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BASIC IDEAS

INTROBUCTION

In this book we are going to study a small computer and learn how it
functions. 1In addition to this book, you will need a "system" manual
or "hardware" manual for the machine you have chosen to work with.

Most of what we have to say will apply equelly well tc any of the
microcomputers available today. Occasionally, in order to be speci-
fic, we will have to pick a particular machine and talk about its
structure. The machine we have selected is the KIM-1 produced by
M.0.S. Technology. It is an 8-bit machine quite similar to the other
popular machines. It is more typical of most mini- and micro-
computers than, say, the 8080, and is somewhat advanced over the 6800.
Most important, it comes all sssembled in a standard package, so that
we can be very specific about what hardware you are assumed to have.
This has the great advantage of lending concreteness to what other-
wise might be a vague concept.

If you have s computer different from the KIM-1 you will have to
look up certain specificstions in your hardware manuals. However,
most of what we have to say will have obvious parallels, and trans-
lation should be fairly straightforward.

THE FUNDAMENTAL ANALOGY

In order to introduce the basic ideas of this book, we are going to
present what has been called the "homuncular (1ittle man) theory of
computers.”" Imagine, if you will, s clerk sitting at a large desk.
On the desk there is a sheet of paper marked off into square cells,
This collection of cells is called the "memory," since it is where
information is remembered. BEach cell has a label or name, this is
called the address of the cell. For convenience we will imagine that
these lebels are numbers beginning with zero, one, two, etec., each
cell having a unique name or number associated with it. 1In each cell
there is space for the clerk to write down a small amount of infor-
mation; just one word in each cell. In addition to these cells; he
has two scratch-pads called the "accumulator" and the "instruction
register," where he can keep temporary information.

At one side of the desk there are a few baskets, some with in
signs on them and some with out signs. These baskets have addresses
just like memory cells. If the regular memory cells are labeled
0-997, then the in basket might be labeled 998 and the out basket
999, Within convenient reach of the clerk there is a mechanical
counter -- the kind used to tally the number of people going through
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a gate or to indicate who 1s next to be served at a meat market or
stamp-redemption store. Each time the clerk pushes the button on the
top of the counter, the number displayed by the counter is increased
by one. There are also knobs on the front of the counter, so that

he can set a completely new number into the counter if he so desires.
This counter is called the "program counter" (pc) and is used by the
clerk to find out what he should do next. Finally, on the desk there
is a telephone, which rings occasionally. When it rings the clerk
drops what he is doing and answers the phone. This is called an inter-

ruption or "interrupt" for short.
On the wall, where the clerk can see it every time he raises his

eyes, there is a framed motto by which he guides his every action.
It says:

1. FETCH NEXT INSTRUCTION

2, INCREMENT PROGRAM COUNTER

3. CARRY OUT INSTRUCTION

4. GO BACK TO STEP 1. -

This is what the clerk dces all day long, every day. He looks
at the number in the program counter. Suppose it is "123". He
"fetches" (reads) the word written in cell 123 and copies it inte the
instruction register scratch-pad. This word tells him what instruc-
tion to carry out. Instructions are usually very simple: add omne to
the number in the accumulator scratch pad, erase the number in the
accumulator, and replace it with a copy of the number in cell L56
(for example). We will shortly lock at the repertoire of instructions
the clerk can "execute."

After fetching the next instruction, and before executing it,
the clerk pushes the button on the program counter, thus adding one
to the rumber shown there. If the number was 123, it is now 12k, He
does this incrementation at this time so that he does not forget to
do'it. Therefore, when he comes back to step one of his motto, he
will get a different instruction —- the one stored in cell 124 in
our example.

Now, after fetching the instruction and putting it into the
instruction register and then incrementing the program counter, he is
ready to perform (execute, carry out) the instruection. He does.

Then he goes back to step 1 of his motto and repeats the whole cycle.
Again, and again, and again. This is the basic cycle of every
computer. It is called the "fetch--execute cycle.”

TYPES OF INSTRUCTIONS

Continuing with our analogy of the clerk, let us see what types of
instructions he can execute, and then "write" a couple of short
programs (lay down a sequence of instructions, which if carried out
in order, will achieve the desired results).



