

































































































































































































































































































































































































































































































































































































































































































































































PROGRAMMING THE 6502

device to the processor. Let us examine the response of the proc-
essor to this interrupt.

In any case, the processor completes the instruction that it was
currently executing, or else this would create chaos inside the
microprocessor. Next, the microprocessor should branch to an
interrupt handling routine which will process the interrupt. Branching
to such a subroutine implies that the contents of the program counter
must be saved on the stack. An interrupt must, therefore, cause
the automatic preservation of the program counter on the stack.
In addition, the status register (P) should also be automatically
preserved, as its contents will be altered by any subsequent in-
struction. Finally, if the interrupt handling routine should modify
any internal registers, these internal registers should also be pre-
served on the stack.

After all these registers have been preserved, one can branch to
the appropriate interrupt handling address. At the end of this
routine, all the registers should be restored, and a special inter-
rupt return should be executed so that the main program will
resume execution. Let us examine in more detail the two inter-
rupt lines of the 6502.

6502 Interrupts

The 6502 is equipped with two interrupt lines, IRQ and NMI.
IRQ is the regular interrupt line, while NMI is a higher priority
non-maskable interrupt. Let us examine their operation.

IRQ is the level-activated interrupt. The status of the IRQ line
will be sensed or ignored by the microprocessor depending upon
the value of its internal flag I (interrput-mask flag). We will ini-
tially assume that interrupts are enabled. Whenever IRQ is
activated, the interrupt will be sensed by the microprocessor. As
soon as the interrupt is accepted (upon completion of the instruc-
tion currently executing), the internal I flag is automatically set.
This will prevent the microprocessor from being interrupted
again at a time when it is manipulating internal registers. The
6502 then automatically preserves the contents of PC (the pro-
gram counter) and P (the status register) into the stack. The
aspect of the stack after an interrupt has been processed is illus-
trated by Figure 6-23.

Next, the 6502 will automatically fetch the content of memory
locations “FFFE”’ and “FFFF.” This 16-bit memory location will
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PCL

PCH

Fig. 6-23: 6502 Stack After Interrupt

contain the interrupt-vector. The 6502 will fetch the contents of
this address, then branch to the specified 16-bit vector. The user is
responsible for depositing this vectoring address at “FFFE”-
“FFFF”. However, several devices may be connected to the IRQ
line. In this case, we are branching to a single interrupt handling
routine. How are we going to differentiate between the various
devices? This will be studied in the next section.

The NMI interrupt is essentially identical to IRQ except that it

7 77777,

NMI

VECTOR
71/77477.

Fig. 6-24: Interrupt Vectors
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cannot be masked by the I bit. It is a higher priority interrupt,
typically used for power failures. Its operation is otherwise iden-
tical except that the processor branches automatically to the con-
tents of ‘““FFFA’’-““FFFB’’. This is illustrated in Figure 6-24.

The return from an interrupt is accomplished by instruction
RTI. This instruction transfers back into the microprocessor the
top three words of the stack which contains P and PC (the 16-bit
program counter). The program which had been interrupted can
then resume. The internal state of the machine is exactly identi-
cal to the one at the time that the interrupt occurred. The effect
has been to introduce a delay in the execution of the program.

Prior to returning from an interrupt, the programmer is re-
sponsible for clearing the interrupt that it has now serviced, and
restoring the interrupt disable flag. In addition, should the inter-
rupt handling routine modify the contents of any register, such as
X or Y, the programmer is specifically responsible for preserving
these registers in the stack prior to executing the interrupt han-
dling routine. Otherwise, the contents of these registers will be
modified, and when the interrupted program resumes execution,
it will not be correct. '

Assuming that the interrupt handling routine will use regis-
ters A, X, and Y, five instructions will be necessary within the
interrupt handler to preserve these registers. They are:

SAVAXY PHA  PUSH A IN THE STACK
TXA TRANSFER X TO A
PHA PUSH IT
TYA TRANSFER Y TO A
PHA PUSH IT

Unfortunately, the 6502 may only directly push the contents of A or
P on the stack. As a result, preserving X and Y is time-consuming; it
requires 4 instructions. This is illustrated in Figure 6-25.

Upon the completion of the interrupt handling routine, these
registers must be restored and the interrupt handler must termi-
nate with the sequence of six instructions:
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PLA PULL Y FROM STACK
TAY RESTORE Y

PLA PULL X

TAX RESTORE X

PLA RESTORE A

RTI EXIT

PCL

PCH

STACK

Fig. 6-25: Saving all the Registers

Exercise 6.21: Using the table indicating the number of cycles
per instruction, in the Appendix, compute how much time will be
lost by saving and then restoring registers A, X, and Y.

For a graphic comparison of the polling process vs. the interrupt
process, refer to Figure 6-18, where the polling process is illustrated
on the top, and the interrupt process underneath. It can be seen that
in the polling technique, the program wastes a lot of time waiting.
Using interrupts, the program is interrupted, the interrupt is serviced,
then the program resumes. However, the obvious disadvantage of an
interrupt is to introduce several additional instructions at the beginning
and at the end, resulting in a delay before the first instruction of the
device handler can be executed. This is additional overhead.
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Having clarified the operation of the two mberrupt lines, let us
now consider two important problems remaining:

1. How do we resolve the problem of multiple devices trigger-
ing an interrupt at the same time?

2. How do we resolve the problem of an interrupt occurring
while another interrupt is being serviced?

Multiple Devices Connected to a Single Interrupt Line

Whenever an interrupt occurs, the processor automatically
branches to an address contained at “FFFE-FFFF” (for an IRQ),
or at “FFFA-FFFB” (for an NMI). Before it can do any effective
processing, the interrupt handling routine must determine which
device triggered the interrupt. Two methods are available to iden-
tify the device, as usual: a software method and a hardware

method.
INT 1  POLLING INTERRUPT VECTORED

L POLLING 3
WHICH —2-—-_ ROUTINE
DEVICE?

SERVICE
ROUTINE P

SERVICE
ROUTINE

SERVICE
ROUTINE N

Fig. 6-26: Polled vs. Vectored interrupt

In the software method, polling is used: the microprocessor in-
terrogates each of the devices in turn and asks them, “Did you
trigger the interrupt?”’ If not, it interrogates the next one. This
process is illustrated in Figure 6-26. A sample program is:

LDA STATUS 1

BMI ONE
LDA STATUS 2
BM1I TWO
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The hardware method uses additional components but provides
the address of the interrupting device simultaneously with the
interrupt request. The device now universally used to provide this
facility is called a ‘‘PIC,”’ or priority-interrupt-controller. Such a
PIC will automatically place on the data bus the actual required
branching address for the interrupting peripheral. When the
6502 goes to ‘““FFFE’’-*‘FFFF,”’ it will fetch this vectoring address.
This concept is illustrated in Figure 6-26.

In most cases, the speed of reaction to an interrupt is not cru-
cial, and a polling approach is used. If response time is a primary
consideration, a hardware approach must be used.

170 cee 10
INTERFACE 1 INTERFACE

‘ML ‘IHTn

Fig. 6-27: Several Devices May Use the Same Interrupt Line

Multiple Interrupts

The next problem which may occur is that a new interrupt can
be triggered during the execution of an interrupt handling
routine. Let us examine what happens and how the stack is used
to solve the problem. We have indicated in Chapter 2 that this
was another essential role of the stack, and the time has come
now to demonstrate its use. We will refer to Figure 6-28 to illus-
trate multiple interrupts. Time elapses from left to right in the
illustration. The contents of the stack are shown at the bottom of
the illustration. Looking at the left, at time TO, program P is in
execution. Moving to the right, at time T1, interrupt I1 occurs. We
will assume that the interrupt mask was enabled, authorizing I1.
Program P will be suspended. This is shown at the bottom of the
illustration. The stack will contain the program counter and the
status register of Program P, at least, plus any optional registers
that might be saved by the interrupt handler or I1 itself.

At time T1, interrupt I1 starts executing until time T2. At time
T2, interrupt I2 occurs. We will assume that interrupt 12 is con-
sidered to have a higher priority than interrupt I1. If it had a
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TIME T, N T T, v, I I
PROGRAMP h——d = o= = = = = = — = = = = = = = = —
INTERRUPT 1,

INTERRUPT 1,
INTERRUPT 1,

- o oHa

' T, T T, T, T.
Fig. 6-28: Stack During Interrupts

lower priority, it would be ignored until I1 had been completed. At
time T2, the registers for I1 are stacked, and this appears at the
bottom of the illustration. Again, the contents of the program
counter and P are pushed into the stack. In addition, the routine
for I2 might decide to save an additional few registers. 12 will now
execute to completion at time T3.

When I2 terminates, the contents of the stack are automati-
cally popped back into the 6502, and this is illustrated at the
bottom of Figure 6-28. Automatically, interrupt I1 thus resumes
execution. Unfortunately, at time T4, an interrupt I3 of higher
priority occurs again. We can see at the bottom of the illustration
that the registers for I1 are again pushed into the stack. Interrupt
I3 executes from T4 to T5 and terminates at TS. At that time, the
contents of the stack are popped into 6502, and interrupt I1 re-
sumes execution. This time it runs to completion and terminates
at T6. At T6, the remaining registers that have been saved in the
stack are popped into the 6502, and program P may resume execu-
tion. The reader will verify that the stack is empty at this point.
In fact, the number of dashed lines indicating program suspen-
sion indicates at the same time the number of levels there are in the
stack.

Exercise 6.22: If we assume that every time an interrupt occurs
the program counter PC, the register P, and the accumulator will
be saved, this will be a minimum of four locations. (In practice, X
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and Y may be saved as well, resulting in six locations used).As-
suming, therefore, that three registers only are saved in the stack,
how many interrupt levels does the 6502 allow? {Remember that
the stack is limited to 256 locations with Page 1).

