faster at consecutive
accesses than random accesses, filling a cache line
which is four or even eight times the width of the data
bus takes only about twice as long as filling one the
same size as the data bus.

For a fixed total size of cache, doubling the line size halves the number of tags required, and
reduces the tag length by one bit too. The UltraSPARC IIl Cu procesor has 16,384 tags for
its secondary cache, and a line size of 64, 256 or 512 bytes depending whether the cache is
1MB, 4MB or 8MB in size. The longer lines are broken into sub-blocks of 64 bytes with
independent ‘dirty’ and ‘valid’ bits.
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Explicit Prefetching

One spin-off from caching is the possibility of
prefetching.

Many processors have an instruction which requests
that data be moved from main memory to primary
cache when it is next convenient.

If such an instruction is issued ahead of some data
being required by the CPU core, then the data may
have been moved to the primary cache by the time
the CPU core actually want them. If so, much faster
access results. If not, it doesn’'t matter.

If the latency to main memory is 100 clock cycles, the
prefetch instruction ideally needs issuing 100 cycles in
advance, and many tens of prefetches might be busily
fetching simultaneously. Most current processors can
handle a couple of simultaneous prefetches. . .
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Implicit Prefetching

Some memory controllers are capable of spotting
certain access patterns as a program runs, and
prefetching data automatically. Such prefetching is
often called streaming.

The degree to which patterns can be spotted varies.
Unit stride is easy, as is unit stride backwards. Spotting
different simultaneous streams is also essential, as a
simple dot product:

do i=1,n
d=d+a (i) *b (i)
enddo

leads to alternate unit-stride accesses for a and b.

IBM’s Power3 processor, and Intel's Pentium 4 both
spot simple patterns in this way. Unlike software
prefetching, no support from the compiler is required,
and no instructions exist to make the code larger and
occupy the instuction decoder. However, streaming is
less flexible.
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That Code

unsigned char* a;
for(j=0;3j<10001; j++)
for(i=0;i<2048;i++)
ali]+=al[i+8192]+a[i+16384]+a[i+24576] ;

Processor Primary Data Cache Time
Size Assoc (s)
Pentium 8KB 2 12.7 to 33.0
21064A (EV4) 16KB 1 6.0
486DX2 8KB 4 3.5
Pentium MMX 16KB 4 1.1
21164 (EV5) 8KB+96KB 1+3 0.75
Pentium I 16KB 4 0.25

The EV5 has a fast 96KB secondary cache in the CPU as well as the 8KB cache.

The above code can be cached in a 32KB direct mapped cache, 16KB 2 way associative, or
8KB 4 way associative.
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Big and Free

instr.
cache

| cache

controller

D cache

controller

data
cache

Secondary cache
controller

Secondary
Cache

Main memory
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Clock multiplying

If the CPU has to fetch all its data and instructions
from memory external to it, there is no point in the
CPU core running faster than that bus.

If the CPU includes a cache, then, for some code, no
external memory references will be needed. The CPU
is no longer limited by the speed of the external bus.

So one runs the CPU faster than the external bus.

CPU bus
486D X4 33
Pentium 66

Pentium || 133

Pentium4 533
21064 (EV4) 39
21164 (EV5) 83
21264 (EV6) 333

21264C (EV6.8) 500

core
100
200
1000
3066
275
500
500
1250

ratio
3
3

[ GIND [

O —m O N Ot g
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Limits to Clock Multiplying: Thermal

The heat produced by a CPU is proportional to its
clock speed. Cooling is a major limiting factor.

Once the CPU gets too hot, thermally excited carriers
begin to swamp the intrinsic carriers introduced by the
n and p doping. With the low band-gap of silicon, the
maximum junction temperature is around 90°C, or just
50°C above the air temperature which most computers
can allegedly survive.

Current techniques allow around 100W to be dissipated
from a chip with forced air cooling.

As far as power consumption is concerned, a chip looks like a capacitor which is charged,
then discharged, through a resistor at a frequency f. Each data line or storage cell acts as
a tiny capacitor, whose charge state changes every time its logic state changes. The power
consumption is thus fC’VQ.

‘Shrinking’ a processor, by using more advanced fabrication techniques with smaller features,
reduces C' and permits V' to be reduced. Hence the 5V used for processor cores in the late
1980s has dropped to about 2V today (2002), and the feature size on the die has dropped
from 1pum to under 0.2pum over the same period.
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Limits to Clock Multiplying: Cache
Misses

Unless the primary cache hit rate is well over 90%, it
is pointless considering multipliers of more than three.

If the hit rate is large, then the CPU core is effectively
decoupled from the rest of the motherboard. If low, it
will spend much time waiting for data to be provided
to it. Large, highly associative, write-back caches help
to reduce this problem

One way around this problem is to speed up the
secondary cache. One could put its controller and
maybe its tag RAM on the CPU module, and use a
separate bus to the external cache memory. That bus
might be wider or faster than the main memory bus.

The EV6 Alpha, UltraSPARC I, Pentium Il and Power 3 all have their secondary cache
controllers on die, and a separate faster bus (i.e. with a lower multiplier) for cache traffic.

