CHAPTER TWO

Early Architectures

The partial history of computing that is preserttece is intended as
a starting point for understanding computer archutes. Although
electronics and digital circuitry have made grebtaences, the basic
principles of modern computer architecture arelsinio those that
guided the design of computing devices before 1950.

During the late 18 century and early 2dcentury, inventors
developed computing devices based on the mechdadatatologies of
their eras. Some featured mechanisms such asrmpipehnd
microcode that are typically associated only withdern computing.
Even an innovation like multimedia, which only lhasently become
viable due to advances in processing power, datgpoession, and data
storage, was anticipated by Lady Ada Lovelace #4318

Electronics were incorporated into computers ireotd improve
their speed, reliability, size, assembly, and cbits fact suggests that
implementation has little to do with architecture.

2.1 Blaise Pascal's Calculator

Blaise Pascal’'s (1623 - 1662) simple arithmetid¢ isha good place
to begin a discussion of computer architecturgoif are familiar with
the operation of a mechanical automotive odomé#ten you have a
basic understanding of how Pascal’s Arithmetic Miagloperated.

Unlike modern computers which store values in hinBascal's
calculator stores a number as a series of decigigs dising a series of
wheels each of which can be positioned at oneroateyles
corresponding to the digits 0 through 9. Like atomotive odometer,
when a wheel passed from the 9 to the 0 positicarigy is generated
which turns the next highest wheel one tenth afra to increment the
next decimal place.

The users of Pascal's machine could enter anlinélae using dials
similar to an old-style rotary phone, then add sgbent values using

1 "Supposing, for instance, that the fundamentaitiahs of pitched sounds in the
science of harmony and of musical composition veeiseeptible of such expression
and adaptations, the engine might compose elabanatscientific pieces of music of
any degree of complexity or extent." (Menabrea &élace, 1843)
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12 Applied Computer Architecture

the same wheels. The second number would be addkd first and
any wheels that turned past 9 to 0 would increrttemnext highest
digit thereby producing the result of an additibigure 2-1 presents
the basic organization of Pascal's calculator.

Windows through

- which value stored
m [—)l m m m/ on wheels appears

Dials to enter
values

Figure2-1 Simple Drawing of Pascal's Adding Machine

Machines that can add can also subtract usinghdthod of
complementsThe method is based on the principle that anglsidigit
in any base has a complementary digit that wheeatinla second
digit will generate the difference. Think about hBascal's calculator
represents digits on a dial. Subtracting one diigih another by
turning the dial backward can also be accomplishetlirning the dial
forward a complementary number of positions.

Determining a value’s complement is a two-step @sscFirst,
replace each digit of the number being with itsitadel complement. In
the case of decimal values, that involves subtrgatach digit from 9.
For example, the complement of 6 is 3, the compigrBes 7, and the
complement of 0 is 9. After each digit of the vahas been replaced
with its complement, add one to the result.

Let's calculate 7563 — 3867 using addition. Tohds, tbegin by
finding the complement of 3867. First, complemeatdheof 3867’s
digits by replacing 3 with 6, 8 with 1, 6 with 3jca7 with 2. Then, add
one to 6132 to get 6133. Now the result of 7568673can be
calculated using 7563 + 6133.

6 14 15

1
756'3 7563
— 3867 + 6133
3696 13696
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The sum on the right generates a carry out ofdfimbst column.
This occurs at the leftmost digit of additions wéarnegative sign
needs to be removed from a positive result or witvennegative values
are added. This carry should be ignored in ordarrive at the correct
answer.

Any system that implements this method of subtoscthust enter
all numbers using a fixed number of digits. Thenefst digit
represents a sign digit. In decimal, the sign dg@ for nonnegative
numbers and 9 for negative numbers. If after ardakaddition the
sign digit contains a value other than 0 or 9,rtagnitude of the result
was too large to be represented with the fixed remobdigits.

Pascal's calculator uses 8 dials to representvalben the
leftmost digit is reserved for a sign, the calonlatan represent values
from 09999999 (positive 9,999,999) to 90000000 &tieg
10,000,000). To represent —3867 on this calculétercomplement of
00003867 would need to be taken resulting in 99996Adding this to
00007563 yields the desired result:

111 11

00007563
+99996133
00003696

This works for negative results too. To calcula3@93 — 84334, add
13293 to the eight digit complement of 00084 334icwlkequals
99915665 + 1 = 99915666.

1
00013293
+99915666
99928959

Since the leftmost digit is 9, the result is negatiSo what is the
magnitude of this negative number? It isn’t 99%RBI hat is the
complement of the magnitude. Taking the complerné88928959
using the method described earlier gives 000710246-60071041.
Therefore, 13293 — 84334 = -71041.

As an aside, Pascal's calculator displayed itedtealue through a
set of windows above its dials. A shutter was medmovering half of
each of these windows. Moving the shutter up digggahe decimal
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value. Moving the shutter down displayed the diyitdigit
complement. Figure 2-1 shows the shutter’s arraegém

2.2 Charles Babbage's Analytical Engine

With advances in engineering, science, and finaincing the 18
century, humans began to depend on large, detaiggkdematical tables
in order to find the value of complicated mathegwtexpressions.
These tables often contained errors due to mistaleeke in the
calculations or during typesetting. In an effortéonove human error
from these tables, Charles Babbage undertook thigrdef a series of
engines to mechanically calculate and print thabkes. His effort is
often thought to have resulted in the design offitisé automatic
computing engines (Swade, 2008).

Babbage's challenge was to combine well-known tesaf
mathematics with precision machinery to creatersgine that would
generate mathematical tables without human intéissenOne of the
outputs of such a machine would be molds for makmgting plates.

So what were these theories of mathematics? Legi bvith the
difference engine. Imagine that you have two véesA and B, and a
constantDIFFERENCE Initialize A andB to 1 and assign a value of 2
to the constarDIFFERENCE Using these elements, create a for-loop
that upon each pass through the loop @I#ERENCEto B, then
adds B toA. Figure 2-2 presents such a loop written in Java.

