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needed to link qualitative reasoning, often used to
describe the desirable properties of a system, to the
quantitative aspects that emerge when a system or its
components are observed with the help of numeri-
cally based sensing systems. Fuzzy logic provides an
answer to some of these issues.

Lotfi Zadeh is widely known as the inventor and
“fathex” of fuzzy logic. The concept of fuzzy logic has
received attention in practically all fields of science,
engineering, as well as in linguistics, psychology, eco-
nomics, and in many other fields within the soctal sci-
ences and humanities. Although the 1dea formalizes the
natural concept of approximate reasoning, it was met
with fierce resistance in some quarters for many years.
Fuzzy logic has now become a standard tool in the
repertoire of methods that are used in engineering
fields such as operations research, systems engineering,
and problem solving mn artificial intelligence. Recent
theoretical results, which show that fuzzy logic can be
used to approximate continuous functions on a compact
set, have served to reconstruct the links between math-
ematical systems theory, fuzzy logic, neural networks,
and other areas of computational intelligence.

Zadeh was and continues to be a vocal proponent of
the integration of electrical engineering and computer
science. A new direction in his work relates to what he
calls the computational theory of perceptions. Zadeh 1s
also an advanced amateur photographer specializing in
portraiture of prominent personalities. His portraits
include those of Alexander Kerensky (1881—1970; the
premier of Russia just before the October Revolution),
Richard Nixon (1913-94), Harry Truman (1884—
1972), Claude Shannon (1916-2001), Aldous Huxley
(1894—1963), and many others. His multilingual and
multicultural background, his long experience in the
world of science and engineering, and his life in major
international centers such as Berkeley and New York
have shaped his very broad humanistic perspective on

the role of science and engineering in society.
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71, 72, 7.3, and Z4

rom 1936 to 1945 in Berlin, the German inventor
F Konrad Zuse (1910-95) built some of the earli-
est computers: the machines Z1 (1936-38), Z2 (1940),
7% (1938—41), and 74 (1941—45). The 71 was a
mechanical device, whereas the 73, which had the
same logical structure, was built using electrical tele-
phone relays. The Z2 was an intermediate prototype
in which the memory consisted of mechanical compo-
nents and the processor was made of relays. The Z4

a “better Z3” in the sense

was also a relay machine
that it had a much greater memory and the instruc-

tron set was enlarged to handle more operations.



All machines used the binary system internally for
the arithmetic operations. Numbers were entered in
decimal notation and the processor took care of trans-
forming from the decimal to the binary system. After
computing the result using binary arithmetic, it was
transformed from binary to decimal and was dis-
played using lamps.

The 21, 75, and Z4 worked with floating-point
numbers, numbers written as an exponent and a man-
tissa, as in 1.5 X 2% Zuse wanted his machines to be
used for engineering and business computations and
developed an internal numerical representation that
strongly resembles the floating-point format of
today’s Institute of Electrical and Electronics
Engineers (IEEE). Each number was stored using
three fields: the sign of the number, the exponent of
the number in two’s-complement notation, and the
mantissa of the number. The number 2.0, for exam-
ple, was stored as a positive sign, binary exponent 1
and mantissa 1.0 (i.e., 2 = 1.0 X 2"). The processor of
the 7.1, 73, and Z4 thus consisted of two main compo-
nents, one for handing the exponent of a number and
one for handhing the mantissa.

The three main machines (the 7Z2 was just an
experimental prototype) shared a common architec-
ture, with three main components: the memory, the
processor, and the program. The memory (64 words
for the 21 and 7.3, 1024 for the Z4) was used to store
floating-point numbers. The processor operated on
them using two internal registers, R1 and R2. The
program commands were stored on a punched tape
and they were read sequentially. The instructions
were executed by the control unit, and the 1/0 console
allowed the user to enter decimal numbers through a
keyboard or read decimal results from lamps.

The clear separation between memory and processor,
not present in machines such as the ENIAC or the
Harvard Mark I, makes the 71 and 73 forerunners of
what later was to be called von Neumann architec-
ture. However, the program was not stored in memory,
mainly because all machines had so few addressable
memory locations. Zuse had thought of stored-program
architectures but did not pursue the idea further.

The mstruction set of the Z1 and 73 consisted of the

following operations: (1) addition, (2) subtraction, (3)
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multiplication, (4) division, (5) square root, (6) read a
number from the keyboard to a register, (7) display the
number 1n register R1, (8) store a number in memory,
and (9) load a number from memory . Before doing any
computation, numbers were read from the numerical
keyboard to registers R1 and R2. Once the registers
were loaded, addition, subtraction, multiplication, or
division could be performed. The result was stored
again in register R1. The time required by the Z3 for
multiplication was 3 seconds. According to Zuse, the 71
and 73 were almost equally fast. The Z35 used 2000
relays—600 for the processor and 1400 for the memory.