Which is faster, a 133MHz core with the external cache and other external features running
at 66MHz (or 33MHz), or a 150MHz core with the external cache and other external features
running at 60MHz (or 30MHz)? The 12% increase in core speed can be completely offset by
the 9% decrease in the speed of everything else. See the 133MHz and 150MHz Pentiums for
more details.
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The Relevance of Theory

integer a(*),i,]j

j=1

do i=1,n
j=a(j)

enddo

This code is mad. Every iteration depends on the
previous one, and significant optimisation is impossible.

However, the memory access pattern can be changed
dramatically by changing the contents of a. Setting
a(i)=i+1 and a(k)=1 will give consecutive accesses
repeating over the first k elements, whereas a(i)=1+2,
a(k-1)=2 and a(k)=1 will access alternate elements,
etc.
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Classic caches
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With a 16 element (64 bytes) stride, we see access times of
8.7ns for primary cache, 33ns for secondary, and 202ns for main
memory. The cache sizes are clearly 64KB and 2MB.

With a 1 element (4 bytes) stride, the secondary cache and main
memory appear to be faster. This is because once a cache line has
been fetched from memory, the next 15 accesses will be primary
cache hits on the next elements of that line. The average should
be (15 % 8.7 + 202)/16 = 20.7ns, and 21.6ns is observed.

The computer used for this was a 463MHz XP900. It has 64 byte cache lines.
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Performance Enhancement

1000

*:
Stride 16 &
Stride 32 ----
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Time, ns
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Data set size, KB

This is a 2.4GHz Pentium4. A very fast 8KB primary cache is
clearly seen, and a 512KB secondary less clearly so. The surprise
is the speed of the main memory, and the factor of four difference
between its latency at a 64 byte and 128 byte stride.

The explaination is automatic hardware prefetching into the
secondary cache. For strides of up to 64 bytes inclusive, the
hardware notices the memory access pattern, even though it is
hidden at the software level, and starts fetching data in advance
automatically.

The actual main memory latency is disappointing: a 2.4GHz core and 400MHz RDRAM has
yielded 145ns, compared to 202ns with a 463MHz core and 77MHz SDRAM on the XP900.

The slowest Alpha currently in TCM (175MHz EV4) manages 292ns, the fastest computer
(for this) 100ns (a 933MHz Pentium I11), the slowest 850ns (a 195MHz R10K).
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But is it correct?

All forms of DRAM need refreshing as the charge
leaks of their capacitors. More sudden leaks, such
as those caused by ionisation events (cosmic rays
or natural radioactive decay), or insulation becoming
slightly marginal with age, must also be dealt with.

Increased miniturisation decreases the charge difference
between a stored ‘1" and ‘0’, so modern chips are
intrinsically more susceptible than older chips.

If a bit in memory ‘flips’, the consequences for a
program could be disastrous. The program could
simply crash, as a jump instruction has its destination
changed to something random.

Worse, it could continue, but give a completely wrong
answer, as important data could have been changed.
The change could be a sign, an order of magnitude, or
merely a fraction of a percent: it could be wrong, but
not obviously wrong.
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Parity: going for a crash

The simplest scheme for rescuing this situation is to
use a parity bit.

This is an extra bit of memory which stores a one
if an odd number of those bits which it is checking
is set to one, or zero otherwise. If a single bit flips
spontaneously, this parity bit will then disagree with
the parity of the stored value, and the error is detected.

The problem is what should one do next? The usual
answer is to cause the computer to halt immediately:
stopping is safer than continuing to calculate using a
program or data known to be corrupt.

A slightly more sophisticated response is to terminate
the process which caused the read which produced the
error. One cannot let the process continue feeding it
duff data, so killing it is the best option.

Most parity memory uses one parity bit for every 8 bits
of real data: a 12.5% overhead.
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ECC to the rescue

A better scheme is to use an Error Correcting Code.
The standard scheme can correct for any single bit
error, and detect any two bit error and some three bit
errors. This contrasts with simple parity, which can
correct nothing, detects all single bit errors, and no two
bit errors. This standard level of ECC is sometimes
known as SECDED: Single Error Corrected, Double
Error Detected.

An ECC scheme is more expensive in terms of bits.
Whereas parity requires a single bit to protect an n bit
word, the usual ECC scheme requires 2 + log, n. For
an 8 byte word, this overhead is again 12.5%.
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The Hamming Code

Consider storing check bits in bit positions 2™, n > 0,
and data in the other bit positions. Thus to store eight
data bits, one has the following arrangement:

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12

Cl C2 D1 C3 D2 D3 D4 C4 D5 D6 D7 D8

Then let C1 record the parity of those bit positions,
excluding itself, with a 1 at the end of the binary
representation of their position. In other words

Cl=B3+B5 + B7 + B9 + Bll

Similarly for C2 those bit positions with a 1 second
from the right of their binary representation.

C2 =B3 + B6 + B7 + B10 + Bl1

C3
C4

B5 + B6 + B7 + B12
B9 + B10 + B11 + B12
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The Hamming Code (2)

Alternatively, consider this backwards:

B6 will be checked by C2 and C3 because 6 = 1105
with ones in the second and third places.