1 1
int A=1 B =1, 2 4
fi na! i nt DI FFERENCE = 2; 3 9
for(int i =1; i <= 10; i++) 4 16
{ 5 25
Systemout.println(i + "\t" + A);
B += DI FFERENCE; 6 36
A += B; 7 49
} 8 64
9 81
Output/ 10 10C

Figure2-2 Loop Using Method of Differences to Compute Square
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The output from Figure 2-2’s loop would be two cuhs of integers
like that shown in the figure’s right portion. Thelumn on the left
represents the incrementing values afd the column on the right
represents the running tofal Notice that the values in columnare
the squares of the respective values ®his shows that a table of
squares can be generated using successive addifiaronstant
difference hence the term “difference machine.”

Incorporating another register into the sequencalditions and
initializing DIFFERENCE to 6 produces a table obes, as shown in
Figure 2-3.

1 1
int A=1, B=1, C=0; 2 8
final int D FFERENCE = 6; 3 27
for(int i =1; i <= 10; i++) 4 64
{ 5 125
Systemout.printin(i + "\t" + A); 6 216
C += DI FFERENCE; 7 343
FOERS 8 512
o 9 729
I O“tp“t/ 10 100C

Figure2-3 Loop Using Method of Differences to Compute Cube

Figures 2-2 and 2-3 illustrate theethod of differencea method for
computing polynomials using only addition. Sincenpmanathematical
functions such as logarithmic and trigopnometricclions can be
approximated using polynomials, and since a diffeeeengine with
n+1 registers can compute polynomials of degrdékem an engine
should be capable of generating many types of maheal tables.

Charles Babbage's 1821 design of his Differenceriengo. 1 was
based on this principle. It used columns of whesdsh column of
which represented one variable from the for-loopregles and each
wheel of which represented a digit of the decinalg, i.e., 1's, 10's,
100's, etc. place.

The ground-breaking achievement of Difference Eadjiio. 1 was
that it was fully automatic. No human thought, uistending of how
the machine worked, or understanding of the undeglgnathematics
was required in order to generate the correct auuily a physical
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cranking of a handle was needed to generate matloathacorrect
results making it possible to have been produced $tgam engine.
(Myhrvold & Swade, 2008)

Difference Engine No. 1, however, was only a st&stcapabilities
were far beyond the calculating machines of the Hayits application
was limited to the solution of polynomial expressioThe design that
followed, Babbage's 1838 Analytical Engine, canuselto the
architecture of a modern, general-purpose compiltes.engine
included the following features (Myhrvold & Swa@§08):

* Aninternal von Neumann architecture: control and instructions
(the mill) were separated from the data (the store)

* Memory: at least 100 data memory locations (the store)

e Buffered parallel bus: transfer of data between mill and store

e General-purpose programming: serialized punch card input for
general-purpose programming

* Pipdlining: a serial fetch/execute cycle where the fetch amdt
execute unit could operate simultaneously

* Conditional branching: primitive if-then statements using
conditions such as "is like"

* Looping: iterative looping accomplished through the physica
connection of the programmable cards in a ring

* Microprogramming: reconfigurable barrels inside the mill that
converted punch card instructions into sequencesi@bcode.

e Carrylook-ahead addition: carries generated across multiple
decimal digits in order to reduce the executioretimhan addition

* High precision: 50 to 100 decimal digits

» Paralle processing: the use of independent arithmetic units

* Advanced I/O: output was available in numerous forms including
printed, stereotype printing plate, punch card, gwagbhical

Babbage's Analytical Engine called for a phenomeffatt in
machining and manufacture. A single 40-digit de¢ivadue of the
Analytical Engine would be stored on an axis oé#imch tall rotating
cylinders (one for each digit) measuring a totateof feet in height. It
is estimated that th&ore (memory) unit alone would contain 100 axes
for storing numbers, two axes for buffering numitesssferred to and
from the mill (I and "A), and an axis for a count&€his would require
the store to measure from 10 to 20 feet in lenBtbrhley, 1998).
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Themill (control unit) contains two accumulator axes (A &),
three axes to handle carry look-ahead for addaimeh subtraction or
the upper half of a multiplication result (F, 'lRdd’'F), nine table axes
used for multiplication and division (T1 through)Tand four
additional axes used for temporary registers amal tansfer. Add to
this the mechanics for the microprogramming conirot, error
handling, and input and output and you have a madthiat is the size
and weight of a small locomotive (Bromley, 1998).

The implementation of the Babbage Analytical Enghmmwvever, is
not important to this discussion. What is importiarthe programmer's
view of the engine. First, the Analytical Engingpaerated data (the
store) from control (the mill). In addition, the Alytical Engine
separated data from the instruction sequence,chitecture later to be
known as the Harvard architecture (Bromley, 19%98)s allowed data
to be a different format and width than the indiinres. It also allowed
data and instructions to be fetched in parallelghg improving
performance. The problem was that additional cotmes were
required for the two independent connections tgtleeessing unit.

As discussed earlier, data was stored on rotatimggig lined along
an axis. Since a rotating shaft can have hundrepesitions as easily
as it can have two, the binary numbering systeat ligtle importance
to a mechanical system such as Babbage's. This, &dirles Babbage
did experiment with various bases including 2,,31% 16, and 100 in
an effort to determine which base resulted in #stefst and least
amount of hardware. In the end, he settled on d&dioreliminate the
need for converting between stored values and ifpot and output to
the user (Bromley, 1998).

In order to make his machine programmable, Babbag®wed
two technologies from his own times. First, eadtrimction was
encoded on its own punch card, a technique borrdreea the
Jacquard loom. A set of cards was strung togetsiaguibbons
allowing the cards to act much like a paper tape $ets of cards were
used, one for operations and one for variable walue

The other technology borrowed by Babbage was uséeddrpret
the instructions found on the cards. Each instomctiorresponded to a
sequence of operations in the mill. These operatieere controlled by
a set of studs screwed onto a barrel much likeubsed in a music box.
The sequence of operations that defined an ingtrucbuld be
reconfigured by changing the position of the stddss process of
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implementing an instruction through a sequenceiofayoperations is
in use today and is known as microprogramming (BegiiL998).

Babbage’s instruction set itself is a bit moreidifft to describe as it
seems that nowhere is one clearly defined. Howekreough the
machine's microprogramming ability and its abitityexecute a
limitless number of instructions/cards, Charles lizede had designed a
universal calculating machine with capabilities &atures found in
many modern computers (Bromley, 1998).