MOVE DATA

The first general type of instruction that the clerk can carry out is
the data move type. There are two varieties of this type, called
"loads" and "stores." For our simple-minded clerk, who has only one
scratch-pad or "register" that he can work with (the instruction
register is always busy holding the current instruction, so he cannot
use that one for data), there are only two instructions of this type:
load accumulator (LDA), and store accumulator (STA). Each of these
instructions consists of two parts (as do many other instructions).
These parts are the operation to be performed (the op code} and the
name of the cell to which the operation should be applied (the
address). Thus the load accumulator instruction says '"read the
contents of cell named in the address part of this instruction and
then copy those contents inio the accumulator." So "LDA 123," where
cell 123 holds the number 737, will cause the number 737 to appear in
the accumulator. The old contents of the accumulator (the number
that used to be there) are lost. The cell named in the address field
is not changed in any way. Given the execution of LDA 123, we have
the following situation:

Before After
Accumulator: Scme number 737
Cell 123: T37 T37

Using some shorthand symbols, we can simglify the explanation.
Parentheses around a muber (or a name) mean "the contents of this
cell,” so (123) = 737. A left arrow («—) means that the value on
the right of the arrow "goes into" or replaces the contents of the
cell named on the left. We can then write:

LDA 123 means Acc<—(123)
where Acc is an abbreviation for "accumulator."
The other instruction of this type (STA) works just the opposite.
The contents of the accumulator are copied into the cell named in the

address field.

STA 123 means 123<—/(acc)

and
Before After
Ace: 562 562
Cell 123 some number 562

Tn many machines, the "elerk" has more than one scratch-pad or
register to work with. When this is the case, there is usually (but
not always) a load and store instruction for each of his registers.
Thus, if one of his registers is called the "index" register, we will



find an ILDX and a STX instruction in the repertoire, to enable him to
move data in and out of the index register.

ARITHMETIC AND LOGICAL INSTRUCTIONS

Scme of the instructions the clerk gets tell him to perform arith-
metic. He always uses his accumulator scratch-pad to do this. A
typical arithmetic instruction is ADD 123, This tells the clerk to
2dd a number to the number already in the accumulator and put the sum
intc the accumulator. At first glance, you might think that he was
supposed to add the number 123 tc the accumulator, but you would be
wrong., He is supposed to add the number stored in cell 123 to the
accumulator. Thus:

ADD 123 means Acc<—(Acce) + (123).

and
Before After
Acc. 10 15
Cell 123 5 5

Perhaps the world would have been a nicer place to live in if,

20 years ago, the early computer pioneers had written ADD C123, vhere
the C was to remind you that the number following was a cell address,
or even if they had written ADD(123), where the parentheses take
their conventional meaning of "the contents of." But they didn't,
and we are now stuck with ADD 123. Life will be a little better
later on, when we begin referring to addresses by symbolic names,

For example, we mey say ADD SMITH, where SMITH is the name of a
variable that is stored in some cell or other of the memory. But we
might just as well face it now: sometimes we do mean to add the num-
ber given in the address field and not the contents of the cell with
that number as its name. This is called immediate addressing, and
to distinguish these two cases we write:

ADD # 123 which means Acc<—~(Acc) + 123

where the # stands for immediate, and:

Before After
Acc: 10 133
Cell 123: 5 5

In addition to the ADD instruction, most small computers have a
subtract instruction, abbreviated SUB, and we write:

SUB 123 which means Acc<—(Acc) -"(123)



where:

Before After
Acc 15 10
Cell 123 2 5

We can also have immediate subtracts SUB # and immediate loads: LDA#
1 puts the number "1" in the accumulator.

Question: Describe the action of SUB # and LDA #.

Question: We never find a STA # (store accumulator immediate).
What would that mean, if anything?

Several other instructions are included in this arithmetic group.
In large computers, we often have multiply and divide instructions,
but they are almost never found in micros and seldom in minis,
Another group of instructions (AND, XOR, IOR, and NOT) are lumped in
here and are called logical instructions. We will discuss these in
detail later, after we have talked about the representation of data.

JUMP

The next instructions we are going to consider are the ones that
change the number in the program counter., This means that they
change the place from which the next instruction is geing to be
taken. They are called jump, or transfer, instructions and they
come in two sorts: "conditional jumps" and "unconditional jumps."
Consider first an unconditional Jjump instruction:

JMP 123 which means PC<«—123

Here we have an exception to the usual addressing rules. For
Jjump instructions, it is not the contents of the addressed cell but
the address of the cell that is put into the program counter.
Suppose the above instruction is stored in memory cell 1000 and the
program counter currently contains 1000 —- that is, we are Just
abcut to execute the instruction in cell 1000, The following
sequence of events takes place:

1. We fetch the contents of the cell pointed at by the program
counter and place them in the instruction register. Since
(PC) = 1000 and (1000) = JMP 123, we put JMP 123 in the IR.