If, when we read a word from memory, and recalculate
the check bits, we discover that, say, C4 and C1
disagree with our calculation, we know that bit 10015
IS In error.

Because a bit can exist in just two states, once we
know it is wrong, we can just invert it, and it must
then be correct.
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Qui custodiet ipsos custodes?

The above analysis works for any single bit error. If
a check bit itself gets corrupted, it does not cause a
data bit to be ‘corrected’ erroneously, for the binary
representation of the bit position of the error will
contain a single one, and all those positions contain
check bits, not data. No-one needs to guard the
guards.

However, to ensure that all possible two bit errors are
detected, as well as all one bit errors corrected, a single
extra bit is added, which is simply records the parity of
all of the other bits.

Otherwise, most 2 bit errors would be ‘corrected’ by
converting them to 3 bit errors!
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Wall to Wall ECC

Bit errors are most likely to occur in DRAM: there is
a lot of it, and the charge stored is tiny. They are
less likely to occur in SRAM (cache RAM) or registers,
however the consequences of errors occurring there
would be more devastating.

Almost all processors perform some form of error
checking and/or correcting on the contents of their
caches and registers.

Cheap and nasty systems designed for wordprocessing
and games tend not to bother for their main memory,
because of the price disadvantage: extra circuitry and
extra memory required to store the check bits.

Those computers with memory buses wider than 64 bits
have a proportionately lower overhead for ECC. An 8 bit
bus would need 5 correction bits, a 256 bit bus just 10.
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The good, bad and ugly

Who does what?

Machine Error code
Intel 386, 486 8 bit parity

Pentium usually none

Pentiuml| none or ECC

Pentium4, SDRAM | usually none
Pentium4, RDRAM | none or ECC

Mac, 68k none
Mac, PPC none?
DEC Alpha ECC
Most workstations ECC

where ECC means one bit correction, two bit detection.

Considering that parity has been used since the 1950s,
and SECDED since the 1970s, this is poor.
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Does it all matter?

TCM has 33 DEC Alphas which log single bit errors.
In October 1999, the following error rates were seen:

No errors 29 machines
One error 2 machines
Two errors 1 machine
42 errors 1 machine

Without ECC tcm29 would be noticeably unusable and
would have a memory chip replaced. Tcm28, with one
error every three weeks over October and November,
would have a memory chip replaced too.

In the absence of any error detection, tcm29 would
be unusable, and it would be unclear what needed
replacing. Tcm28 would not stand out, but might give
occasional erroneous results, and waste much time as

a result. This is the position of all of TCM's non-
RDRAM PC(s. . .

| have heard it said that a Canadian court ruled that a company was negligent in doing payroll
calculations on a machine with no parity checking, and required it to do all such calculations
twice.
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Memory Management
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Memory Management

An operating system ought to have a mechanism for
assigning memory to different processes on request.

It ought also have a mechanism for enforcing its
decisions: that is, for preventing processes using
memory which they have not been allocated.

We shall start by considering a simple and bad memory
management strategy: that used by MS DOS. It was
vaguely appropriate for the sort of personal computers
in use in the 1980’'s, but has many deficiencies.
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Memory, the DOS way

DOS's use of memory typically looks as follows:

640K
Free
Program 1
command. com
System
(0]

DOS provides functions for requesting a new block of
memory, or freeing or resizing an existing one.

In the above picture command.com cannot grow its
memory block: it is firmly surrounded.
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Fragmentation

Suppose Program 1 loads another program, and exits
itself. This will leave a memory map looking as follows:

640K
Free
Program 2
Free
conmand. com
System
oK

Now the largest single free block of memory is much
smaller than the total free memory.

The 640K limit is really a 1088K limit, but as the video memory for graphics modes always
starts at 640K, the largest free block is always less than 640K. Sometimes some of the

memory between 640K and 1088K can be usefully reclaimed.
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Anarchy

Under DOS, what happens if a program tries to access
memory marked as ‘free’, or owned by the system,
without attempting to reserve it for itself?

Nothing special: the access happens just as if the
memory had been correctly reserved.

Any program can overwrite any other program or the
operating system.

Intentionally or accidentally.

MacOS had a memory manager with just these properties too.
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What went wrong?

Actually, very little. The memory management of DOS
or early versions of MacOS was about as good as one
could achieve on the processors then available (8086
and 68000 respectively).

To improve on the above, a little help from the
processor is required.

Clearly a program wishes to see a contiguous area of
memory: if a programmer requests a 1MB array, he
gets upset if the OS says “No, but you can have a 384K
array, two 256K arrays, and one 128K array instead.”
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Virtual addressing

All memory references made by a program are
intercepted and have their addresses translated by the

CPU before they reach the real physical memory.

Real Memory

Virtual Memory - R
rogram

Program A

Program B

/ Program A

Program B

A
Y

Program A

Fragmentation occurs in the real, physical memory, and
not in the virtual address space seen by the program.

The same virtual address in two different processes can refer to two different physical
addresses. The converse is rarer but also possible.