Using the mstruction set shown above, it is possible
to process any arithmetical formula of the type used
mn engineering applications. However, the instruction
set does not provide a conditional branching instruc-
tion, so it is relatively difficult, although not impossi-
ble, to perform more complex computations. Also, the
punched tape can be bound to form a loop, so that
iterative calculations are possible. Instructions were
punched on the tape using an 8-bit code. Zuse’s
machines could be driven by the program stored in
the tape or could be used with direct human input,
much like modern pocket calculators.

The processor registers R1 and R2 could also be
loaded with numbers stored in memory. Adding two
numbers stored at memory locations X and Y and
storing the result in memory location Z, consisted of
the following sequence of operations: first, load R1
with the number stored in address X; then load R2
with the number stored in address Y, perform the
addition; and finally, store the result in address 7. It
is not difficult to see how more complex programs
could be written for these machines.

Zuse avoided having to use many logic gates for
the processor by using a control unit that worked as
microsequencer, one for each command in the instruc-
tion set. A microsequencer consisted, in the case of the
73, of a rotating arm that advanced one step in each
cycle of the machine. A clock (a rotating motor) pro-
vided the clock cycles needed to synchronize the
machine. In the case of the 23, the operating fre-
quency was about 5 hertz. At each cycle, the rotating
arm in a microsequencer activated the circuits neces-

sary for the operation at hand.



868 71,72, 73, AND Z4

For example, in the case of multiplication,
repeated addition and shifting of binary numbers
were needed. The 18 partial operations needed were
all started by a microsequencer with 18 contacts for
the rotating arm. The microsequencer can be thought
of as a hardwired program that implemented more
complex instructions from atomic binary operations.
Modifying the internal operation of the machine
therefore consisted only In rewiring these microse-
quencers, without having to modify the rest of the
processor. This resulted in a very efficient and flexi-
ble architecture, as was shown thereafter, when the
instruction set of the 73 was expanded for the Z4.

The Z4 would become the computer that Zuse had
i mind from the beginning. It was built under con-
tract for the German Airspace Research Office. The
main difference between it and the Z3 was the larger
memory (1024 addresses). However, using relays for
the memory was out of the question, since this would
have made the 74 too bulky. Zuse developed a
mechanical memory using the same types of compo-
nents first used 1n the Z1. The final size of the larger
memory was less than 1 cubic meter. The processor,
on the other hand, was made of relays, and although
it had the same basic structure as the processor of the
75, 1t made more instructions available for the pro-
gramuner. It was possible, for example, to multiply a
number by 10, to shift a binary number, to calculate
the reciprocal of a number, and so on.

All these extra instructions did not demand a
fundamental change in the architecture of the
machine, only that more microsequencing units be
included in the machine. Multiplication by 10 was
already effectively present as atomic operation in
the 73 (and was necessary to transform a number
from the binary to the decimal notation) but was
hidden from the programmer. In the Z4 many hid-
den instructions were made visible to the program-
mer, in this way increasing the usefulness of the
machine. The main difference between the 74 and
Zuse’s previous machines was the inclusion of con-
ditional branching in the 74, which enabled more
sophisticated calculations to be performed.

After World War 11 the 74 was moved from Berlin

to Bavaria, where 1t stayed in a barn for almost four

years. Eduard Stiefel from the Technical University
of Zirich heard of the machine and after visiting
Zuse, decided to rent the computer for his university.
He asked Zuse to include conditional branching in
the instruction set, a second punched tape for num-
bers, and to use a typewriter to print out the results.
The machine was refurbished and conditional
branching was added. The new mstruction worked in
the following way: When the contents of register
R1lwas negative, the control unit skipped all following
instructions until a special code (“start”) was found
in the punched tape. In this way it was possible to
jump over sequences of instructions (1.e., those con-
stituting the not-taken branch of a conditional
instruction in the source code).

A detailed comparison. of the numerical algo-
rithms used by Zuse for the floating-point calcula-
tions 1 his machines with algorithms used in modern
machines shows that they are almost identical. For
division, Zuse used the approach now known as non-
restoring division. Square rooting was done using a
similar method based on the division algorithm.

During the years 1941—49 Zuse developed plans for
other machines and even applied for patents for some of
them. He designed a logarithmic machine, in which
numbers were stored as binary logarithms. He also
designed the circuits for a device that he called a “logic
machine,” in which each memory word consisted of a
single bit. The processor could only perform atomic
logic operations (conjunction, disjunction, and nega-
tion) and a program was a sequence of such atomic
operations. Perhaps the most surprising device he
thought of was a machine that would be a front-end for
the 7Z4: Formulas would be typed in a keyboard, using
the standard mathematical notation, and the machine
would transform them into assembler code for the 74.
This “Planfertigungsgerat,” which was mever com-

pleted, would have been a hardware compiler.
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