2.3 Konrad Zuse's Z1

From 1936 to 1938, Konrad Zuse constructed hisaAdlgutomaton
he had designed in order to perform the time-comsgiwalculations
necessary in his occupation as a civil enginears¢2. , 2001) It
incorporated a number of important features ssiéddiin modern
computing including a floating-point binary numbegisystem, an
addressable memory to store data, distinct dedgmpal and output
units, an arithmetic unit with a carry look-aheader, and a control
unit that used a two-stage execution pipeline. Miaehine itself was
mechanical although Zuse later developed machiitas w
electromechanical relays. (Rojas, 1997) His thethine, the Z3, was
identical in architecture to the Z1 except thaeflaced the unreliable
mechanical elements with electromechanical relagsaalded a square
root function (Rojas, 1997).

Like Babbage’s Analytical Engine, the Z1 used avded-style
architecture executed programs directly from a puape reader
(35mm standard movie film) and stored data in assdp memory. In
the case of the Z1, storing the programs in mem@&y avoided
because it would have been too expensive to inerbassize of
memory to contain the programs. (Zuse P. , 2001)

The Z1's memory was connected to the arithmetictbrough a
parallel bus that passed 222liata between the 64 memory locations
and the arithmetic unit’s two floating-point regst, R1 and R2. These
registers functioned as an accumulator (R1) amdrgorary register
(R2) (Zuse P. , 2001).

Zuse's floating-point data format is remarkably amto the IEEE
Standard for Floating-Point Arithmetic (IEEE 754)dommon use

2 Zuse did not refer to the individual binary digits "bits". Rather, he described
them as "yes/no status". (Zuse K. )
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today. The most significant bit is a sign bit foetvalue. The next
seven bits contain the base-two exponent codeaslals tomplement
representation. The last fourteen bits are thafsignt without the
"hidden bit", i.e., the most significant bit of teegynificant, which is
always a one for non-zero values. Zero was reptedenith an
exponent of —64, a binary 1000000, with any vabrédlie significant.
(Rojas, 1997) Figure 2-4 presents the binary ifigapoint format of
the Z1 data.

+ | 7-bit exponent 14-bit significant

"\

Sign bit

Figure2-4 Zuse's Floating-Point Representation

Figure 2-5 shows 3,245= 110010101104= 1.1001010110% 2**
in Zuse's Z1 representation.

10/000101211001010110100|0

11 in binary 1.10010101101 with leading 1 removed
Figure2-5 Zuse's Floating-Point Representation of 3;345

The Z1 instruction set consisted of eight 8-bitrstions including
two for memory transfers and one each for input@utgut. The
remaining instructions represented mathematicalatipes between
the two registers. Addition, subtraction, multigliion, and division
combined R1 and R2, placed the result in R1, agaretl R2. Zuse
later added a ninth instruction for the Z3 thatkttite square root of R1
and returned the result to R1 (Rojas, 1997).

The operand field of the memory load instructiotdhibe address
from which data was to be loaded, but did not idgthe destination
register. This is because the first load would gsvaad R1 with
subsequent loads loading R2. The operand fieldefriemory store
instruction also did not identify a register. Alemory stores would
store R1 to memory and then clear R1. The next\waadd then be
considered "first" and load R1 again (Rojas, 1997).
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User input was accomplished using a four columtebyrow
keyboard that allowed the user to enter a decingg for each of the
four digits of the significant. A second keyboaldwed the user to
enter a decimal exponent from —8 to 8. The "readbéard” command
read the keyboard’s settings, converted them tarijrihen loaded the
value to R1 and cleared R2 (Rojas, 1997).

A "display result" command converted the binaryueatontained in
R1 to decimal, display the decimal value on a s&mps, and then
clear R1 and R2. The output lamps were arrangedhiikethe input
keyboard, i.e., digits for the significant and adicator for the
exponent. The significant output allowed for 5 thgnstead of 4, the
most significant of which could only be a 0 or &Read keyboard"
and "display result" instruction also halted thet@bive the operator a
chance to enter the next number or record a result.

Table 2-1 presents a summary of the Z1 instructeiralong with
each instruction's opcode and the number of cyelgsired to execute
the instruction (Rojas, 1997).

Table2-1 Z1 Instruction Set (Rojas, 1997)

Instruction/Description Opcode Cycles
Lu — read keyboard 01 110000 9to41*
Ld — display result 01111000 9to 41*
Pr z — load from address| A1 727574737571 1
Ps z — store to address 7 10 %2zs24732,2;, | Oor 1
Lm — multiplication 01 001000 16
Li — division 01 010000 18
Ls1 — addition 01 100000 3
Ls2 — subtraction 01 101000 40r5

* - depending on exponent

What the Z1 lacked was program flow control. Theeze no
conditional branches. Loops, therefore, could drymplemented by
connecting the paper tape’s ends to form a phykiogl in the code.
There was also no way to program decision strustsueh as if or
if/felse statements (Rojas, 1997).
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With the completion in 1941 of his Z3, Zuse creaegliable,
programmable computer with a binary floating-painotber system.
The next step was conditional branching and sterptdgrams.

2.4 IBM Automatic Sequence Controlled Calculator

Although numerical methods such as the methodftd@rdnces can
reduce complex mathematical calculations to theatmas of addition,
subtraction, multiplication, and division, the voia of operations and
the requirement of storing past results demandsgbeof calculating
machinery. It is for this reason that the Autom&aexuence Controlled
Calculator (ASCC) was developed, the result oflboration
between Harvard University and the InternationadiBess Machines
Corporation (IBM) (Harvard University Computatioatoratory,
1946). After a five-year design and developmentess, IBM shipped
the ASCC to Harvard University in February of 1% in August of
1944 completed final assembly and presented iiddJniversity
(IBM).

Also known as the Harvard Mark |, the ASCC separaizta
storage from processing just like Babbage's AnaytEngine. The
ASCC's processing unit consisted of a central mlyltand divide unit,
an array of seventy-two accumulators (referredstoaunters in the
Harvard documentation) for adding and temporaryagi®, and an
automatic sequencer that controlled the machirsevasole. In
addition, tables representing lggx), 10°, and sin(x) were included in
order to improve performance by removing the neetbimpute these
common functions. Up to eleventh order interpolatiould also be
performed by using one of the ASCC'’s three inteapoh units.
(Harvard University Computation Laboratory, 1946).