When 0S/2, Windows9x or Linux runs two DOS applications simultaneously, each DOS
application sees an address range from OK to 640K inhabited by just itself and a copy of DOS.
The corresponding physical addresses will be very different.
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Address translation in more detail

Various shortcuts occur to make the above scheme
reasonable.

Firstly, a complete table of the mapping from every
virtual byte to every real byte would be rather big. For
a 32 bit machine, one would need four bytes to store
the real address corresponding to every virtual byte. . .

So the mapping is done on the granularity of pages
not bytes. A page is typically about 4KB and is
the smallest unit of memory the operating system can
allocate to a process.

The OS keeps a page table telling it for every virtual
page given to every process, where the real page
resides. Entries say things like ‘the page from 260K
to 264K in process 5's address space is to be found
from 2040K to 2044K in physical memory, reading and
writing permitted.’
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Not quite there

For a 32 bit machine with 4KB pages, the bottom
12 bits of an address are simply an offset into a page,
whilst the top 20 bits give the page number. These
20 bits are used as an index into the page table, which
will return the physical address of the page.

Each page table entry needs 20 bits for the physical
address, and maybe a few spare bits to mark such
things as invalid pages, and whether the page can be
read, written, or have code executed from it. So say
32 bits, or four bytes.

So for every 32 bit process one needs a 4MB page
table, so that every virtual address can be looked up
therein. Not quite: we need to do a little better, and
much better for 64 bit machines.
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A Two Tier System

Each process has one page table directory, and at least
one page table. Each is one page long, and contains
1024 entries.

The first ten bits of an address are used as an index
into the page table directory. If no virtual address
with that starting sequence is valid, the directory will
indicate this, and a page fault will occur. Otherwise,
twenty bits indicating the position in physical memory
of the page table for the 1024 pages in that address
range will be found.

The next ten bits index this second page table. Again,
either an invalid address will be indicated, or twenty
bits corresponding to the physical address of the page
containing the virtual address being translated.

The final twelve bits are an index into that page.

UNIX tends to announce page faults with SIGSEGV, and terminates the process. This will
also happen on attempts to modify read-only pages. SEGV refers to SEGment Violation, as
historically pages have been grouped into segments. Windows has called them ‘Unrecoverable
Application Errors’ and a ‘General Protection Faults.’
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A Two-Level Page Table

Virtual Address

10 10 12
Page
Table
Directory
Page
Tables
| 20 | 12 |

Physical Address

A 32 bit virtual address with the top ten bits indexing a single page table directory, and thus
giving the address of a page containing the page table entries relevant for the next ten bits of
the virtual address. This then contains a twenty bit page number to give a 32 bit physical
address when combined with the final twelve bits of the virtual address. The page table will
also contain protection information.

Each process has its own virtual address space, and hence its own page tables, but half a
dozen pages of page table is sufficient for most small programs.
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Beyond 32 Bits

This system does not scale well. For a 64 bit virtual
address, not only do the page table entries need around
64 bits, not 32, but one would need 22 entries in each
of the directory and page tables. Thus with a minimum
of two tables of 226 8 byte entries, each process would
have 1GB of page table.

One solution to this is that used by the Alpha processor
when running Tru64 UNIX. The page size is 8KB, so
can contain 1024 64 bit entries. The bottom 13 bits
are now the index with the page, and there are three
levels of page table, not two, each indexed by 10 bits
from the virtual address. This accounts for 43 bits of
virtual address, and that is all that there are. An Alpha
running Tru64 UNIX does not provide a 64 bit virtual
address space, but 43 bits (8TB) is enough for most
people.

IBM’s AIX uses an inverted page table, which is a completely different solution to this
problem.
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Efficiency

This is still quite a disaster. Every memory reference
now requires two or three additional accesses to
perform the virtual to physical address translation.

Fortunately, the CPU understands pages sufficiently
well that it remembers where to find frequently-
referenced pages using a special cache called a TLB.
This means that it does not have to keep asking the
operating system where a page has been placed.

Just like any other cache, TLBs vary in size and
associativity, and separate instruction and data TLBs
may be used. A TLB rarely contains more than 1024
entries, often far fewer.

Even when a TLB miss occurs, it is rarely necessary to fetch a page table from main memory,
as the relevant tables are usually still in secondary cache, left there by a previous miss.

TLB = translation lookaside buffer
ITLB = instruction TLB, DTLB = data TLB if these are separate
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TLBs at work
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This is a repeat of the graph on page 123, but with an
8KB stride added. The XP900 uses 8KB pages, and
has a 128 entry DTLB. Once the data set is over IMB,
the TLB is too small to hold its pages, and, with an
8KB stride, a TLB miss occurs on every access, taking
02ns in this case.

Given that three levels of page table must be accessed, it is clear that the relevant parts of
the page table were in cache: indeed, at least one part must have been in primary cache. A

mere 92ns is a best case TLB miss recovery time, and still represents 43 clock cycles, or 172
instruction issue opportunities.
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More paging

Having suffering one level of translation from virtual
to physical addresses, it is conceptually easy to extend
the scheme slightly further. Suppose that the OS,
when asked to find a page, can go away, read it in
from disk to physical memory, and then tell the CPU
where it has put it. This is what all modern OSes do
(UNIX, OS/2, Win9x / NT, MacQOS), and it merely
involves putting a little extra information in the page
table entry for that page.