Exercise 6.23: Assuming this time that 5 registers may be pre-
served in the stack, what is the maximum number of simultane-
ous interrupts that can be handled? Will any other factor reduce even
JSurther the number of simultaneous interrupts?

It must be stressed, however, that, in practice, microprocessor
systems are normally connected to a small number of devices
using interrupts. It is, therefore, unlikely that a high number of
simultaneous interrupts will occur in such a system.

We have now solved all the problems normally associated with
interrupts. Their use is, in fact, simple and they should be used to
advantage even by the novice programmer. Let us complete our
analysis of the 6502 resources by introducing one more instruc-
tion whose effect is identical to that of a synchronous interrupt:

Break

The BRK command in the 6502 is the equivalent of a software
interrupt. It can be inserted in a program and results, just as in
the case of IRQ, in the automatic preservation of PC and P, and
an indirect branch to “FFFE”’-“FFFF.” This instruction can be
used to advantage to generate programmed interrupts during the de-
bugging of a program. This will result in creating a breakpoint, halt-
ing the program at a predetermined location, and branching to a
routine which will typically allow the user to analyze the pro-
gram. Since the net effect of the break and an interrupt are iden-
tical after they have occurred, a means must be provided for the
programmer to determine whether it was an interrupt or a break.
The 6502 will set a B-flag in register P (saved in the stack) to *‘1* if
it was a break and to “0” if it was an interrupt. Testing the status
of this bit may be accomplished by the following simple program:

BTEST PLA READ TOP OF STACK INTO A
PHA WRITE IT BACK
AND #8$10 MASK B-BIT
BNE BRKPRG GO TO BREAK PROGRAM
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This test program is normally inserted at the end of the polling
sequence which determines the nature of the device that
triggered the interrupt.

Caution: A feature of the break is to preserve the contents of
the program counter plus 2 automatically. Since the break is only
a 1-byte instruction, the programmer may sometimes have to adjust
the contents of the program counter in the stack by using an
incrementing or decrementing instruction in order to resume
execution of the correct address. In particular, the break is exten-
sively used during debugging by writing it over another instruc-
tion in the program. If the program is reassembled prior to execu-
tion, the contents of the program counter which have been saved
will normally have to be decremented by 1.

SUMMARY

We have presented in this chapter the range of techniques used
to communicate with the outside world. From elementary input/
output routines to more complex programs to communicate with
actual peripherals, we have learned to develop all the usual pro-
grams and have even examined the efficiency of benchmark pro-
grams in the case of a parallel transfer and a parallel-to-serial
conversion. Finally, we have learned to schedule the operation of
multiple peripherals by using polling and interrupts. Naturally,
many other exotic input/output devices might be connected to a
system. With the array of techniques which have been presented
so far, and with an understanding of the peripherals involved, it
should be possible to solve most usual problems.

In the next chapter, we will examine the actual characteristics
of the input/output interface chips usually connected to a 6502.
Then, we will consider the basic data structures that the pro-
grammer may consider using.

EXERCISES

Exercise 6.24: A 7-segment LED display can also display digits
other than the hex alphabet. Compute the codes for H,1.J,L,O,P,S,
UYghijbnoprtuy.
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Exercise 6.25: The flow-chart for interrupt management appears

in Figure 6-29 below. Answer the following questions:

a-What is done by hardware, what is done by software?

b-What is the use of the mask?

c-How many registers should be preserved?

d-How is the interrupting device identified?

e-What does the RTI instruction do? How does it differ from
a subroutine return?

J-Suggest a way to handle a stack overflow situation.

g What is the overhead (“‘lost time’’) introduced by the interrupt
mechanism?

EXECUTE
INSTRUCTION

INTERRUPT
REQUEST

NEXT INSTRUCTION

l SET MASK j

PRESERVE REGISTERS
{if necessary)

| 'UNSET MASK l

v

IDENTIFY DEVICE
[ {if necessary) ]

r EXECUTE ROUTING ]

[ RESTORE REGISTERS ]

RETURN

Fig. 6-29: Interrupt Logic
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INPUT/OUTPUT DEVICES

INTRODUCTION

We have learned how to program the 6502 microprocessor in
most usual situations. However, we should make a special men-
tion of the input/output chips normally connected to the micro-
processor. Because of the progress in LSI integration, new chips
have been introduced which did not exist before. As a resulit, pro-
gramming a system requires, naturally, first programming a mi-
croprocessor itself, but also programming the input/output chips.
In fact, it is often more difficult to remember how to program the
various control options of an input/output chip than to program
the microprocessor itself! This is not because the programming in
itself is more difficult, but because each of these devices has its
own idiosyncrasies. We are going to examine here first the most
general input/output device, the programmable input/output chip
{in short a ‘‘PI1Q"), then “‘improvements’’ over this standard PIO,
now frequently used with the 6502: the 6520, 6530, 6522 and
6532. The complete details are presented in reference D302.

The Standard PIO (6520)

There is no *“standard PI0.” However, the 6520 device is essen-
tially analogous in function to all similar PIOs produced by other
manufacturers for the same purpose. The purpose of a PIO is to
provide a multiport connection for input/output devices. (A “port ”
is simply a set of 8 input/output lines). Each PIO provides at least
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two sets of 8-bit lines for 1/0 devices. Each I/O device needs a data
buffer in order to stabilize the contents of the data bus on output
at least. Our PIO will, therefore, be equipped at a minimum with
a buffer for each port.

In addition, we have established that the microcomputer will
use a handshaking procedure, or else interrupts to communicate
with the I/O device. The PIO will also use a similar procedure to
communicate with the peripheral. Each PIO must, therefore, be
equipped with at least two control lines per port to implement the
handshaking function.

The microprocessor will also need to be able to read the status
of each port. Each port must be equipped with one or more status
bits. Finally, a number of options will exist within each PIO to
configure its resources. The programmer must be able to access a
special register within the PIO to specify the programming op-
tions. This is the control register. In the case of the 6520, the
status information is part of the control register.

le—— o
DDRA  _PDRA A2

F

o bl
23 22 [ 1z 3
cmmsus@ oz gﬁ;, ggg (::} PORTA
26 29 g3
CRB DDRB PORS

1NdNI=0
il
U
3

REGISTER | =% RSO
SELECT a———p! RS1

1NdiNO=1

IRQA  «— Lt CB2

IRGB it f¢—— CBI

Fig. 7-1: Typlcal PIO

One essential faculty of the PIO is the fact that each line may
be configured as either an input or an output line. The diagram of
a PIO appears in illustration 7-1. The programmer may specify
whether any line will be input or output. In order to program the
direction of the lines, a data direction register is provided for each
port. A “‘0” in a bit position of the data direction register specifies
an input. A “‘1”° specifies an output.
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It may be surprising to see that a “0” is used for input and a “1”
for output when really “0” should correspond to Qutput and “1” to
Input. This is quite deliberate: whenever power is applied to the
system, it is of great importance that all the I/O lines be confi-
gured as input. Otherwise, if the microcomputer is connected to
some dangerous peripheral, it might activate it by accident.
When a reset is applied, all registers are normally zeroed and that
will result in configuring all input lines of the PIO as inputs. The
connection to the microprocessor appears on the left of the illus-
tration. The PIO naturally connects to the 8-bit data bus, the mi-
croprocessor address bus, and the microprocessor control bus.
The programmer will simply specify the address of any register
that it wishes to access within the PI10. The 6520, which is com-
patible with Motorola’s 6820, has inherited one of its peculiari-
ties: it is equipped with 6 internal registers. However, one can
specify only one out of four registers! The way this problem is
solved is by switching bit position 2 of the control register. When
this bit is a “‘0,”” the corresponding data direction register may be
selected. When it is a ““1,” the data register may be selected.
Therefore, whenever the programmer wants to write data into the
data direction register, he will first have to make sure that bit 2
of the appropriate control register is zero, before he can select
this register. This is somewhat awkward to program, but it is im-
portant to remember in order to avoid painful difficulties.

7 [-] 5 4 3 2 1
DDRA CAl
CRA RQAY RQA2 CA2 CONTROL ACCESS | CONTROL
———— S— " p—"
READ-ONLY READ/WRITE 8Y MPU

Fig. 7-2: PIA Control Word Format

RS1 RSO CRA 2 CRB 2 REGISTER SELECTED
0 ] ) - PERIPHERAL REGISTER A
0 0 0 - DATA DIRECTION REGISTER A
] 1 - - CONTROL REGISTER A
1 0 - ) PERIPHERAL REGISTER B
| 0 - 0 DATA DIRECTION REGISTER B
1 1 - - CONTROL REGISTER B

Fig. 7-3: Addressing PIA Registers
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To clarify the effect of the address selection on the 6520, the
address selection table appears above. RS0 and RS1 are two
register-selection signals which are derived from the address bus.
In other words, they represent two bits of the address specified by
the programmer. CRA is the control register for port A. CRA (2)
is bit 2 of this register. CRB is the control register for port B.

The Internal Control Register

The Control Register of the 6520 specifies, as we have seen, in
bit position 2, a selection mode for the internal registers of the
port. In addition, it provides a number of options for generating or
sensing interrupts, or for implementing automatic handshake
functions. The complete description of the facilities provided is
not necessary here. Simply, the user of any practical system which
uses the 6520 will have to refer to the data sheet showing the
effect of setting the various bits of the control register. Whenever
the system is initialized, the programmer will have to load the
control register of the 6520 with the correct contents for the ex-
pected application.