2. We increment the program counter. It then contains 1001. It
turns out that this will be wasted effort, but we do it cut
of habit,

3. We execute the instructions in the instruction register. This
says "put 123 into the PC," so, after execution, (PC) = 123.



4, We have now completed a fetch/execute cyele so we fetch again.
This time the program counter points to cell 123, so we take
our next instruction {whatever it may be) from there.

A conditional jump is very much like an unconditional Jump. The
difference is that we don't always meke the jump -- only under
certain conditions. For example,

JMA 123

is & "jump on minus accumulator." It says "if the accumulator is
less than zero (minus), put 123 in the program counter. If the
sccumulator is greater than or equal to zero (positive), do nothing."
Then if we have the number -3 in the accumulator, a JMA is just like
a JMP, but if we have +3 in the accumulator, the JMA instruction

does nothing and the next instruction is taken from the cell follow-
ing the cell holding the JMA instruction.

PROGRAM 1

Now we are ready to try a first program for our microcomputer, This
one will be just a pencil-and-paper exercise because we don't know
enough to get our machine running yet, but it will serve to explain
some of the ideas we have just been over.

STATEMENT OF THE PROBLEM: Suppose we have a switch
end a light. We wish to hook them up to a micro-

computer in such a way that when the switch is "on,"
the light is "on," and when the switch is "off," so

is the light.

As you will no doubt observe, we scarcely need a ccmputer to
manage this, but we are going to use one anyway. We have purposely
chosen a simple-minded task to perform, so that we can concentrate
on the computer part of the problem.

DISCUSSION

As our first step, let us concentrate on the switch part of the
problem. The computer must be able to discover somehow what posi-
tion the switch is in; that is, whether the switch is on or (o} i g%
The only way & microcomputer can tell what is going on around it is
through its input ports (in baskets). A typical input port consists
of eight wires. These wires are what the computer "reads" when the
input port is looked at by a program. For the sake of this dis-
cussion, we will pretend that there is only one wire at the input
port: namely wire Ig. If this wire is connected to a +5-volt power
supply, the computer will see the number 1 when it reads the input
port. If this wire is connected to 0 volts, the computer will see
the number O when it reads the port. If the wire is left dangling
in the air, connected to neither 0 V nor +5 V, some computers will
see a O and some will see a 1. It depends on the computer, so we



will be sure to connect to one or the other voltage so that there is
no ambiguity.
We will take & single-pole double—throw (spdt) switch. This

type of switch has three contacts on the back, arranged in a line:

0

0

0

When the switch handle is "up," the middle contact is connected
to the top contact:

]

When the switch handle is "down," the middle contact is
connected to the bottom contact:

0

|

The usual method of drawing such a switch is:

0]

0

‘where the line represents both the switch handle that you move and
the metal part that mekes the connection between the middle contact
and one of the two outside contacts.

Now we are ready to hook up the switch and the computer
(Figure 1.1)
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The reader should note the symbol — which is always used

for 0 V. 1In electrical parlance, it is called "ground potential” or
simply "ground." Note particularly that the computer is also
"grounded." All ground connections are tied together, and this symbol
is used to reduce the number of lines on diagrams.

If we assume that the input port has an address of 998 and we
execute the instruction

LDA 998 copy input port to accumulator

then, if the switch is down, the number we get in the accumulator is
zero. If the switch is up, we get a one.

Now let's look at the output side. The output port of a micro-
computer usually has eight wires just like the input port. They are
labeled O7 through Op. Concentrating for now on just Og, we find
that, if the output holds a zero, then Og has zero volts on it, while
if the output port holds a one, then Og has 5 volts on it. That is
the theory, at any rate. Actually, the voltages you would measure
with a voltmeter would be closer to 1/2 a volt (0.5V) and 4.5V, More-
over, the output wires don't have very much "oomph" behind them (after
all, it's only a little computer and it can't push very hard).