If a piece of real memory has not been accessed
recently, and memory is in demand, that piece will
be paged out to disk, and reclaimed automatically (if
slowly) if it is needed again. Such a reclaiming is also
called a page fault, although in this case it is not fatal
to the program.

Rescuing a page from disk will take around 20ms, compared with under 200ns for hitting

main memory. If just one in 10° memory accesses involve a page-in, the code will run at half
speed, and the disk will be audibly ‘thrashing’.

The ps command reports not only how much virtual address space a program is using, but
how many of those pages are resident in physical memory.

The union of physical memory and the page area on disk is called wvirtual memory. Virtual
addressing is a prerequisite for virtual memory, but the terms are not identical.
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Less paging

Certain pages should not be paged to disk. The page
tables themselves are an obvious example, as is much
of the kernel and parts of the disk cache.

Most OSes (including UNIX) have a concept of a
locked, that is, unpageable, page. Clearly all the
locked pages must fit into physical memory, so they
are considered to be a scarce resource. On UNIX only
the kernel or a process running with root privilege can
cause its pages to be locked.

Much 1/0O requires locked pages too. If a network card
or disk drive wishes to write some data into memory,
it is too dumb to care about virtual addressing, and
will write straight to a physical address. With locked
pages such pages are easily reserved.

Certain 'real time' programs which do not want the long delays associated with recovering
pages from disk request that their pages are locked. Examples include CD writing software.
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Swapping

The terms ‘swapping’ and ‘paging’ are often used
interchangably. More correctly paging refers to
discarding individual pages to the swap device, whereas
swapping refers to removing all the pages associated
with a single process to the swap device in one
operation. Once swapped in this fashion, a process
must necessarily be suspended.

Swapping is the older and simpler mechanism, and
works well on, a PC running several interactive
applications. Clearly just one application can interact
with the PC's one user at once, so wholly removing
the other processes from memory is fine. |t may take
several seconds to restart a swapped-out process.

Paging permits a single process to use more memory
than physically present. Swapping does not.

Whether paging or swapping, the area of disk used is
called the swap space.

The total amount of memory usable might be the size of the swap space, the size of
physical memory plus swap space, or greater than this, depending on the OS. The last case
is ‘impossible’: the OS claims to have more memory available than it does, overcommitting
swap space, and will behave badly if all programs try to use all the memory they have been
allocated. 150



Page sizes

A page is the smallest unit of memory allocation from
OS to process, and the smallest unit which can be
paged to disk. Large page sizes result in wasted
memory from allocations being rounded up, longer
disk page in and out times, and a coarser granularity
on which unused areas of memory can be detected and
paged out to disk.

Small page sizes result in more TLB misses, as the area
of virtual address space ‘covered’ by the TLB is simply
the number of TLB entries multiplied by the page size.

Large-scale scientific codes which allocate hundreds of
MB of memory benefit from much larger page sizes
than a mere 8KB. However, a typical UNIX system
has several dozen small processes running on it which
would not benefit from a page size of a few MB.
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Mix and match

Many modern CPUs support multiple page sizes, such
as the Pentium which supports 4KB or 4MB, or the
UltraSPARC [l which supports 8K, 64K, 512K and
AMB. The EV6 Alpha allows a single TLB entry to
refer to one, eight, 64 or 512 consecutive pages, thus
effectively increasing the page size.

However, this reintroduces fragmentation problems. If
a Pentium wants to allocate a 4MB page, or an Alpha
wants to allocate 512 consecutive 8KB pages, there
must be 4MB of contiguous free physical memory. This
problem cannot occur if all pages are the same size.

Thus operating system support for large pages is rarer
than hardware support. Solaris 9 (introduced 2002)
is one of the few OSes which supports different page
sizes for different processes.

Cambridge HPCF people will be familiar with these concepts. The S3600 vector Hitachi used
1MB pages for programs using the vector unit, and 4KB pages for others. The SR2201
parallel machine had three special TLB entries for user code, called Block TLBs, each of which
covered a 32MB page. The SR2201 did not page to disk, but could get its physical memory
too badly fragmented to use its BTLB. The S3600 paged from its main SRAM memory to a
‘disk’ of DRAM.
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Alignment

To keep circuitary simple, a 64 bit bus cannot transfer
an arbitary 8 bytes, but eight bytes to/from an address
which is a multiple of eight. Similarly a 64 byte cache
line will start at an address which is a multiple of 64,
and a 4KB page will start on a 4KB boundary.

If data in memory are also naturally aligned, then a
single load/store will involve no more than one cache
line per cache, one TLB entry, and will not require
multiple bus transfers in the same direction. It will be
faster than a misaligned load/store.

Some processors permit the use of misaligned data,
at a performance cost. Others do not have hardware
support for misalignment, and will either be rescued by

software (at an enormous speed penalty), or will stop
the process with SIGBUS.