$2 —d fe——=- PAO
L]
RS‘ — .
e

6530 a——a PA7

L] [~a—=- PBO
° [
A9 [} PB5/CS2
. PB6/CS)
RES et [—— PB7/IRQ
VSsS vce

Fig. 7-4: 6530 Pinout
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The 6530

The 6530 implements a combination of four functions, RAM,
ROM, PIO, and TIMER. The RAM is a 64x8 memory. The ROM
is a 1 Kx8 memory. The timer provides the programmer with mul-
tiple interval timing facilities. The P10 section is essentially ana-
logous to the 6520, which we have described: There are two ports,
each with a data register and a data direction register. A 0" ina
given bit position of the direction register specifies an input,
while a ‘1" specifies an output.

The programmable interval timer can be programmed to count
up to 256 intervals (it has 8 bits internally). The programmer may
specify the time period to be 1, 8, 64, or 1024 times the system clock.
Whenever the count is reached, the interrupt flag of the chip will be
set to a logic ‘1’’. The contents of the timer are set by means of the
data bus. The four possible time intervals must be specified on lines
A0 and A1 of the address bus.

Three pins of port B have a dual role: PB5, PB6, and PB7 may
be used for control functions. Pin PB7, for example, may be pro-
grammed as an interrupt input.

This chip is used, in particular, on the KIM board. {Note:
on the KIM, PB6 is not available.)

Programming a P10

As an example, here is a program to use a 6520 or a 6522.
(We assume that the control register has already been set).

LDA #FF SET DATA DIRECTION

STA DDRB CONFIGURE BFORQUTPUT
LDA #00

STA IORB GENERATE ZERO OUTPUT

DDRB is the address of the Data Direction Register of port B for this
PIO. IORB is the Input/Output or data register for port B;
“FF" hexadecimal is *“11111111”’ binary = all outputs.

The 6522

The 6522, also called “versatile interface adapter” (VIA), is an
improved version of the 6520. In addition to the capabilities of the
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IRQA

i

DATA DIRECTION

c> PAD-PA7

<:> PBO-PB7

lg— CB 1
lt—2=CB 2

7
PERIPHERAL
INTERFACE A
CONTROL
CSO —
PERIPHERAL
1
csl —» CHIP SELECT INTERFACE B
C52 = i
RSO—>1 | [ pegisTer
RS — SELECT DATA DIRECTION
R/W —=
EN — o (DDRB)
RESET —|
- CONTROL
v: (CRB)
IRQB STATUS
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Fig. 7-6: Using a PIA: Load Data Direction
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6520, it provides two programmable interval timers and a serial-
to-parallel, plus parallel-to-serial converter, plus input data latch-
ing. The detailed hardware description of this component is be-
yond the scope of this book. Simply, with the description which
has been provided for the previous components, it should be
simple for the programmer to familiarize himself with the ad-
dressing of the internal registers of this component as well as its
programming. This information is supplied in the manufacturer’s
data sheets.

The 6532

The 6532 is a combination chip which includes one 128 x8 RAM,
a PIO with two bi-directional ports, and a programmable interval
timer. It is used on the SYM board, manufactured by Synertek
Systems, which is analogous to the KIM board, manufactured
by MOS Technology and by Rockwell. Again, the user should
carefully examine the data sheets for this component in order to
learn how to address and use the various internal registers.

SUMMARY

Unfortunately, in order to make effective use of such compo-
nents, it will be necessary to understand in detail the function of
every bit, or group of bits, within the various control registers.
These complex new chips automate a number of procedures that
had to be carried out by software or special logic before. In par-
ticular, many of the handshaking procedures are automated with-
in components such as a 6522. Also, some interrupt handling
and detection may be internal. With the information that has
been presented in the preceding chapter, the reader should be able
to read the corresponding data sheets and understand what the
functions of the various signals and registers are. Naturally, still
new components are going to be introduced which will offer a
hardware implementation of still more complex algorithms.
For a comprehensive description of 1/O devices and techniques, the
reader is referred to the companion volume D302.
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INTRODUCTION

This chapter is designed to test your new programming skills by
presenting ‘a collection of utility programs. These programs, or
“‘routines,” are frequently encountered in applications and are generally
called ““utility routines.’”’ They will require a synthesis of the knowledge
and techniques presented so far.

We are going to fetch characters from an 1/0 device and process
them in various ways. But first, let us clear an area of the memory
(this may not be necessary; each of these programs is only presented as
a programming example).

CLEAR A SECTION OF MEMORY

We want to clear (zero) the contents of the memory from ad-
dress BASE + 1 to address BASE 4+ LENGTH, where
length is less than 256.

The program is:
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ZEROM LDX #LENGTH
LDA #0

CLEAR STA BASE, X
DEX
BNE CLEAR
RTS

Note that register X is used as an index to point to the current
location of the memory section to be zeroed.

The accumulator A is loaded only once with the value 0 (all 0’s),
then written at successive memory locations:

BASE + LENGTH, BASE + LENGTH - 1, etc., until X dec-
rements to zero. When X=0, the program returns.

In a memory test for example, this program could be used to zero
a block, then verify its contents.

Exercise 8.1: Write a memory test program which will zero a 256-word
block and verify that each location is 0. Then, it will write all 1’s and
verify the contents of the block. Next, it will write 01010101 and verify
the contents. Finally, it will write 10101010 and verify the contents.

Let us now poll our I/0 devices to find which one needs service.

POLLING 1/0 DEVICES

We will assume that 3 I/O devices are connected to our system.
Their status registers are located at addresses IOSTATUS],
IOSTATUS?2, and IOSTATUS3.

If their status bits are in bit position 7, we will just read the status
registers, and test their sign bits. If the status bits are anywhere else,
we will take advantage of the BIT instruction of the 6502:



PROGRAMMING THE 6502

TEST LDA MASK
BIT IOSTATUSI
BNE FOUNDI1
BIT IOSTATUS2
BNE FOUND 2
BIT IOSTATUS3
BNE FOUND3
(failure exit)

The MASK will contain, for example, “00100000” if we test bit
position 5. As a result of the BIT instruction, the Z bit of the
status flags will be set to 0 if “MASK AND IOSTATUS” is non-
zero i.e. if the corresponding bit of IOSTATUS matches the one
in MASK. The BNE instruction (branch if non-equal to zero)
will then result in a branch to the appropriate FOUND routine.

GETTING CHARACTERS IN

Assume we have just found that a character is ready at the key-
board. Let us accumulate characters in a memory area called
buffer until we encounter a special character called SPC, whose
code has been previously defined.

The subroutine GETCHAR will fetch one character from the
keyboard (see Chapter 6 for more details) and leave it in the ac-
cumulator. We assume that a maximum of 256 characters will be
fetched before an SPC character is found.

STRING LDX #0 INITIALIZE INDEX TO ZERO
NEXT JSR GETCHAR

CMP #SPC IS IT THE BRK CHAR?

BEQ ouT IF SO, FINISHED

STA BUFFER, X NO: SAVE CHAR

INX INCREMENT POINTER

JMP NEXT GET NEXT CHAR
ouT RTS
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Exercise 8.2: Let us improve this basic routine:
a-Echo the character back to the device (for a Teletype, for example)
b-Check that the input string is no longer than 256 characters

We now have a string of characters in a memory buffer. Let us
process them in various ways.

TESTING A CHARACTER

Let us determine if the character at memory location LOC is
equal to 0, 1, or 2:

ZOT LDA LoC
CMP #3500
BEQ ZERO
CMP #301
BEQ ONE
CMP #302
BEQ TWO
JMP NOTFND

We simply read the character, then use the CMP instruction to check
its value.

Let us run a different test now.

BRACKET TESTING

Let us determine if the ASII character at memory location LOC
is a digit between 0 and 9:

BRACK LDA #340
ADC #3840 FORCE OVERFLOW
LDA LOC
ORA #$80 SETBIT 7=1
CMP #$B0 ASCIIO
BCC TOOLOW
CMP #3B9 ASCII 9
BEQ ouT 9 EXACTLY
BCS TOOHIGH
ouT CLC
CLV
RTS
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TOOLOW SEC SET C TO ONE
CLV
RTS

TOOHIGH RTS (CIS ONE)

ASCII 0 is represented in hexadecimal by ‘B0’
ASCII 9 is represented in hexadecimal by ‘“B9”’

Remember that when using a CMP instruction, the carry bit will be
set if the value of the literal that follows is less than or equal to the
accumulator. It will be reset (0) if greater.

If BO is greater than the character, our character is too low, and
a branch occurs.

We then compare it against B9. If it is less than or equal to 9,
all is well, and we exit. Otherwise, we go to TOOHIGH.

When we exit from this program, we want to know if the number
is TOOLOW, TOOHIGH, or else between 0 and 9. This will be
indicated by the flags C and V. V is not altered by CMP, whereas Z, N

and C are.

When returning from the subroutine, a“0’’in V indicates “too low,” a
“1” in V indicates “too high,” and a “0” in C indicates a correct digit

between 0 and 9.

Naturally, other conventions could be used, such as loading a digit
in the accumulator to indicate the result of the tests.

Exercise 8.3: Simplify the above program by testing against the
ASCII character which follows ‘9" instead of testing against 9

exactly.

Exercise 8.4: Determine if an ASCII character contained in the
accumulator is a letter of the alphabet.
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When using an ASCII table, you will notice that parity is often
used. (The example above does not use parity.) For example, the
ASCII for 0 is ‘“0110000,” a 7-bit code. However, if we use odd
parity,(for example we guarantee that the total number of ones
in a word is odd), then the code becomes ‘“10110000.” An extra
“1” is added to the left. This is *“B0”’ in hexadecimal. Let us there-
fore develop a program to generate parity.