The ASCC was an electromechanical calculator meas6d feet
long by eight feet high and weighing about fivedohhe machine’s
mechanical components required a four horsepowetrad motor to
drive them. Data values were entered using oneotard readers,
and constants could be entered using a set ofyrkitenbs. Instructions
were entered using a separate mechanism calleditbeatic
sequencer. This device used a drum over which cm@ol tape with
rows of punched holes representing instructiong. ABCC output
consisted of an automatic card punch and two autortypewriters.

The ASCC'’s operation was controlled by a perforgtaper tape
that was fed into the sequence control unit. The teader was
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equipped with a row of 24 sensing pins that readpirforations in a
single line. Since each position either had a boleo hole, there was
an upper limit of 2 (16 Meg) possible binary values that could be
input to the sequencer on a single line. Due tadion the set of
allowable combinations of operations and data ssjithie number of
valid 24-bit inputs was considerably smaller thah 2

Each row of 24 holes was patrtitioned into threet&woups, A, B,
and C. Group A identified the source register, reféto in the Harvard
documentation as the “out relays”. Group B ideatifthe destination
register, referred to in the Harvard documentagisithe “in relays”.
The last group of eight bits, the C group, definacdperation to be
performed to generate the final result of the ofpama

Groups A and B referred to elements from one of $ets of
registers: a first set of storage registers whasdees could be varied,
and a second set of constant registers.

The ASCC had 72 storage registers numbered 1 tBath of these
registers consisted of 24 ten-position electro-raaatal counter
wheels representing a 23-digit decimal number waathnitial sign
digit. In keeping with the method of complementsresentation, the
sign digit was set to O for a non-negative valuigra negative value,
and any other digit for an overflow. Figure 2-6 wi3a partial set of
counter wheels for register 16.

e ey
i . o

e r
i . _
1 I8 '
NN R BB R

Figure2-6 IBM ASCC Storage Counter Wheels (Harvard Uniitgrs
Computation Laboratory, 1946, p. 16b)



Chapter 2: Early Architectures 23

The ASCC represented each storage register usingeabased on
its register number. These codes, which were useeférence the
registers in the ASCC's programs, consisted daftafithose positions
in the number’s binary representation that corraddo 1's, with the
least significant binary digit being referred topasition 1. For
example, register 3¢4(0010010%) would have holes in positions 6, 3,
and 1 thereby giving it a code number of 631. RegiglLo
(01000113%) would be identified with 7321.

The wheels of these accumulator registers operateth like the
wheels of Pascal’s calculator. A number or its clement could be
added to a register and the register’s hardwarddimandle the
addition along with any generated carries (Harndmd/ersity
Computation Laboratory, 1946)

The ASCC'’s constant registers consisted of sixtgligé decimal
vales to be used in the computations. Each digitede registers was
set manually using a 10-position dial, with negathalues represented
by their complements. Figure 2-7 presents an ino@¢jee most
significant 6 digits of constant registers 14 tlgiou 8.

Figure2-7 IBM ASCC Constant Input Dials (Harvard Univeysit
Computation Laboratory, 1946, p. 16a)
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The constant registers, which were numbered 73igird 32, used
the same encoding scheme as the storage regigtéssneans that the
registers are referred to with the codes 7414(¥31001003) through
83 (133, =10000109).

The typical ASCC command took the value contaimeithé register
identified by the A group (the source), added itht® register identified
by the B group (the destination), then stored é&seilt in the B group
register. For example, Figure 2-8 shows a patteholes in a row on
the tape that would instruct the ASCC to add regig8§, (binary
00010111/code 5321) to registergibinary 00101000/code 64). Note
that the C group has a hole punched at positidiis. directs the
ASCC to continue to the next instruction withoulting.

A Group B Group C Group - No hole punched
“source” ‘“dest.”  “misc” e - Hole punched
A A A

<

A

Drive Drive
sprocket sprocket
holes holes

B e e

Y
1
1
1
1
1
|
|
1
1
1
1
1
1
|
!
b

Figure2-8 ASCC Addition Instruction Example

The settings of the eight bits or holes in the Qugrallowed for
special operations to be done either during antiaddor instead of it.
For the most part, each C group bit denoted a Bpegeration, while
combinations of these bits defined more complettiicions. Table 2-
2 presents some C group codes and their corresppogerations.

To perform a subtraction, we need to complemensthece before
adding it. This would involve setting the lower @gp bits to 32.
Figure 2-9 shows the instruction to subtract regi&8 from register 40
with the result being placed back in register 40.

Since clearing a register involves adding its vatuggs complement,
the register to clear must be identified both | #and B groups.
While a clear could be specified using the C grooge 732, the
command’s prevalence led the ASCC'’s designersitotdea clear
using a blank or a hole only at position 7 (thetcare command). The
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designers felt that it would ease coding requireshannot require the
programmer to use the 32 code for the complemdms.i$ only true if
both the A and B groups refer to the same register.

Table2-2 Subset of ASCC Instruction Set (Harvard University
Computation Laboratory, 1946)

d

Code/holes Instruction/Operation
32 Take complement of source before adding to
destination
7 with other | After execution, go to next instruction. If comman
operations | has no 7, the machine is halted after the instyocti
7 with no other | If A and B are the same, clears a register by afd
operations | complement of register to itself. Addition otherauis
2 Take absolute value of source before adding to
destination register
1 Take negative absolute value of source before
adding to destination register
51 Output value to punch card. Halt machine if agdc
present.
6 Print output to automatic typewriter, (752 or 752
A group)
87 Halt machine at next line of code.
741 Read into EIO counter

D

Figure2-9 ASCC Subtraction Instruction Example

The ASCC also performed multiplication and division
Multiplications used two 24-digit registers as sm& and a 46-digit
register pair for the result. Since multiplicatiosed four registers, the
command itself required multiple rows on the tafee first row used
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the A group to identify the first source registaddahe B group code
“761” to signal the multiplication was coming. T@egroup was left
blank. The second row used only the A group whigntified the
second source register. The third row used theoBmto identify one
of two register pairs that were capable of handfiiglecimal digit
results. The continuation command 7 was only regliin the third row
as the 761 in the first row’s B group signaled thatoperation would
span three rows.