The 1A32 range permits all alignments. The Alpha range does not, requiring 4 byte objects to
be aligned on 4 byte boundaries, 8 byte objects on 8 byte boundaries, etc.
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‘Free’ memory

Memory is not free, indeed, in most computers it costs
more than the CPU or disk drives. . .

Memory which is idle is therefore a waste, and most
OSes use idle memory to increase the size of their disk
cache: just as a small amount of fast SRAM acts as a
cache for slower DRAM, so a small amount of DRAM
can act as a cache for a yet slower disk drive.

Most variants of UNIX (inc. Linux) and Win9x do this.

A small amount of memory (c. 100 pages) is typically
kept genuinely free for emergencies, whereas other
unused memory is available to the disk cache.

The UNIX command ‘vmstat’ shows how many pages are completely unused, as well as
information on paging activity.
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The Digital UNIX Way

The scheme is used by Digital UNIX 4.0 to 5.1A is:

e at least 128 pages are ‘always’ kept free. Paging
will not occur whilst more memory than this is free.

e swapping will not occur whilst there are more than
74 pages free.

e if the disk cache is bigger than 20% of total memory,
it will be shrunk rather than paging a process.

e if the disk cache is using between 10% and 20% of
memory, it will fight processes on equal terms.

e if the disk cache is under 10%, it has priority over
other processes for memory.

A reasonable estimate of ‘free’ memory is thus those
pages actually unused, plus the amount by which the
disk cache is above 20% of total memory.

The 10% and 20% ‘watermarks’ are configurable. They have been changed to 5% and 10%
on TCM'’s larger-memory Alphas. DEC offers no explicit guidance on reasonable values.

Digital UNIX becomes very unhappy if the disk cache is forced below the lower watermark.

The command ‘free’ (Linux, Digital UNIX (TCM only)) shows the current disk cache size.
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Segments

A program uses memory for many different things. For
Instance:

e The code itself

e Shared libraries

e Statically allocated uninitialised data
e Statically allocated initialised data

e Dynamically allocated data

e Temporary storage of arguments to function calls
and of local variables

These areas have different requirements.
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What We Want

Code
Read only, executable, fixed size

Shared libraries
Read only, shared, executable, fixed size

Static data
Read-write, non-executable, fixed size

Dynamic data
Read-write, non-executable, variable size

Temporary data
Read-write, non-executable, frequently varying size
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Stacks of Text?

These regions are given distinct address ranges and are
called segments. Each segment is managed differently
to give it the required properties. The common UNIX
names for the segments are:

Code text
Initialised static data data
Uninitialised static data  bss
Dynamic data heap
Temporary data stack
Shared libraries shared text

An executable file must contain the first two, plus a
record of the size of the third. These three sizes are
reported by the ‘size’ command.

Often read-only data (constants) are placed in the text section, for this section will be
read-only.
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What Went Where?

Determining which of the above data segments a piece
of data has been assigned to can be difficult. One
would strongly expect C'smalloc and F90's allocate
to reserve space on the heap. Likewise small local
variables tend to end up on the stack.

Large local variables really ought not go on the stack:
it is optimised for the low-overhead allocation and
deletion needed for dealing with lots of small things,
but performs badly when a large object lands on it.
However compilers sometimes get it wrong.

UNIX limits the size of the stack segment and the
heap, which it ‘helpfully’ calls ‘data’ at this point. See
the '1imit’ command (csh) or ‘ulimit’ (sh).

Because 1imit and ulimit are internal shell commands, they are documented in the shell
man pages (tcsh and bash in TCM), and do not have their own man pages.
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Sharing

If multiple copies of the same program or library are
required in memory, it would be wasteful to store
multiple identical copies of their unmodifiable read-only
pages. Hence many OSes, including UNIX, keep just
one copy in memory, and have many virtual addresses
refering to the same physical address. A count is kept,
to avoid freeing the physical memory until no process
is using it any more!

UNIX does this for shared libraries and for executables.
Thus the memory required to run three copies of
Netscape is less than three times the memory required
to run one, even if the three are being run by different
users.

Two programs are considered identical by UNIX if they are on the same device and have the
same inode. See a the section on filesystems for a definition of an inode.
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A UNIX Memory Map

kernel

reserved

shared text

reserved

Oxffff
Oxffff

0x0000

0x0000

0x0000

0x0000

0x0000
0x0000

ffff
fc00

0400

03f f

0001

0001

0000
0000

fiff
0000

0000

8000

4000

2000

0001
0000

fiff
0000

0000

0000

0000

0000

0000
0000

N.B. This view is per process, not for the whole

machine.

This particular bizarre layout is based on that used by Digital UNIX 4.0. Note that this layout
imposes artificial limits, such as approx 4GB for the stack, and 512MB for the text segment.
Such limits tend to be much more severe when one is squeezing into a 32 bit address space,

rather than the 64 bit (43 bit usable) space here.

Shared data and mmap region omitted for simplicity.