PARITY GENERATION
This program will generate an even parity in bit position 7:
PARITY LDX #307 BIT COUNT
LDA #300
STA ONECNT COUNT OF I'S
LDA CHAR READ CHARACTER
ROL A DISCARD BIT 7
NEXT ROL A NEXT BIT
BCC ZERO ISITA1?
ONE INC ONECNT
ZERO DEX DECREMENT BIT COUNT
BNE NEXT LAST BIT?
ROL A RESTORE BIT 0
ROL A DISCARD BIT
LSR ONECNT RIGHTMOST BIT IS PARITY
ROR A PUTITINA
RTS

Register X is used to count bits as they are shifted left from the
accumulator. Every time that a “1” is shifted off the left of A
(it is tested by BCC), the one-counter is incremented. When 8
bits have shifted (the program ignores bit 7 which will be
the parity bit), A is shifted left two more times so that bit 6 is on
the left of A.

The correct parity bit is the right-most bit of ONECNT; it is installed
into the carry bit by LSR and becomes bit 7 of A. Another ROR
A copies this bit back into position 7 of A, and we are finished.
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Exercise 8.5: Using the above program as an example, verify the
parity of a word. You must compute the correct parity, then com-
pare it to the one expected.

CODE CONVERSION: ASCII to BCD

Converting ASCII to BCD is very simple. We will observe that
the hexadecimal representations of ASCII characters O to 9 are BO to B9
with parity, or 30 to 39 without parity. The BCD representation is
simply obtained by dropping the ‘‘B”’; that is, by masking off the left

nibble (4 bits):
LDA CHAR
AND #3OF MASK OFF LEFT NIBBLE
STA BCDCHAR

Exercise 8.6: Write a program to convert BCD to ASCII.

Exercise 8.7: (more difficult) Write a program to convert BCD to
binary.

Hint: N3 N2 Ni No in BCD is (N3 x 10) + N2) x 10 + Ni) x 10
+ No in binary.

To multiply by 10, use a left shift (=x2), another left shift (=x4),
an ADC (=x5), and another left shift:(=x10).

In full BCD notation, the first word may contain the count of
BCD digits, the next nibble may contain the sign, and every successive
nibble may contain a BCD digit. (We assume no decimal point ),The last
nibble of the block may be unused.

FIND THE LARGEST ELEMENT OF A TABLE

The beginning address of the table is contained at memory ad-
dress BASE in page zero. The first entry of the table is the num-
ber of bytes it contains. This program will search for the largest
element of the table. Its value will be left in A, and its position
will be stored in memory location INDEX.
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This program uses registers A and Y, and will use indirect addressing,
so that it can search any table anywhere in the memory.

MAX LDY #0 THIS ISOUR INDEX TO TABLE
LDA (BASE), Y ACCESSENTRY 0=LENGTH
TAY SAVEITINY
LDA #0 MAX VALUE INITIALIZED TO ZERO
STA INDEX INITIALIZE INDEX TO ZERO
LOOP CMP (BASE) Y ISCURRENT MAX ELEMENT?

BCS NOSWITCH YES?
LDA (BASE), Y LOAD NEW MAX

STY INDEX LOCATION OF MAX
NOSWITCH DEY POINT TO NEXT ELEMENT

BNE LOOP KEEP TESTING?

RTS FINISH IF Y=0

This program tests the Nth entry first. If it is greater than 0, it
goes in A, and its location is remembered into INDEX. The (N-1)st
entry is then tested, etc.

This program works for positive integers.

Exercise 8.8: Modify the program so that it works also for nega-
tive numbers in two's complement.

Exercise 8.9: Will this program also work for ASCII characters?

Exercise 8.10: Write a program which will sort N numbers in as-
cending order.

Exercise 8.11: Write a program which will sort N names (3 char-
acters each) into alphabetical order.

SUM OF N ELEMENTS

This program will compute the 16-bit sum of N entries of a table.
The starting address of the table is contained at memory address
BASE in page zero. The first entry of the table contains the num-
ber of elements N. The 16-bit sum will be left in memory locations
SUMLO and SUMHI. If the sum should require more than 16
bits, only the lower 16 will be kept. (The high-order bits are said to be
truncated.)
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This program will modify registers A and Y. It assumes 256
elements maximum.

LDA #0 INITIALIZE SUM

STA SUMLO INITIALIZE SUM

STA SUMHI INITIALIZE SUM

TAY INITIALIZE Y TO ZERO
LDA (BASE), Y GETN

TAY INTOY

CLC CLEAR CARRY FOR ADC

ADLOOP LDA (BASE), Y  GET NEXT ELEMENT
ADC SUMLO ADD IT TO SUMLO
STA SUMLO SAVE RESULT
BCC NOCARRY CARRY?

INC SUMHI ADD IT TO SUMHI

CLC FOR NEXT SUM
NOCARRY DEY NEXT ELEMENT

BNE ADLOOP AGAIN IF Y NOT ZERO

RTS

This program is straightforward and should be self-explanatory.

Exercise 8.12: Modify this program to compute:
a) a 24-bit sum,

b) a 32-bit sum,

¢) to detect any overfiow.

A CHECKSUM COMPUTATION

A checksum is a digit, or set of digits, computed from a block of
successive characters. The checksum is computed at the time the
data is stored and put at the end. In order to verify the integrity

of the data, the data is read and the checksum is recomputed and
compared against the stored value. A discrepancy indicates an error
or a failure.
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Several algorithms are used. Here, we will zxclusive-OR all bytes
in a table of N elements, and leave the result in the accumulator.
As usual, the base of the table is stored at the address BASE in
page zero. The first entry of the table is its number of elements N.
The program modifies A and Y. N must be less than 256.

CHECKSUM LDY #0 POINT TO FIRST ENTRY
LDA (BASE),Y GETN
TAY STORE IT IN Y
LDA #0 INITIALIZE CHECKSUM
CHLOOP EOR (ADDR), Y EOR NEXT ENTRY
DEY POINT TO NEXT
BNE CHLOOP KEEP GOING
RTS
COUNT THE ZEROES

This program will count the number of zeroes in our usual table,
and leave it in register X.

It modifies A,X,Y:

ZEROES LDY #0 POINT TO FIRST ENTRY
LDA (ADDR), Y GETN
TAY STOREITINY
LDX #0 INITIALIZE NO. OF ZEROES

ZLOOP LDA (ADDR), Y GET NEXT ENTRY
BNE NOTZ IS IT ZERO?

INX YES. COUNT IT

NOTZ DEY POINT TO NEXT
BNE ZLOOP KEEP GOING
RTS

Exercise 8.13: Modify this program to count:
a-the number of stars (the character <**’)

b-the number of letters of the alphabet

c-the number of digits between 0 and 9

A STRING SEARCH

A string of characters is stored in the memory, as indicated in
Fig. 8-1. We will search the string for the occurrence of a shorter
one, called a template (TEMPLT), of length TPTLEN. The length
of the original string is STRLEN, and the program will return
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with register X containing the location where the TEMPLT was
found, and FF hexadecimal otherwise. The flowchart for the pro-
gram is shown in Fig. 8-2. The string is first scanned for the oc-
currence of the first character in TEMPLT. If this first character
is never found, the program will exit with a failure. If this first
character is found, the second character will be matched against
the next one in the string. If that fails, the search is restarted for
the first character since there might be another occurrence of this
first character within the original string. If the first and the sec-
ond one match, the search will proceed with the following charac-
ters of TEMPLT in the same manner. The corresponding pro-
gram is shown in Fig. 8-3. Note that Register X is used as the
running pointer during the search pointing to the current element
of string. Indexed addressing is naturally used to retrieve the
current element of string.

$10

CHKPTR

TEMPTR

STRING LENGTH

TEMPLATE LENGTH

-
|

(SEARCH START POINTER

STRING

TEMPLATE

SFF

Fig: 8-1: String Search: The Memory
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SEARCH START
POINTER=0

TEMPTR=TEMPTR +1

CHKPTR=0

STRTPIR

STRING
LENGTH?

h J

DONE:
NOT FOUND

Fig. 8-2: Program Flowchart: String Search
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LINE 8 LOC COBE LinE

0002 0000 $STRING SEARCH.

0003 0000 +FINDS LOCATICM IN STRING OF LEMSTA ‘STRLEN”

6004 0000 sSTARTING AT “STRING” CF A TEMPLATE OF

0003 0000 SLENGTH “TPTLEN’ STARTING AV ‘TEXPLT”, ANKD

0008 0000 sRETURNS UITH X=LOCATION OF TEMPLATE

0007 0000 {IN STRING IF FOUND, OR X=9FF IF NOT FOUND.

%08 0000 H

0009 0000 STRING = $20 ;1ST LOCATION OF STRING.

0010 0000 TENPLT = 950 $1ST LOCATION OF TEMPLATE.

0011 0000 oz 810

0012 0010 CHKPTR s=s41

0013 oot TENPTR o241

0014 0012 STRLEN snes? JLENGTH OF STRING.

0015 0013 TPTLEN s=e4? SLENGTH OF TEMPLATE.

0016 0014 sz $200

0017 0200 A2 00 LDx %0 SRESET SEARCH START POINTER.
0010 0202 AS S0 NXTPOS LDA TEMPLY $1S FIRST ELEKENT OF TEMPLATE...
0019 0204 DS 20 CEP STRING, X 7* CURRENT STRING ELENENT?

0020 0208 FO 08 BEQ CHECK +1F YES, CHECK FOR REST OF MATCH.
0021 0208 €8 NXTSTR 1MX s INCREKENT SEARCH START COUNTER.
0022 0209 E4 12 CPX STRLEW $18 IT EQUAL TO STRING LENSTH?
0023 0208 DO FS BNE NXTPOS $%0, CHECK NEXT STRING POSITION.
0024 0200 A2 FF LDX USFF SYES, SET “NOT FOUND’ INDICATOR.
0025 020F 40 RTS SRETURN: ALL CHRS CHECKED.

0026 0210 66 N CHECK STX TENPTR SLET TEMPORARY POINTER=

0027 0212 sCURRENT STRING POINTER.