If you were to connect a 5-volt flashlight bulb across from Og
to ground, it would never light because the microcomputer can't put
out enough current to heat up the bulb; so we need a power amplifier
to incresse the power output of the output port. There are a number
of ways of amplifying power and we are going to choose the simplest.
It is a one-transistor DC amplifier. Almost any medium power NPN
transistor will do nicely (the 2N2222 and the 2N1890 are fine, as is
any NPN that can take 200-300 milliamps of collector current). In
addition toc the transistor, you need a resistor. A value somewhere
around 2200 ohms is ideal, but it is not ecritical. Figure 1.2 gives
the output circuit.

Com puier J_@_ 5 vouTs
Q AV .\l

Figure 1.2

i—

Circuit to light a light bulb.



Now we are ready to look at the computer part of the problem.
There are three steps to perform:

1. Find out what position the switch is in.
2. Turn on or off the light bulb.
3. Go back to step 1 and repeat the process.
Steps 1 and 2 are pretty cbvious from the original statement of
the problem, but step 3 isn't necessarily obvious until you think

about what happens if you turn the switch on and then turn it off
agein. It seems to me that we want the light to follow the switch on

or off as long as the computer is running -- not just the first time
we turn it on. Adding step 3, we meke the computer go back and look
at the switch again (and again and again -~ in fact, forever).

Figure 1.3 shows the steps listed above in diagramatic form.

Note that step 3 seems to have gone away. It is replaced by the
arrow out of the bottom box leading back to the top box.

This flow diagram is so simple that we can write the program at
once. Let us choose to put the program in cells 100-102. Tt locks
like this:

Cell Instruction Meaning
100 LDA 998 Get the input (0 if switch

down, 1 if switch up)

101 STA 999 Store the accumulator in
cell 999 {the output port,
so that the output will
agree with the input)

102 JMP 100 Put 100 in the program
counter so that the next
instruction will be taken
from cell 100

938 & The input port
999 ? The output port

We will now go through this program in excruciating detail, so we
are sure of what is going on.

1. By magic means, the program counter has been made to contain the
number 100 and we are at the beginning of a fetch cycle. The
clerk copies the instruction stored in cell 100 into the
instruction register. (IR) = IDA 998.

2. The clerk increments the program counter. PC<—10L
3. The clerk executes the instruction in the instruction register.

This says to copy the information in cell 998 (the input port)
into the accumulator: Acc<—{(998).

9



10.

Read the
input

Make output
agree with
+he input

Figure 1.3

A simple flow diagram to light a light when a switch is closed

The instruction in the instruction register now having been
executed, we fetch a new instruction from cell 101 at which the
PC is pointing: (PC) = 101, IR<—STA 999.

The program counter is incremented: PC<—102.

The instruction in the instruction register is executed. This
time it says to store the number in the accumulator into cell
999, which is the output port. Cell 999<«—(acc). This will
turn the light on or off appropriately.

A new instruction is fetched from cell 102 at which the PC is
pointing: JR<—JMP 100.

The program counter is incremented. PC<—103 (It is going to
turn out that this was wasted effort, but we can't possibly know
that until it is too late -- that is, after we begin to execute
the instruetion.)

The instruction in the IR is executed. This causes the number
100 to be placed in the program counter: PC<—100.

By magic means, the program counter has been made to contain the
number 100 and we asre at the beginning of a fetch cycle —-- but
this sounds familiar -— we are back to step 1 again.

And on we go, round and round in an endless loop. If somebody

changes the position of the switch, the next time around the loop,
we will update the light appropriately.

10



PROGRAM 2

For this problem we want to use the same equipment as in Problem 1,
but this time we want the up position of the switch to turn the light
off and the down position to turn the light on. Simple, you say,
Just turn the switch over. But we refuse. We want to change only
the program, not the hardware. In the real world, of course, we
would be insane not to take the easy way out. Just re-label the
switch, and we are done. Remember this when you come to design your
own computer conbtrol systems. Sometimes a rethinking of a problem
can simplify it enormously. 3But here we want to learn how to use the
conditional jump instruction, not turn a light on or off.

STATEMENT OF THE PROBLEM

When the input port contains a one, we want to turn off a light.
When 1t contains a zero, we want the light on.

DISCUSSION
What we have to do is look at the input after we get it and decide

whether it is zero or one and then set the output accordingly.
Figure 1.4 shows a flow diagram of the general line of attack.

11



































































































































































































































































































































































































































































































































































































































































