Figure 2-10 presents a sample section of codenbbiplies the
value in register 56 by the value in register 18res the result in
register 69, then continues to the next instrucfidre quotation marks
around the “761” and “7” are added to indicate theg codes and not
decimal values.

Group A | GroupB | Group C
56 “761"
18
69 ‘7"

Figure2-10 ASCC Multiplication Instruction Example

Like multiplication, division used three rows/ingttions. The
difference is that the code used in B group forfitse row/instruction
Is “76” instead of “761”. The operation places thenainder in the
register that contained the original dividend. Tikibecause a division
is usually performed with successive subtracthiefdividend until the
result is less than the divisor. Figure 2-11 presarsample code that
divides the value in register 34 into the valuedgister 42. Once the
division is complete, the quotient is moved to ségi 5 while the
remainder is left in register 42.

Similar instruction sequences allowed the programim compute
logarithms (code 762), exponentials (code 7621¢ypolations (code
763), and sine functions (code 7631). Althoughl#éinger instruction
set of the ASCC sets it apart from Zuse’s Z1, thendd an advantage
over the ASCC in that the ASCC did all of its congtion using a
fixed-point system rather than the floating poiygtem.
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Group A | GroupB | Group C
34 ‘76"
42
5 7

Figure2-11 ASCC Division Instruction Example

Some of the ASCC'’s registers were assigned spegrpbses. The
upper and lower halves of register 71 (code 73B&), multiple-in-
out” counter, could be treated as two independ2digit values.
When used with other registers, it could doubleABEC'’s storage
capacity at the cost of lower accuracy.

Additional carry circuitry between registers 68 @@dand between
registers 64 and 65 created two pairs of “gangeatess” allowing for
46 decimal digit results. Registers 68 and 64 wereidered the most
significant halves of the pairs. The sign bit waplecated in the most
significant two digits of the final result.

To differentiate between their use as a 24 digjister/counter or as
a ganged register/counter pair in code, an ‘8’ agsended to their
code, i.e., the most significant digit was setgecfy ganged mode.
For example, to refer to register 69 as a singledigit register, the
code 731 was used. When referring to register gsegf the ganged
pair with register 68, the code 8731 was used.ofezations were still
in 24-digit mode; i.e., an addition would take timetructions, the first
adding the lower halves and the second addinggperthalves along
with the carry from the previous addition.

Registers 70 and 72 could be used to support ¢ondit
programming. Register 70 (code 732), the “choiaentex”, allowed
for a primitive conditional operation. When the f@gp was set to code
432, the ASCC added or subtracted the registegsreef to using the A
and B groups, according to whether the choice @wuntained a
positive or negative value.

Register 72 supported more advanced conditiongranoming
structures. Basic conditional programming strucwensist of a
comparison between two values (usually a subtnactad a decision
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as to which path through the code to take bas@étl@nomparison’s
result. The ASCC used a special instruction, cataméhe C group, to
evaluate the subtraction result in register 72.

Unlike modern conditional branches, the ASCC mecelytinued or
halted operation based on a comparison’s outcoime pfocess was to
load register 72 with a value, add the negativelals value from a
second register to register 72, then execute aparé4. If the result of
the subtraction was equal to or less than zeroA8@C would halt
allowing a new tape to be loaded. Otherwise, opmratontinued.

With its separate instructions (tape) and datagped cards or
constant registers), the ASCC had the same artiniéeas Babbage’s
Analytical Engine and Zuse’s Z1. The ASCC, howewgets the honor
of having the architecture named after it. Computieat separate data
and instruction storage are commonly referred toaasng aHarvard
architecture Until memory became cheaper and more compacgdsto
program architectures were not practical.

2.5 Early Stored Program Machines

Separating instructions from data memory has bengdich as
allowing independent formats and simultaneous acokmstructions
and data. For early machines, however, the separatidata and code
may have been more a necessity than an attempiptove
performance. Memory was too expensive and reqareadnuch
physical space to waste on instructions. Instrustiere relegated to
the more cost effective and reliable format of pappe (Zuse P. ,
2001).

Paper tape, however, had drawbacks, the worst whwtas that it
was incapable of implementing any decision strctiher than to halt
the machine so that the tape could be repositionedthew tape could
be loaded. The solution to this was to create ehimadhat had enough
addressable memory to store both instructions atal d

2.5.1 Manchester Small-Scale Experimental Machine

In 1948, a proof of concept for an electronic meyraaliled the
Williams Tube resulted in the Manchester Small-8&atperimental
Machine (SSEM), the first stored-program compulée SSEM had a
32 x 32-bit memory, a 32-bit accumulator for intermeeligesults, and
a register called "the control" to contain the addrof the current
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instruction. During execution, the control was aamently loaded with
the instruction itself (Burton, 1997).

Both instructions and data were stored using 32vbids. The
instruction contained a 13-bit address (bits 0Zpahd a 3-bit function
field (bits 13 to 15). Because the SSEM had a 3&3weemory, five
bit positions (bits O to 4) were used for the addre

Figure 2-12 presents the layout of an SSEM instvaciThe
leftmost bit, which was referred to as bit O, rey@rgted the least
significant digit. It was common at the time of tRBEM development
to view bits as if they were arranged along an ¥-axth magnitude
increasing from left to right. This was also troe fiumeric values,
which were represented in 32-bit two's complemenhf(Burton,
1997).

Bit position:|0| 1| 2|3|4| 5..12| 13 14[15]|16..31
Function:| Memory address Unused| Function | Unused

Figure2-12 SSEM Instruction Layout

The SSEM had a small instruction set, each funasfomhich was
identified using three bits. One function accesbkedarithmetic unit,
which was capable only of subtraction and negati@n.flow control
there were two unconditional jump functions, a goadal jump
function, and a stop function. One function fordoey and one
function for storing allowed the SSEM to accessdiatmemory. Table
2-3 presents the SSEM instruction set along wightinary function
codes for programming it (Burton, 1997).

Program flow was controlled with the control regrstCl. Before an
instruction was loaded, Cl was automatically inceabed by one to the
next memory address. This had two effects. Firsthei SSEM
initialized CI to 0 before running a program, tirstfinstruction to be
executed would actually be at location 1. Secdmel destination
address for jump instructions was given as onetlessthe desired
address.