161



Another UNIX Memory Map

Oxffff ffff
kernel 0xc000 0000
stack
mmap

0x4000 0000
heap

______ bss ______
data

text
0x0804 8000
reserved

0x0000 0000

This is roughly the layout used by Linux 2.4 on 32 bit machines. Note the shorter addresses
than for Digital UNIX.

The mmap region deals with shared libraries and large objects allocated via malloc, whereas
smaller malloced objects are placed on the heap in the usual fashion. Note too that if one
uses mmap or shared libraries at all, the largest contiguous region is under 2GB.

Note in both cases the area around zero is reserved. This is so that null pointer dereferencing
will fail: ask a C programmer why this is important.
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Memory Maps in Action

Under Linux, one simply needs to examine
/proc/ [pid] /maps using less to see a snapshot of
the memory map for any process one owns. It also
clearly lists shared libraries in use, and some of the
open files.

Under Solaris one must use a program called pmap in
order to interpret the data in /proc.

With Digital UNIX less information is available, and
it is harder to extract. In TCM a utility called pmap
exists which will display some information in a similar
fashion to the Solaris program.

Files in /proc are not real files, in that they are not physically present on any disk
drive. Rather attempts to read from these ‘files’ are interpretted by the OS as requests for
information about processes or other aspects of the system.
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CPU Families
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CPU Families

CPUs tend to come in famailies, each successive
member of a family being binary compatible with
all preceding members: that is, being able to run any
machine code written for preceding members.

This means that later members of a family must have
the same registers and instructions as earlier members,
or, if not the same, a superset of them.

Each family will have its own assembly language, and
potentially different numbers of registers and even
types of instructions.

Whereas high-level languages, such as C and
FORTRAN, are portable between different CPU
families, the low-level assembler or machine code
certainly is not.
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Common Families

8086 Intel 8086, 80286, and all IA32

IA32 Intel 386, 486, Pentium, Pentiumll, Pentiumlll,
Pentium4, Cyrix 586 and M1, AMD K6 and Athlon.

Motorola 68K 68000, 68020, 68030, 68040, 68060
Alpha 21064 (EV4), 21164 (EV5), 21264 (EV6)
Power Power, Power2, Power3, Power4

PowerPC 601, 603, 604, 620, 7400

MIPS64 R8000, R10000, R12000, R14000

SPARC SPARC |, SPARC I, SuperSPARC, Hyper-
SPARC, UltraSPARC, UltraSPARC I1 & Il

All except the non-1A32 8086 line, the M68K line and the Alphas are still being developed,
with future members planned.

Some minor members have been omitted.
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Inter-family differences: 1A32 vs Alpha

|A32 Alpha
Integer Regs 8 x 32 bit 32 x 64 bit
F.P. Regs 8 x 80 bit 32 x 64 bit
Memory operands Yes No
Has trig functs Yes No

Instruction length 1 - c.14 bytes 4 bytes

There are many other differences, such as the Alpha
having integer and FP instructions of the form ‘a op b
— ¢’ where a, b and ¢ must be registers. [A32 uses
the form ‘a op b — a’ for integer operations, and a or
b may be references to data stored in memory.

The Alpha uses the naming convention $0 to $31 for its integer registers, and $f0 to $f31
for its floating point registers. The majority of these registers are equivalent. 1A32 calls its
integer registers %eax, %ebx, %ecx, %edx, %edi, %esi, %ebp and %esp for odd historical

reasons. For IA32 there are many tedious restrictions concerning which instructions may act
on which registers.

Both have an additional register holding to the address of the current instruction: the
instruction pointer. A branch instruction simply modifies this special register. Both also
reserve one register for pointing to the end of the program’s stack: $30 for Alpha, and %esp
for IA32. Alpha has a register, $31, whose value is fixed at zero. |1A32 does not.

167



More IA32 vs Alpha

double t=0.0; int 1i,n;
for (i=0;i<n;i++) t=t+x[i];

; Jedx contains n # $17 contains n
; hecx contains x # $16 contains x
fldz fclr $£f0
xorl Yeax,’eax clr $1
cmpl Yedx,leax
jge .L3 ble $17,L$5
.L5: L$6:
faddl (Yecx,%eax,8) 1dt $f1, ($16)
incl Y%eax addl $1, 1, $1
cmpl Yedx,leax cmplt $1, $17, $3
jl .L5 lda  $16, 8($16)
.L3: addt $f0, $f1, $£fO
bne $3, L$6
L$5:

Both sides slightly abbreviated, but many differences are clear. Different mnemonics are used
(Float LoaD Zero vs Float CLeaR), and certainly different binary representations. 1A32 has a
special instruction to increment (add one to) a register, Alpha does not. 1A32 can move data
from memory directly to the FP adder without passing through a register, Alpha cannot. Etc.
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The 1A32 Family in Detail: the Ancestors

8086

Introduced 1978. 16 bit registers and data bus, 20 bit
address bus (1MB), four clock cycles to do simplest
instruction, separate FPU (8087). Integer registers

each usable as a pair of 8 bit registers (e.g. ax is ah
and al). Clock speeds 4 to 10MHz. 29,000 transitors.