0028 0212 A9 00 LBA B0

0029 0214 85 10 STA CRKPTR SRESET TEMPLATE POINTER.

0030 0216 E& 11 CHKLP INC TEMPTR S INCREMENT TENPSRARY POINTER.
0031 0218 E6 10 INC CHKPTR s INCREMENT TEXPLATE POINTER.
0032 0214 A4 10 LDY CHKPTR

0033 021C €4 13 CPY TPTLEN sDOES TEKPLATE POINTER=TENPLATE LENGTH?
0034 021E FO OC BEQ FOUND 3IF YES, TEXPLATE MATCHED.

0035 0220 P9 50 00 LDA TENPLT,Y ;LOAD TENPLATE ELENENT.

0036 0223 M 1N LDY TEKPTR

0037 0225 D9 20 00 CNP STRING,Y }COMPARE TO STRING CHR.

0038 0220 DO DE BNE NXTSTR $IF NO MATCH, CNECK NEXT STRING CHR.
0039 0224 FO EA BE@ CHKLP $1F MATCH, CHECK NEXT CHR.

0040 022C 60 FOUND RTS $BONE.

0041 0220 +END

Fig. 8-3: String Search Program

SUMMARY

In this chapter, we have presented common utility routines which use
combinations of the techniques described in previous chapters. These
routines should now allow you to start designing your own programs.
Many of them have used a special data structure, the table. However,
other possibilities exist for structuring data, and these will now be
reviewed.
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DATA STRUCTURES
PART I: DESIGN CONCEPTS

INTRODUCTION

The design of a good program involves two tasks: algorithm
design and data structures design. In most simple programs, no
significant data structures are involved, so the main problem that
must be surmounted to learn programming is learning how to
design algorithms and code them efficiently in a given machine lan-
guage. This is what we have accomplished here. However, design-
ing more complex programs also requires an understanding of data
structures. Two data structures have already been used through-
out the book: the table, and the stack. The purpose of this chapter
is to present other, more general, data structures that you may
want to use. This chapter is completely independent from the
microprocessor, or even the computer, selected. It is theoretical
and involves logical organization of data in the system. Specialized
books exist on the topic of data structures, just like specialized
books exist on the subject of efficient multiplication, division or
other usual algorithms. This single chapter, therefore, should be con-
sidered as an overview, and it will be necessarily limited to the essentials
only. It does not claim to be exhaustive.

Let us now review the most common data structures:

POINTERS

A pointer is a number which is used to designate the location of
the actual data. Every pointer is an address. However, every ad-
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dress is not necessarily called a pointer. An address is a pointer on-
ly if it points at some type of data or at structured information. We
have already encountered a typical pointer, the stack pointer,
which points to the top of the stack (or usually just over the top of
the stack). We will see that the stack is a common data structure,
called a LIFO structure.

As another example, when using indirect addressing, the in-
direct address is always a pointer to the data that one wishes to
retrieve.

Exercise 9.1: Examine Figure 9-1. At address 15 in the memory,
there is a pointer to Table T. Table T starts at address 500. What
are the actual contents of the pointer to T?

b— POINTERTO T

TABLE T

Fig 9-1: An Indlrection Pointer

LISTS

Almost all data structures are organized as lists of various
kinds.

Sequential Lists

A sequential list, or table, or block, is probably the simplest data
structure, and one that we have already used. Tables are normally
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ordered in function of a specific criterion, such as, for example,
alphabetical ordering, or numerical ordering. It is then easy to
retrieve an element in a table, using, for example, indexed address-
ing, as we have done. A block normally refers to a group of data
which has definite limits but whose contents are not ordered. It
may, for example, contain a string of characters. Or it may be a
sector on a disk. Or it may be some logical area (called segment) of
the memory. In such cases, it may not be easy to access a random

element of the block.
In order to facilitate the retrieval of blocks of information, directories

are used.

Directories

A directory is a list of tables, or blocks. For example, the file
system will normally use a directory structure. As a simple exam-
ple, the master directory of the system may include a list of the
users’ names. This is illustrated in Figure 9-2. The entry for user
*John’’ points to John's file directory. The file directory is a table
which contains the names of all of John's files and their location.
This is, again, a table of pointers. In this case, we have just de-
signed a two-level directory. A flexible directory system will allow
the inclusion of additional intermediate directories, as may be
found convenient by the user.

USER DIRECTORY

JOHN'S
FILE DIRECTORY

JOHN'S FILE
ALPHA

ALPHA

SIGMA DATA

SIGMA

DATA

Fig. 9-2: A Directory Structure
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Linked List

In a system there are often blocks of information which repre-
sent data, or events, or other structures, which cannot be easily
moved. If they could be easily moved, we would probably assemble
them in a table in order to sort them or structure them. The
problem now is that we wish to leave them where they are and
still establish an ordering between them such as first, second,
third, and fourth. A linked list will be used to solve this pro-
blem. The concept of a linked list is illustrated by Figure 9-3. In
the illustration, we see that a list pointer, called FIRSTBLOCK,
points to the beginning of the first block. A dedicated location
within Block 1, such as, perhaps, the first or the last word of it,
contains a pointer to Block 2, called PTR1. The process is then re-
peated for Block 2 and Block 3. Since Block 3 is the last entry in
the list, PTR3, by convention, contains a special *'nil’’ value, or
else points to itself, so that the end of the list can be detected. This
structure is economical as it requires only a few pointers (one per
block) and prevents the user from having to physically move the
blocks in the memory.

FIRST
—
BLOCK

PTR3

BLOCK 3

BLOCK 1 BLOCK 2

PIR 2

PTR1

Fig. 9-3: A Linked List

Let us examine, for example, how a new block will be inserted.
This is illustrated by Figure 9-4. Let us assume that the new block
is at address NEWBLOCK, and is to be inserted between Block 1
and Block 2. Pointer PTR1 is simply changed to the value NEW-
BLOCK, so that it now points to Block X. PTRX will contain the
former value of PTRI (i.e., it will point to Block 2). The other
pointers in the structure are left unchanged. We can see that the inser-
tion of a new block has simply required updating two pointers in
the structure. This is clearly efficient.

Exercise 9.2: Draw a diagram showing how Block 2 would be
removed from this structure.

Several types of lists have been developed to facilitate specific

278



DATA STRUCTURES

INEW BLOCK =t~
BLOCK X

=

Fig. 9-4: Inserting a New Block

PIR X

FIRST
———
BLOCK

PTR 2

PTR 3

BLOCK 1 BLOCK 3

PTR 1

types of access or insertions or deletions to or from the list. Let us
examine some of the most frequently used types of linked lists:

Queue

A queue is formally called a FIFO, or first-in-first-out list. A
queue is illustrated in Figure 9-5. To clarify the diagram, we can
assume, for example, that the block on the left is a service routine
for an output device, such as a printer. The blocks appearing on the
right are the request blocks from various programs or routines, to
print characters. The order in which they will be serviced is the

SERVICE ROUTINE BLOCK )

NEXT — PIR

BLOCK 3

E PIRJ

BlOCk 2

PIR2 [—

Fig. 9-5: AQueue
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order established by the waiting queue. It can be seen that the
next event which will obtain service is Block 1, then Block 2, and finally
Block 3. In a queue, the convention is that any new event arriving in the
queue will be inserted at the end of it. Here it will be inserted after
PTR3. This guarantees that the first block to have been inserted in the
queue will be the first one to be serviced. It is quite common in a com-
puter system to have waiting queues for a number of events whenever
they must wait for a scarce resource, such as the processor or some
input/output device.

Stack

The stack structure has already been studied in detail through-
out the book. It is a last-in-first-out structure (LIFO). The last ele-
ment deposited on top of it is the first one to be removed. A stack
may be implemented as a sorted block, or else it may be imple-
mented as a list. Because most stacks in microprocessors are used
for high speed events, such as subroutines and interrupts, a contin-
uous block is usually allocated to the stack rather than using a
linked list.

Linked List vs. Block

Similarly, the queue could be implemented as a block of reserved
locations. The advantage of using a continuous block is fast
retrieval and the elimination of the pointers. The disadvantage is
that it is usually necessary to dedicate a fairly large block to ac-
commodate the worst-case size of the structure. Also, it makes it
difficult or impractical to insert or remove elements from within
the block. Since memory is traditionally a scarce resource, blocks
have been traditionally reserved for fixed-size structures or else
structures requiring the maximum speed of retrieval, such as the
stack.

Circular List

“Round robin”’ is a common name for a circular list. A circular
list is a linked list where the last entry points back to the first one.
This is illustrated in Figure 9-6. In the case of a circular list, a
current-block pointer is often kept. In the case of events or pro-
grams waiting for service, the current-event pointer will be moved
by one position to the left or to the right every time. A round-robin
usually corresponds to a structure where all blocks are assumed to
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have the same priority. However, when performing a search a circular
list may also be used as a subcase of other structures simply to facilitate
the retrieval of the first block after the last one.

As an example of a circular list, a polling program usually goes
around in a round-robin fashion, interrogating all peripherals and
then coming back to the first one.

1

CURRENT EVENT

Fig. 9-6: Round-Robin is Circular List

Trees

Whenever a logical relationship exists between all elements of a
structure (this is usually called a syntax), a tree structure may be
used. A simple example of a tree structure is a descendant tree or a
genealogical tree. This is illustrated in Figure 9-7. It can be seen
that Smith has two children: a son, Robert, and a daughter, Jane.
Jane, in turn, has three children: Liz, Tom and Phil. Tom, in turn
has two more children: Max and Chris. However, Robert, on the
left of the illustration, has no descendants.

This is a structured tree. We have, in fact, already encountered
an example of a simple tree in Figure 9-2. The directory structure
is a two-level tree. Trees are used to advantage whenever elements
may be classified according to a fixed structure. This facilitates in-
sertion and retrieval. In addition, trees may establish groups of infor-
mation in a structured way. Such information may be required for later
processing, such as in a compiler or interpreter design.