The CMP function (013 also affected CI. If a CMP function was
encountered and the accumulator contained a negadlue, Cl was
incremented an additional time thereby skippingshiesequent
instruction (Burton, 1997).
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Table2-3 SSEM Instruction Set (Burton, 1997)

Binary | Modern Instruction/Description
function | Mnemonic

000 JMP Load CI with address stored in locatiom{zal
to by instruction (indirect jump)

100 JRP Retrieve offset stored in location poiritely
instruction and add it to CI (relative jump)

010 LDN Copy to accumulator the negated contents of
the memory location pointed to by instruction

110 STO Copy contents of accumulator to memory
location pointed to by instruction

001 SUB Subtract from accumulator the contentbief t
memory location pointed to by the instruction

101 - Not defined

(If used, SSEM performed SUB function)
011 CMP | Skip the next instruction if the contentlod
accumulator is negative

111 STOP | Halt the machine

The SSEM'’s two jump commands are considered speasas in
modern computing. The JMP function (@D now known as an
indirect jump. This means that the memory addrefesenced by the
instruction contains the new address to be jumpeaohtonditionally.
The JRP function (1@Dis now known as an indirect relative jump.
This means that the value stored at the addressepidio by the
instruction represents an offset from the currestruction.

Although JRP is not necessary for a machine of SSEhplicity,
it was added because its cost was trivial andatved for relocatable
code. For example, a loop with an instruction gegts, "jump 5
memory locations back" instead of using a hard dadiress can be
placed anywhere in memory (Burton, 1997).

Programming the SSEM could be quite difficult doét$ limited
number of instructions, 32-word memory, and lackahe common
instructions such as addition or a direct load froemory. For
example, to load the accumulator with a value froemory took three
steps: function LDN (0L to load the accumulator with the negated
value in memory, function STO (130o store that negated value to a
temporary memory location, then a second LDN toee¢ the value
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from the temporary memory location and negatdéreby arriving at
the original value. Similarly, to add two numbére SSEM had to load
the negative of the first value (A = —x), subtrdmt second value (A =
—X —Y), store the value in a temporary memorytiocathen load the
negative of the newly stored value back into theuawlator

(A =—(-X—Y) = x+y).

Figure 2-13 presents a simple program to competetiotient and
remainder from a dividend and a divisor. It regsiitieat the dividend
(5,267 in the sample code) and divisor (43 in trae code) be
positive and that the dividend be larger than ikesdr. The resulting
quotient, 122, is stored in memory at line 27 wkile remainder, 21, is
placed at line 24 where the starting dividend wasesl. Once again,
this is because the process of division involveeaged subtractions of
the dividend until the dividend is less than thastir and hence
becomes the remainder.

The success of the SSEM along with its stored-pmogarchitecture
led to the development and implementation of thedhaster Mark 1.
The Mark I, which had a 40-bit data word size ar-+it instruction,
took the accomplishments of the SSEM to a muchtgréavel.

2.5.2 Princeton IAS Machine

After having worked on the Electronic Numericaldgtator and
Calculator (ENIAC) with John W. Mauchly, a professb the
University of Pennsylvania’s Moore School of Eledt Engineering,
and J. Presper Eckert, Mauchly’s graduate studeht) von Neumann,
a mathematician at Princeton’s Institute for Adweth&tudy (IAS),
developed a new design for a stored program acthie This work
was motivated by the difficulties with programmiting ENIAC. The
ENIAC was programmed manually by setting switchas ruting
cables, an arrangement that was time consuminglidnabt allow for
the storing of programs for later reload and exeoutWith Mauchly
and Eckert’s input, von Neumann wrote a reporditl'First Draft of a
Report on the EDVAC," which proposed a machine shated
instructions in memory alongside the data (von Naoum 1945).

In the report, von Neumann identifies the requireta®f the
ENIAC’s successor, the Electronic Discrete Variadlgomatic
Computer (EDVAC). This report was the first to dése a computing
machine in the abstract sense rather than as aptestof the
electronic circuitry (Smith, 1989).
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Instruction| Binary code Comment
0000000000000000...Q Cl is incremented over this to 1

LDN 24 | 00011...010| Load negated dividend

STO 25 | 10011...110 Temporarily store negated dividend
LDN 25 | 10011...010| Load positive dividend

SUB 26 | 01011...001] Subtract divisor from dividend

CMP 00000...0117] If result < 0, dividend was remainder,

JRP 28 | 00111...100 Jump over stop using const. 1 at 28

STOP | 00000...111] Program completed

STO 24 | 00011...110 Store updated dividend

LDN 27 | 11011...010 Load negated running quotient
10| SUB 28 | 00111...001 Subtract 1 to "increment" neg. quotignt
11| STO 25 | 10011...110 Temporarily store negative quotient
12| LDN 25 | 10011...010 Load positive guotient
13| STO 27 | 11011...110 Store positive quotient to proper line
14| JMP 29 | 10111...000 Jump to line 1 by loading CI with O

OO N[OOI WIN|IFO

24| 1100100100101000...
25| 0000000000000000...
26| 1101010000000000...
27 | 0000000000000000...
28 | 1000000000000000...
29| 1000000000000000...

Figure2-13 A Sample SSEM Program to Perform Division

Positive dividend initialized to 5,267
Temporary memory location
Positive divisor initialized to 43
Running quotient initialized to 0
Constant 1 used in lines 6 & 10
Constant 0 used in line 14

elleliellieliellies)

First, because of the machine’s nature, i.e.,96sas a computing
device, it must contain specialized components ldapaf addition,
subtraction, multiplication, and division. This lent of the machine,
identified as CA in the report, might also incluidactions such as the
square root, cubed root, sgn, absolute value, aldagarithm, base 10
and 2 logarithms, and sine along with some of timeierses (von
Neumann, 1945).

The machine should also have a logical control comept (CC) that
can step through a sequence of instructions toueeemnd activate the
appropriate sub-systems according to the instmstison Neumann
wrote that the order of the instructions and netitistructions
themselves should define a particular applicatigolsition. This is
critical in order to keep the device flexible arapable of general
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purpose application. This also implies that thérucdions should be
kept separate from the control unit, i.e., stored separate memory
(von Neumann, 1945).