80286

Introduced 1982. Address bus increased to 24 bits
(16MB), simple operations complete in three cycles,
separate FPU (80287). Clock speeds 8 to 12MHz.
134,000 transistors.

These things are antique, and firmly CISC. They have
many, many bizarre instructions, not least for dealing
with binary coded decimal (what? never mind. .. )
However, code written for one of these will still run on
a Pentium4 designed over two decades later.

Although the 8086 is the first ancestor as far as binary compatibility is concerned, that is, the
ability to run machine code written for one process on another, it is not a completely ‘clean’
design, and enjoys a degree of compatibility with the 8080, which is 4 years older.
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1A32: the Start

80386

Introduced 1985. Registers extended to 32 bits, e.g. the ax
register is now the bottom half of the eax register, and two new
registers added. Data and address bus extended to 32 bits (4GB).
Virtual memory (paging etc.) with 32 entry 4-way associative
TLB, multitasking, device protection. Simple operations complete

in two cycles. Separate FPU (80387). Clock speeds 16 to
33MHz. Different modes of operation in order to keep full 8086
compatibility. This major increase of functionality has almost
everything a modern CPU has, and just 275,000 transistors.

i486

Introduced 1989. Almost no changes in functionality, but core
redesigned. Cache controller with an 8KB 4-way associative
write-through cache, two write buffers, and the FPU, placed on
the main CPU. Pipelined integer core does basic operations in
a single cycle. Bus can transfer a cache line (16 bytes) in five
cycles, compared to two cycles per 4 bytes for the 80386. Clock
speeds 20 to 50MHz. The i486DX2 and i486DX4 versions have
a 2:1 or 3:1 core:bus frequency ratio. Clock speeds 50MHz to
100MHz.

170



The Pentium: the last CISC

Pentium

Introduced 1993. Very few changes in functionality, but many
in implimentation. Again a redesigned core, now superscalar for
integer operations, with dual issue possible in some circumstances.
The FPU is pipelined for the first time, and is made much faster.
The cache is split as a 2-way associative 8KB instruction cache,
and similar write-back data cache. Branch prediction and 4MB
pages introduced. The data bus width is increased to 64 bits, and
runs at 60 or 66 MHz. The core runs at an integer or half-integer
multiple of this, from 60MHz to 200MHz.

PentiumMMX

Adds Intel’'s MultiMedia eXtensions, instructions which pack eight
8-bit, four 16-bit, two 32-bit or one 64-bit integer into a floating-
point register, and do simulateous adds / shifts / etc. on them.
Useful for some graphics work. Also has 'add with saturate’,
e.g. 200 + 180 = 255 for an 8-bit example. Branch prediction
improved, and caches made 4-way associative again and increased
to 16KB.
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PentiumPro / Pentium Il / Pentium IlI

Introduced 1995. Yet another redesigned core (often
called P6). The core is a superscalar RISC CPU, and
the CISC Intel instructions are converted to ‘micro-ops’
and passed on to the core, with one CISC instruction
potentially producing several p-ops. The core can
overlap and reorder the simple p-ops with greater ease
than it could the CISC IA32 instructions, and yet old
|A32 code runs happily.

The PPro does not support MMX, the PII (1997)
does, and the PIII (1999) also supports SSE. SSE adds
support for four single precision floats in one of eight
new SSE registers. Very important for certain 3D
effects, but not for science, as is single precision.

The PPro has the secondary cache on the CPU and
running at the same speed (150MHz to 200MHz).
The PIll moves it off die, but keeps it on the physical
CPU module, and runs it at half CPU speed. It
also introduces 100MHz bus speeds for the faster Plls.

Similarly faster Pllls use 133MHz buses, and up to
1.2GHz cores.
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Pentium4

Introduced 2001. Another redesign, again with a RISC
core and a conversion step. This time the instruction
cache is moved after the conversion logic, so the pu-
ops get cached. SSE2 introduced, which permits two
doubles in an SSE register. Useful at last!

Primary data cache only 8KB write through, combined
secondary cache 256KB initially, later 512KB. DTLB
64 entries. Automatic hardware prefetching. Xeon
models support multiprocessor designs.

Clock speeds are very high: 1.4GHz to 3GHz. However,
many latencies are longer than the PlIl, and the pipeline
is longer so mispredicted branches are more costly.
Faster than a Plll, but not by as much as the increase
in clock speed would suggest, unlike every previous
family member which would outperform its immediate
predecessor even when run at the same clock speed.

Data bus, still 64 bit, run at 400MHz initially, 533MHz
later, giving much higher potential than the PIII.
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Marketing gimmicks

8088 an 8086 slowed by an 8 bit data bus.

386SX an 80386 slowed by a 16 bit data bus and with
a 24 bit address bus.

486SX an i486 slowed by the removal of the FPU.

Celeron a PIl, PlIl or P4 slowed by reducing the
amount of secondary cache (or removing it altogether),

and reducing the bus speed. Hence all Celerons support
MMX, but only some SSE or SSE2.

The above are slightly cheaper to make than the
corresponding ‘real’ CPUs, and are sold at significantly
lower prices.

MMX MultiMedia eXtensions
SSE Streaming 