Doubly-Linked Lists

Additional links may be established between elements of a list.
The simplest example is the doubly-linked list. This is illustrated
in Figure 9-8. We can see that we have the usual sequence of links
from left to right, plus another sequence of links from right to left.
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SMITH

ROBERT

The goal is to allow easy retrieval of the element just before the
one which is being processed, as well as the one just after it. This costs

uz

PHIt

CHRIS

Fig. 9-7: Genedlogical Tree

an extra pointer per block.

BLOCK!

BLOCK 2

BLOCK 3

Fig. 9-8: Doubly-Linked List

SEARCHING AND SORTING

Searching and sorting elements of a list depend directly on the
type of structure which has been used for the list. Many searching
algorithms have been developed for the most frequently used data
structures. We have already used indexed addressing. This is pos-
sible whenever the elements of a table are ordered in function of a
known criterion. Such elements may then be retrieved by their

numbers.

Sequential searching refers to the linear scanning of an entire
block. This is clearly inefficient but, for lack of a better technique, may

have to be used whenever the elements are not ordered.
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Binary, or logarithmic searching,attempts to find an element in a
sorted list by dividing the search interval in half at every step.
Assuming, for example, that we are searching an alphabetical list,
one might start in the middle of a table and determine if the name
for which we are looking is before or after this point. If it
is after this point, we will eliminate the first half of the table and
look at the middle element of the second half. We again compare
this entry to the one for which we are looking, and restrict our search
to one of the two halves, and so on. The maximum length of a
search is then guaranteed to be log,n, where n is the number of
elements in the table.

Many other search techniques exist.

SUMMARY

This section was intended as only a brief presentation of typical
data structures which may be used by a programmer. Although
most common data structures have been rationalized in types and
given a name, the overall organization of data in a complex system
may use any combination of them, or require the programmer to
invent more appropriate structures. The array of possibilities is
limited only by the imagination of the programmer. Similarly, a
number of well-known sorting and searching techniques have been
developed to cope with the usual data structures. A comprehensive
description is beyond the scope of this book. The contents of this
section were intended to stress the importance of designing appro-
priate data structures for the data to be manipulated and to pro-
vide the basic tools to that effect.
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DATA STRUCTURES
PART II: DESIGN EXAMPLES

INTRODUCTION

Actual design examples will be presented here for typical data
structures: table, linked list, sorted tree. Practical sorting, search-
ing and insertion algorithms will be programmed for these struc-
tures. Additional advanced techniques such as hashing and merg-
ing will also be described.

The reader interested in these advanced programming tech-
niques is encouraged to analyze in detail the programs presented
in this section. However, the beginning programmer may skip this
section initially, and come back to it when he feels ready for it.

A good understanding of the concepts presented in the first part
of this chapter is necessary to follow the design examples. Also,
the programs will use all the addressing modes of the 6502, and
integrate many of the concepts and techniques presented in the
previous chapters.

Four structures will now be introduced: a simple list, an alpha-
betical list, a linked list plus directory, and a tree. For each struc-
ture, three programs will be developed: search, enter and delete.

In addition, three specialized algorithms will be described separately
at the end of the section: hashing, bubble-sort, and merging.
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ENTLEN M= LENG TH OF ENTRY
TABLEN N= NUMBER OF ENTRIES
TAB BASE - LABEL =]
ENTRY DATA MBYTES

/\/\/\/\/\ g ENTER NEW ELEMENT

Fig. 9-9: The Table Structure

LABEL

olo|lo]lo

/ ENTLEN

ELEMENT §

El.ENz\ENT ENTLEN

DATA

v

Fig 9-10: Typlical Uist Entries in the Memory
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DATA REPRESENTATION FOR THE LIST

Both the simple list and the alphabetic list will use a common re-
presentation for each list element:

C C C D D %; D D

™ T —————
3-byte label data

Each element or “entry’’ includes a 3-byte label and an n-byte
block of data with n between 1 and 253. Thus, each entry uses, at
most, one page (256 bytes). Within each list, all elements have the
same length (see Fig. 9-10). The programs operating on these two
simple lists use some common variable conventions:

ENTLEN is the length of an element. For example, if each ele-

ment has 10 bytes of data, ENTLEN = 3 + 10 = 13 bytes

TABASE is the base of the list or table in the memory

POINTR is a running pointer to the current element

OBJECT is the current entry to be inserted or deleted

TABLEN is the number of entries

All labels are assumed to be distinct. Changing this convention
would require a minor change in the programs.

A SIMPLE LIST

The simple list is organized as a table of n elements. The
elements are not sorted (see Fig. 9-11).

When searching, one must scan through the list until an entry is
found or the end of the table is reached. When inserting, new en-
tries are appended to the existing ones. When an entry is deleted,
the entries in higher memory locations, if any, will be shifted down
to keep the table continuous.

Searching

A serial search technique is used. Each entry'’s label field is com-
pared in turn to the OBJECT's label, letter by letter.

The running pointer POINTR is initialized to the value of
TABASE.

The index register X is initialized to the number of entries con-
tained in the list (stored at TABLEN).
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DATA STRUCTURES

TABASE ELEMENT 1 I“?S“L’E’Nz

ELEMENT 2

e

ELEMENT n (TABLEN =n)

FREE SPACE ] FREE SPACE INSER

Ve \Ve e Ve Ve

NN\ NN

0BJECT
10 8 INSERTED

Fig. 9-11: The Simple List

The search proceeds in the obvious way, and the corresponding
flowchart is shown in Fig. 9-12. The program appears in Fig.
9-16 at the end of this section (program ‘‘SEARCH").

Element Insertion

When inserting a new element, the first available memory block
of (ENTLEN) bytes at the end of the list is used (see Fig. 9-11).

The program first checks that the new entry is not already in the
list (all labels are assumed to be distinct in this example). If not, it
increments the list length TABLEN, and moves the OBJECT to
the end of the list. The corresponding flowchart is shown on Fig.
9-13.

The program is shown on Fig. 9-16 at the end of this section. It is
called “NEW" and resides at memory locations 0636 to 0659.

Element Deletion

In order to delete an element from the list, the elements follow-
ing it at higher addresses are merely moved up by one element position.
The length of the list is decremented. This is illustrated in Fig. 9-14.
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288

SEARCH

v

COUNTER =
NUMBER OF ENTRIES

YES
| | NO
READ ENTRY
(3 LETTERS)
YES
NO
COUNTER = COUNTER - |
YES

NO

POINT TO NEXT ENTRY

Fig. 9-12: Table Search Howchart

FAILURE EXIT

FOUND
(SET A TO “FF”)

FAILURE EXIT
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YES Exit

NO

I SAVE OLD TABLE LENGTH ]

'

r INCREMENT TABLE LENGTH I

'

POINT AFTER
END OF TABLE

'
r INSERT OBJECT —l
'

END

Fig. 9-13: Table Insertion Flowchart

The corresponding program is straightforward and appears in
Fig. 9-16. It is called “DELETE"” and resides at memory ad-
dresses 0659 to 0686. The flowchart is shown in Fig. 9-15.

Memory location TEMPTR is used as a temporary pointer point-
ing to the element to be moved up.

Index register Y is set to the length of a list element, and used to
automate block transfers. Note that indirect indexed addressing is
used:

(0672) LOOPE DEY

LDA (TEMPTR), Y
STA (POINTR), Y
CPY #0

BNE LOOPE

During the transfer, POINTR always points to the ‘‘hole” in the
list, i.e. the destination of the next block transfer.
The Z flag is used to indicate a successful deletion upon exit.
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BEFORE

DELETE ~——]

) MOVE
) MOVE

Fig. 9-14: Deleting An Entry (Simple List)

TEMPTR =]

OO

OLEOBLO

ALPHABETIC LIST

The alphabetic list, or “‘table’’ unlike the previous one, keeps all
its elements sorted in alphabetic order. This allows the use of
faster search techniques then the linear one. A binary search is
used here.

Searching

The search algorithm is a classical binary search. Let us recall
that the technique is essentially analogous to the one used to find a
name in a telephone book. One usually starts somewhere in the middle
of the book, and then, depending on the entries found there, goes either
backwards or forwards to find the desired entry. This method is fast,

and it is reasonably simple to implement.
The binary search flowchart is shown in Fig. 9-17, and the pro-

gram is shown in Fig. 9-22.

This list keeps the entries in alphabetical order and retrieves
them by using a binary or “‘logarithmic’’ search. An example is
shown in Fig. 9-18.
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'

FIND ENTRY

out

YES

DECREMENT TABLE LENGTH

\

FIND NBR OF ENTRIES
AFTER OBJECT IN TABLE

YES
EXIT

NO

-

SHIFT ONE ENTRY UP

)
DECREASE COUNT OF

ENTRIES REMAINING
AFTER THE ONE SHIFTED

j!