In order to handle problems beyond a trivial nattlre machine
must be able to store a significant number of utdions in its
memory. In addition to instructions, the memory imiglso be used to
store intermediate results for complex operatipasameters for
expressions, tables of constants, boundary conditiconditions for
interpolation, and arrays of values for sortingtatistical evaluation.
These requirements imply the machine should hamsiderable
memory (M).

von Neumann notes that it would be beneficial tate a single
memory that could be reallocated to differing neétisdoes, however,
make an exception. Because of their short duraitionight be
convenient to move the storage of intermediateltesuthe CA
component (von Neumann, 1945).

In order to interact with humans, the device masteha medium (R)
that can be acted upon and/or sensed by a uskis fomponent were
to store results on material such as magnetized!ragte or wire that
could later be re-entered, R would also have tbpgties of static
memory and hence could be the natural solutioifofoy term storage.

An input interface (1) would be needed to recem®imation from
R and transfer it to the machine. von Neumann sstgdkat it would
be best to transfer user input directly to memaeny aever into the
control or arithmetic unit. Similarly, the machiskeould have an output
interface (O) that delivers computed results frbmachine back to
the user medium R. Once again, von Neumann sugthests would
be best to make the transfers directly from menaoy not from CC or
CA (von Neumann, 1945).

Although the von Neumann documentation does notigeca block
diagram for the organization of the proposed EDMA&chine, Figure
2-14 presents an interpretation of his work.

John von Neumann then collaborated with Arthur Blakd
Herman Goldstine at IAS to develop a new machirset@n the
EDVAC design, a machine later known as the IAS nrexhThe IAS
machine, described in their report titled, “Prehiany Discussion of the
Logical Design of an Electronic Computing Instruméhad the same
architecture as that described in the EDVAC replthiough the later
paper went into more detail regarding implementatnziuding a
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description of the instruction set (Burks, Goldsti& von Neumann,
June 1946).

User Input Memory >
Interface > () > (M) Central Control
(R) (CO)
Storage for:
Also « instructions 4
provides Output « intermediate
Iong-term, < ) < values Central
static * parameters Arithmetic (CA)
storage « constants >
* boundary «—| Storage for
) i conditions intermediate
I and O prowd.e an interface . arrays values
between physical phenomena

and machine readable signals

Figure2-14 Block Diagram of the von Neumann Architecture

According to this paper, the EDVAC machine waséealbsigned
according to the following guidelines.

The machine’s instructions were to be containegiémory.

A method was to exist so that the machine coultingjsish an
instruction from a number thereby allowing bottbtostored in the
same memory.

Although values could be located anywhere in memastructions
were to be ordered linearly, i.e., an instructiopliace n in memory
was to be followed by the next instruction in pléce- 1).

The instruction set was to include instructiond ttwuld exercise
each of the arithmetic unit's operations, transizia between the
machine’s elements and transfer data to the outmitg and from
the input units.

Given the need for repetitive tasks, the instructet was to
contain a conditional transfer order capable ofdieg which of
two sequences of instructions to execute. One stgdenethod on
which to base the decision was the sign of a number

Since a conditional transfer instruction alloweddae of two
possible sequences of instructions to be executédiace those
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sequences might need to come back together at maorpoint,
the instruction set should also have containednaonditional
transfer order.

* Because it had been determined that the IAS mashine
implementations of multiplication and division rexa the ability
to shift the values in the registers right and lefipectively, it was
allowed that these operations should also be irecud the
instruction set.

As implemented, the Princeton IAS machine had a4ly@ord
binary memory, each location of which could sto#9ebit word.

When used to store data, the 40-bit location usettcomplement
representation of a fraction, i.e., a fixed poialue between -1 and 1.
When used to store an instruction, each 40-bittiogatored two 20-
bit instructions identified as "left" and "righfThe left instruction was
executed first (Goldstine, Pomerene, & Smith, 1954)

Each 20-bit instruction was partitioned into foarts: a 10-bit
memory address, a step digit used to halt or coatoperation, an 8-bit
operation code, and a spare bit that identifie¢igpeperations. The
10-bit address allowed the IAS machine to accegdamation in its
1,024 word memory. The step digit, if set to Otdhthe machine after
the execution of an instruction without incremegtihe program
counter. Otherwise, if the step digit was set tth&,program counter
was incremented and the next instruction was ereécithe 8-bit
opcode defined the operation to execute. An in8tms last bit was 0
except in the case of a special order instruct®oldstine, Pomerene,
& Smith, 1954). Figure 2-15 presents the layouheflAS instruction
word

left instruction right instruction
— A —— A —
0 91011 1819 20 293031 3839
memory locatiof operation | 0 [memory locatiof operation | 0
Step digit:
0 — halt after this instruction Spare, usually

1 — step onto next instruction

Figure2-15 Princeton IAS Machine Instruction Layout
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The IAS machine had seven registers for storingrginalues. Two
40-bit registers in the arithmetic unit, CA, maintd the sources and
results of arithmetic operations.

* Accumulator (AC) — This 40-bit register (also referred to as Rl in
IAS documentation) held the result of an arithmeperation, the
upper half of a multiplication result, or the remder of a division.

It also held the multiplicand for a multiplicatiam the dividend of a
division.

e Multiplier Quotient (MQ) — This 40-bit register (also referred to as
RIl in IAS documentation) held the lower half ofraultiplication
result or the quotient of a division. It also h&éié multiplier for a
multiplication.

Five registers in the control unit, CC, maintaitieel step-by-step
sequencing of instructions from memory.

* Program Counter (PC) — This 10-bit register contained the address
of the next 40-bit instruction pair to fetch fronemory.

* Memory Buffer Register (MBR) — This 40-bit register contained
the word (datum or instruction) to be written tonoost recently
read from memory.

* Memory Address Register (MAR) — This 10-bit register contained
the address for a transaction to or from memorthdfnext read
was to be an instruction pair, MAR contained thieigdrom the PC
register. If the next transaction was to be a dalae, MAR
contained the address field value from the curiresituction.

* Instruction Buffer Register (IBR) — This 40-bit register contained
the most recently fetched instruction pair.