NO
out

Fig. 9-15: Table Deletion Flow Chart
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LINE 8 LOC  CODE LIse

0002 0008 TADASE « 810

0003 6000 POINTR = 012

0000 0000 TADLEN = 814

0005 0000 ODJECT » #135

0006 0000 ENTLEN = $17

0007 0000 TERPTR = 818

0008 0000 :

000y 00N 8500

oMo 0400 :

0011 0400 a3 10 SEARCH LDA TADASE
0012 0402 85 12 STa POINTR
013 0400 &S 11 LDA TARASES!
04 049 05 13 STA POINTRe1
OIS 0608 A4 14 LOX TASLEN
0018 0404 FO 29 BEQ QUT .
0017 04C A0 00 ENTRY LDY 80

o0 0M0E B 18 LDA (CRJECT),¥
0019 0610 BT 12 CHP (POINTR), T
0020 0412 DO O BRE Q500D
0021 0414 CO Iny

%22 015 M1 13 LBA (ODJECT),Y
0023 0412 B 02 CAP (POIATR) T
024 0419 30 07 BRE N0GOOD
0023 0418 C8 1oy

0028 081C M 1S LDA (CBJECT),Y
027 081 M 12 kP (POINTR),Y
028 0820 FO 11 BEQ FOUND
w029 0622 CA K0B3OD DEX

0030 0623 FO 10 BEQ QUT

0031 0425 AS 17 LDA ENTLEN
0032 0627 18 13

0933 0628 S 12 ASC POINTR
03¢ 0620 83 12 STA POINTR
0033 082C 90 BE BCC ENTRY
0036 0426 €6 13 INC POINTReI
0037 0430 4C O 06 P ENTRY
0038 0433 A9 FF FQUKD LDA BSFF
0039 0435 40 T Ars

0040 0436 :

0041 0438 :

0042 0436 :

0043 0836 20 00 06  NEU  JUSR GEARCH
o044 0439 B0 1P BNE GUTE

0045 0630 AS 14 LDX TABLEN
0046 043D FO 0B BEQ TNSERY
0047 043F AS 12 LBA POINTR
0048 0441 18 cLe

004y 0842 65 17 ABC ENTLEN
0050 0444 85 12 ST POINTR
0951 0446 90 02 3CC INSERY
0052 0448 E4 13 INC POINTRe!
0083 044A ES 14 INSERT INC TABLEN
0054 084C 40 00 LDY 80

0033 O84E A8 17 LOX ENTLEN
0056 0450 B1 1S LOCP  LDA (OBJECT),Y
0057 0852 91 12 STA (POINTR),¥
0050 0454 CB wy

005y 0435 CA BEX

0040 0436 DO Fo BNE LOCP

001 0438 40 GUTE  RTS

0042 0430 :

0083 0439 :

0044 0837 :

003 0439 20 00 04  BELETE JSR SEARCH
004 045C FO 20 3€0 0UTS

0067 OMSE C6 14 BEC TABLEW
008 0440 CA ”EX

Fig. 9-16: Simple List Programs: Search, Enter, Delete
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JINITIALIZE POTATER

SSTORE TABLEN 4S A VARIASLE
SCHECK FOR © TABLE
SCORPARE FIRST LETTERS

SCONPARE SECOND LETTERS

SCORPARE THIRD LETTERS

$8EE NOU NARY ENTRIES ARE LEFT
FA9D ENTLEN TO POINTER

SCLEMR Z FLAS IF FOUND

+GEE IF OBJECT IS THERE
$CNECK FOR O TABLE

sPOINTER 18 AT LAST ENTRY
§0HUST ROVE IT T0 END OF TABLE

SINCRENENT TABLE LENSTN
$KOVE ODJECT TO END OF TASLE

+Z SEY IF UAS DONE

FFIND UHERE €DJECT IS
SEXIT IF X3T FOEMD
$DECREKENT TADLE LENGTH
FGEE NOU RANY ENTRIES ARE



004

0641 FO
0663 AS
0643 18
06bs 45
0480 08S
[ITT I
086C 45
084E 93
0470 A4
0472 88
073 N
025 N
0677 €0
0479 B0
0470 CA
%2¢ FO
047€ AS
0480 93
0492 A3
0684 85
0406 4C
by AY
Wm0
048C

od8C

os8c

43 06

ERRCRS = 0000 <0000>

SYRBSL TARLE
SYNBOL  VALUE
ADBEN 0443
ENTRY  040C
Leort 0422
o 0633
SEARCH 0400

DELETE
FouNd
NEV
GUTE
TADASE

€D OF ASSENBLY

ADBEN

LOoPE

BONE
ouTs

0439
0633
0634
0430
0010

BEQ DONE
LBA POINTR
oL

ABC ENTLEN
STA TENPIR
LBA RO

ADC POINTR#Y
STA TERPTR)

LDY ENTLEN
BEY

LDA (TENPTR),T
STA (POTATR),Y

cPY 80

BNE LOOPE
BEX

BEQ BONE
LDA TEXPTR
8TA POINTR

LOA TEXPTRet
STA POINTReY

JHP ADBEM
LOA DSFF
RTS8

TABLEN

osar
(1]

0422
0480
0014

DATA STRUCTURES

$++-AFTER ONE 70 BE DELETED
s48D ENTLEN TO POINTER AND

$0.5AVE AT TERP STORAGE

$ADD CARRY 10 RIGN BYTE

$BHIFT ONE ENTRY OF RENGRY DOUN

SOECREMENT ENIRT COUNTER
SXOVE TEXP TO POINTER

SCLEAR I FLAS IF IT UAS BCNE

ENTLEW
Loor

0DJECT
POINTR
TENPTR

on?
0450
001S
on
o

Fig. 9-16: Simple List Programs: Search, Enter, Delete (cont.)
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[ FLAGS = 0 J
POINT TO TABLE BASE |

LOGICAL POSITION = INCREMENT VALUE
= TABLE LENGTH/2

YES
NOT FOUND

NO

r POINT TO MIDDLE OF TABLE J

i r———— (ENTRY)

I INCREMENT COUNTER = INCREMENT COUNTER/2 I

'

l ADD ONE IF IT WAS OLD l

Y
r COMPARE TO ENTRY J

)
FOUND
NO
PRESERVE CARRY (SIGN OF COMPARISON)
INTO COMPRES FLAG
1S INCREMENT
VALUE ONE?
(NEXT) {LAST ONE)

Fig. 9-17: Binary Search Flowchart
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(LAST ONE)

WILL INCREMENT
GO PAST END
OF 1ABIE?

y (TOOK!)
MOVE POINTERS
UPDATE POINTERS up By |

{ENTRY)

UPDATE POINTERS

(ENTRY)

g8

(YOO}

INCREMENT = 1
MOVE POINTERS =
00 BY ) CIOSENOW = COMPRES

(ENTRY)

Fig. 9-17: Binary Search Flowchart (cont.)
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The search is somewhat complicated by the need to keep track of
several conditions. The major problem to be avoided is searching for an
object that is not there. In such a case, the entries with the immediately
higher and lower alphabetic values could be alternately tested forever.
To avoid this, a flag is maintained in the program to preserve the value
of the carry flag after an unsuccessful comparison. When the INCMNT
value, which shows by how much the pointer will next be incremented,

reaches a value of *“1”’, another flag called ‘““CLOSE”’ is set to the value
of the CMPRS flag. Thus, since all further increments will be “‘1,”” if
the pointer goes past the point where the object should be, CMPRES
will not longer equal CLOSE, and the search will terminate. This fea-
ture also enables the NEW routine to determine where the logical and
physical pointers are located, relative to where the object will go.

Thus, if the OBJECT searched for is not in the table, and the
running pointer is incremented by one, the CLOSE flag will be set.
On the next pass of the routine, the result of the comparison will be
opposite to the previous one. The two flags will no longer match,
and the program will exit indicating ‘‘not found.”

OB8JECT
——1 ~svg"
TABASE
AAA
BAC
(NO) (NO)
@—. it Tes
TES ( : )-’ XY2
XyZ
FIRST TRY SECOND TRY
SEARCH INTERVAL = 5 SEARCH INTERVAL = 2

Fig. 9-18: A Binary Search
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The other major problem that must be dealt with is the possibili-
ty of running off one end of the table when adding or subtracting
the increment value. This is solved by performing an ‘‘add” or
‘“‘subtract’’ test using the logical pointer and length value to determine
the actual number of entries, rather than using physical pointers to
determine their mere physical positions.

In summary, two flags are used by the program to memorize in-
formation: CMPRES and CLOSE. The CMPRES flag is used to
preserve the fact that the carry was either ‘‘0’’ or “‘1’’ after the
most recent comparison. This determines if the element under test
was larger or smaller than the one to which it was compared. Whenever
the carry C is ““1,”’ the entry is smaller than the object, and CMPRES
is set to “‘1.”” Whenever the carry C is ‘0,”’ the entry is greater than the
object, and CMPRES will be set to “‘FF.”

Also note that when the carry is *‘1”’, the running pointer will point
to the entry below the OBJECT.

The second flag used by the program is CLOSE. This flag is set
equal to CMPRES when the search increment INCMNT
becomes equal to ‘“1.”” It will detect the fact that the element has
not been found if CMPRES is not equal to CLOSE the next time
around.

Other variables used by the program are:

LOGPOS, which indicates the logical position in the table (ele-
ment number).

INCMNT, which represents the value by which the running
pointer will be incremented or decremented if the next comparison
fails.

TABLEN represents, as usual, the total length of the list.
LOGPOS and INCMNT will be compared to TABLEN in order to
ascertain that the limits of the list are not exceeded.

The program called “'SEARCH" is shown in Fig. 9-22. It resides
at memory locations, 0600 to G6E3, and deserves to be studied
with care, as it is much more complex than in the case of a linear
search.

An additional complication is due to the fact that the search
interval may at times be either even or odd. When it is even, a cor-
rection must be introduced. It cannot, for instance, point to the middle
element of a 4-element list.

When it is odd, a *“‘trick” is used to point to the middle element:
the division by 2 is accomplished by a right shift. The bit ““falling
out’’ into the carry after the LSR instruction will be ‘1"’ if the in-
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terval was odd. It is merely added back to the pointer:

(0615) DIV LSR A DIVIDE BY TWO
ADC #0 PICK UP CARRY
STA  LOGPOS NEW POINTER

The OBJECT is then matched against the entry in the middle of
the new search interval. If the comparison succeeds, the program
exits. Otherwise (“NOGQOD'’), the carry is set to 0 if the OB-
JECT is less than the entry. Whenever the INCMNT becomes ‘1",
the CLOSE flag (which had been initialized to ‘0’’) is then checked
to see if it was set. If it was not, it gets set. If it was set, a check is
run to determine whether we passed the location where the OB-
JECT should have been but was not found.