* Instruction Register (IR) — This 20-bit register held the instruction
currently being executed.

The final progress report on the Princeton IAS nreelas submitted
by Goldstine, Pomerene, and Smith also presentdedaded
description of the instruction set including opce@éoldstine,
Pomerene, & Smith, 1954). This description is pnesgin Table 2-4.
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Table2-4 Princeton IAS Machine Instruction Set (Goldstine,
Pomerene, & Smith, 1954)

Opcode
(binary)

Operation description

11100101

Load AC with value from address in memory

11100100

Add value from address in memory to the AC

11101101

Load AC with negative of value from address in mgmo

11101100

Subtract value from address in memory from the AC

11110101

Load AC with absolute value of number from memory

11110100

Add absolute value of number from memory to the AC

11111101

Load AC with negative absolute value of number from
memory

11111100

Subtract absolute value of number from memory ftoenAC

11100000

Multiply MQ with value from address in memory;
put upper half of result in AC and lower half oué in MQ

11100010

Multiply MQ with value from address in memory;
put only upper half of result in AC to round offaler 40 bits

11111000

Divide AC by value from address in memory;
leave remainder in AC and put quotient in MQ

11100110

Load MQ with value from address in memory

11010100

Store AC to address in memory

11010101

Store AC to address in memory then clear AC

11010000

Unconditional jump to left instruction of destiratiaddress
(step digit = 0)

11010000

Unconditional jJump to right instruction of destireat address
(step digit = 1)

11010000

If value in AC is non-negative, jump to left insttion of
destination address (step digit = 0)

11011000

If value in AC is non-negative, jump to right insttion of
destination address (step digit = 1)

10100000

Shift AC right one position with LSB shifting intdQ

10100010

Shift AC right one position discarding LSB

10101000

Shift AC right one position discarding MSB

10100100

Transfer MQ to AC

N/A*

Replace address portion of left instruction at adslr
in memory with left most 10 bits in AC

N/A*

Replace address portion of right instruction atrasisl

in memory with left most 10 bits in AC

37

* These instructions were part of the original 1a®posal, but do not
appear as implemented in the final progress report
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In addition to the instructions presented in Tabkg there were six
I/O instructions for transferring data between mgnand the outside
world. Over the course of its life, the IAS machursed 1/O including
teletypewriters, punch cards, and magnetic wirer@\Vh953).

2.6 What's Next?

These early architectures, though innovative, wed@us to
program, due to their limited storage and simp#rurction sets. The
rest of this book will show how the Harvard and Weumann
architectures have been used as the foundatiaref@ioping more
complex and powerful computers.

Chapter 3 will begin by showing how increased iy in
memory addressing can expand the methods by wigohitams can
be implemented in software. Chapter 4 will thervghow to design an
instruction set capable of handling any algorithiirtgs will then lead
to a discussion of how instructions execute and hardware can be
designed for greater performance.
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2.8 Problems

1. Describe the benefits of separating code from uhada
architecture's storage mechanism?

2. Describe the benefits of combining code and datain
architecture's storage mechanism?

3. Using the Z1 machine language presented in Talllew#tite a
program to comput2x + x — 5where x is a value stored in one of
the ASCC's storage registers. Be sure to writede as a
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sequence of 8-bit instructions. In addition, idntihe purpose of
the referenced memory locations along with iniiaues if there
are any.

4. Using the ASCC instruction set presented in Tak?e &rite a
program to comput®X + x — 5where x is a value stored in one of
the ASCC's storage registers. Be sure to writedue as a
sequence of 24-bit instructions where a 1 represehble in the
paper tape while a 0 represents the absence déalh@ddition,
identify the constant and storage registers tosael @long with
their initial values.

5. Using the SSEM instruction set presented in Take &rite a
program to compute! (n-factorial) wheren is an integer stored in
the SSEM memory at location 30The result is to be stored at
memory location 3b. Be sure to write the code as a sequence of
32-bit instructions and identify any memory locasaised along
with their initial values.

6. Using the IAS machine's instruction set presentetiable 2-4,
write a program to compute (n factorial) wheren is an integer
stored in the SSEM memory at location &l The result is to be
stored at memory location 5t2Be sure to write the code as a
sequence of 40-bit instruction pairs and identify enemory
locations used along with their initial values.

7. Using the programming language of your choice,teraasimulator
for the original SSEM computer. In your implemeittaf be sure to
accurately match both the 32-bit 2's complemerd ftatmat and
the 32-bit instruction format as described in FegRr12. You do
not need to simulate the format of placing thetlsamificant bits
to the left. Implement each of the opcodes definefable 2-3.

At a minimum, you should have data elements sirmgahe
following components of the IAS machine.

* Using a 5-bit index into a 32-element array, dateithe
32-word memory.

* The control register, Cl, which contains the duldress
pointing to the next instruction to execute. Biliation of ClI
should force program to start at a specific addiresnemory,
however, remember that Cl is incremented immelyidgtefore
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an instruction’s execution.
e The accumulator, AC, which contains the 32-btadaeing
operated on.

In addition, be sure to implement the halt commahath stops the
machine. Upon encountering a HALT, have the sinouldisplay
the contents of its 1024-word memory in order tofyehe results.

. Using the programming language of your choice,terassimulator
for the original IAS computer. In your implementatj be sure to
accurately match both the 40-bit 2's complemerd ftatmat and
the 40-bit instruction pair format as describedFigure 2-15.
Implement each of the opcodes defined in Table 2-4.

At a minimum, you should have data elements sirmgahe
following components of the IAS machine.

e The 1024-word memory using a 10-bit index into a
1024-element array

* The instruction register, IR, which contains terent 8-bit
instruction.

* The instruction buffer register, IBR, which cantathe 8-bit
"right" instruction that was stored while the tlehstruction
was being executed.

e The program counter, PC, which contains a poitatéine next
instruction pair to execute. Initialization of BGould force
program to start at a specific address in memory.

* The accumulator, AC, which contains the 40-btadzeing
operated on.

e The multiplier quotient, MQ, which contains the-dit data
multiplier, lower half of multiplication result,r@uotient.

In addition, halt the machine if the step digit taans a zero. Upon
encountering a HALT, have the simulator displaydbetents of
the 1024-word memory in order to verify the results
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