Element Insertion

In order to insert a new element, a binary search is conducted. If
the element is found in the table, it does not need to be inserted.
{(We assume here that all elements are distinct). If the element was
not found in the table, it must be inserted. The value of the CMPRES
flag after the search indicates whether this element should be inserted
immediately before or immediately after the last element to which it
was compared. All the elements following the new location where it is
going to be placed are then moved down by one block position, and the
new element is inserted.

The insertion process is illustrated in Figure 9-19 and the corres-
ponding program appears on Figure 9-22.

The program is called “NEW’’, and resides at memory locations
06E3 to 075E.

Note that indirect indexed addressing is used again for block
transfers:

(072A) LDY ENTLEN
ANOTHR DEY
LDA (POINTR), Y
STA (TEMP), Y
CPY #0

BNE ANOTHR

Observe the same at memory location 0750.
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BEFORE AFTER
TABASE —> AAA AAA
ABC ABC
BAT BAC | e NEW
ELEMENT
TAR BAT
ZAP TAR
L ZAP
OBJECT ——o] BAC MOVE DOWN

Fig. 9-19: Insert: “BAC"

Element Deletion

Similarly, in order to delete an element, a binary search is conducted
to find the object. If the search fails, it does not need to be deleted. If
the search succeeds, the element is deleted, and all the following ele-
ments are moved up by one block position. A corresponding example is
shown in Fig. 9-20, and the program appears in Figure 9-22. The flow-
chart is shown in Fig. 9-21.

It is called “DELETE,” and resides at memory addresses
075F to 0799.

LINKED LIST

The linked list is assumed to contain, as usual, the three alpha-
numeric characters for the label, followed by 1 to 250 bytes of data,
followed by a 2-byte pointer which contains the starting address of
the next entry, and lastly followed by a 1-byte marker. Whenever this
1-byte marker is set to *‘1,” it will prevent the insert-routine from
substituting a new entry in the place of the existing one.
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Further, a directory contains a pointer to the first entry for each
letter of the alphabet, in order to facilitate retrieval. It is assumed
in the program that the labels are ASCII alphabetic characters.
All pointers at the end of the list are set to a NIL value which has
been chosen here to be equal to the table base, as this value should
never occur within the linked list.

The insertion and the deletion program perform the obvious pointer
manipulations. They use the flag INDEXD to indicate if a pointer
pointing to an object came from a previous entry in the list or
from the directory table. The corresponding programs are shown in
Fig. 9-27. the data structure is shown in Fig. 9-23.

An application for this data structure would be a computerized
address book, where each person is represented by a unique
3-letter code (perhaps the usual initials) and the data field contains
a simplified address, plus the telephone number (up to- 250
characters).

BEFORE AFTER

AAA AAA

MOVE UP ABC ABC

? BAC — BAT
BAT TAR

— TAR ZAP

zap
'
DELETE

Fig. 9-20: Delete: “BAC"
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DELETE

{

ALREADY IN? ours

COUNT HOW MANY
ELEMENTS FOLLOW THE
ONE TO BE DELETED

YES

NO

RESULT = COUNTER
LOG POS

!

e POINT TO NEXT ENTRY

POINTER = TEMP (SOURCE)

!

TRANSFER 1T UP ONE BLOCK

!

POINT TO NEXT ENTRY
POINTER = POINTER (DESTINATION)

'

r DECREMENT LOGPOS l

pecety ves
I SET 2 FLAGS J‘—
!

RTS

Fig. 9-21: Deletion Flowchart (Alphabetic List)
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LISE 8 LOC  COBE LINE

0002 0000 CLOSE = 810

0003 0000 CHPRES = o1

0004 0000 TADASE = $12

0005 0000 POINTR = 814

0006 0000 TABLEN = $14

0007 0000 LOGPOS = $17

0008 0000 INCHNT = 818

Q009 0000 TERP = 619

0010 0000 ENTLEN = $1B

0011 0000 ODJECT = 31C

0012 0000 :

0013 0000 o5 3600

0014 0400 :

0015 0600 AP 00 SEARCH LDA #0 $2ERD FLAGS

0014 0802 95 10 STA CLOSE

0017 0804 85 11 STA CRPRES

0018 0606 A3 12 LDA TABASE SINITIALIZE POINIER

0017 0408 85 14 STA POINTR

0020 0s0A AS 13 LOA TADASEst

0021 0e0C 85 13 STA POINTR¢!

0022 080E AS 14 LOA TABLEN $GET TABLE LENGIH

0023 0610 D0 03 BKE DIV

0024 0812 4C EO 04 JNP OUT

0025 0815 4A DIV LSR A $DIVIDE IT by 2

0026 0618 69 00 AC 20 $ADD BACK IN 1S BIT

0027 0618 85 17 STA LOGPOS $STORE AS LOGICAL POSITION
0026 0414 85 19 STA INCRNT STORE AS INCREMENT VALUE
0029 041C As 12 LDX L06POS SRULTIPLY ENTLEW BY LOGPOS
0030 041 Ca DEX ;-.ADDING RESULT TO POINTER
0031 081F F0 OF BEQ ENTRY

0032 0821 4S5 18 LOOP  LDA ENTLEN

0033 0623 18 e

0034 0624 45 14 4DC POINTR

0035 0626 85 M4 STA POINIR

0036 0828 90 02 BCC LOPP

0037 0624 E6 13 INC POINTRo)

0038 062 C4 LOPP  DEX

0039 0820 DO F2 BAE LOOP

0040 082F A5 18 ENTRY LDA INCHNT ;DIVIDE INCRENENT VALUE BI 2
0041 0431 4 LSR A

0042 0432 49 00 anc a0

0043 0634 85 10 STA INCANT

0044 0535 40 00 T ;CONPARE FIRST LETIERS
0045 0438 D1 1C LA (OBJECT),Y

0046 043A DI 14 CRP (POINTR),Y

0047 063C 00 N BNE NOGOOD

0048 043 €6 Ny ;CONPARE 2HD LETTERS

0049 043F B 1T L0A (OBJECT),Y

0050 0641 DI 14 CHP (POINTR), Y

0051 0443 DO 0A BNE NOGGOD

0052 0445 €6 mr CONPARE 3RD LETIERS

0033 0645 B1 1C LDA (OBJECT),Y

0054 0448 DI 14 CHP (POINTR), ¥

0055 044a DO 03 BNE NOG00D

0056 044C 4C €2 06 JNP FOUND

0057 044F 4O FF NGGOOD LDY WSFF {SET COMPARE RESULY FLAG
0058 0451 90 02 BCC TESTS $1F 0BJ < POINIR : -0
0059 0653 40 01 wr n

0060 0455 84 11 TESTS STY CHPRES

0061 0657 A4 18 LDY INCANT ;1S INCR. VALUE & 17

0082 04359 88 DEY

0063 045A DO 10 BHE WET

0064 045C AS 10 LbA CLOSE SCHECK CLOSE FLAG IF 11 kS
0065 O045E FO 0B BEG MAKCLO ;IF CLOSE FLAG WOT SET, 0 DO IT
0066 0660 38 SEC

0087 0841 ES 13 SBC CHPRES $SEE IF GAVE PASSED WNERF. DD,
0066 0483 FO 07 BEQ NEXT ;..SHOULD BE BUT ISNT

Fig. 9-22: Alphabetic List Programs: Binary Search, Delete, Insert
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0049 0445
0070 0440
Q071  046A
0072 046C
0073 066E
0074 0470
0075 0672
0076 0673
0077 04873
0028 0477
0079 0479
0080 0470
0081 0470
0082 047F
0083 0680
0084 0482
0083 0484
0008 0484
0087 0488
0080 0489
0087 0400
0090 0480
0091  048E
0092 0490
0093 0692
0094 0493
0093 0497
0094 0499
0097 047A
0098  049C
0099 049E
0100 040
0101 06A2
0102 06AS
0103 08A7
0104 068
0105  0éan
0106 04aC
0107 Q4AE
0108 040
0109 0492
0110 04634
o1 0403
0112 0487
0113 049
o114 0438
o113 04m0
0116 043E
0117 0400
0118 046C3
0119 04CS
0120 04Cs
0121 04cC8
0122 04CA
0123 04CC
0124 0aCD
0123 04CF
0126 0801
0127 0423
0120 0633
0129 04607
0130 0409
0131 0608
0132 0620
0133 04E0
0134 06E2
0133 04E3
0136 04E3
0137 043
0138 04EI

4C €0 04

A
83
24
30
A3
38
(3]
Fo
[+]
90
Ab
[}

n
10
"
3%
14

12
114
1)
1A
1]
"

06

0

20 60 04

NRKCLO

REXT

(1]

10041

susIT

8UBLGP

5UB0

TooLow

SETCLO

DATA STRUCTURES

JAP QUT

LBA CHPRES $SET CLOSE FLAG TO CMPRES
STA CLOSE

BIT CAPRES

BNI SUDIT

LDA TABLEN $SEE IF ABDITIION OF IMCENT
SEC so.UILL RUN PAST END OF TABLE
$BC LOSPOS

BEQ OUT +CHECK TO SEE IF AT END GF TALE RLREADY
SBC INCHNT

BCC TOONI

LDX INCHNT +1S ALL RIGHT, INC POINTER BY
LBA ENTLEN 30 oPROPER ANSUNT

[{X4

ADC POINTR

STA POINTR

BCC ADY

INC POINTR#1

DEX

BNE ADDER

LDA L08POS 3 IKCRENENT LOGICAL POSITION
cLe

ASC INCANT

STA LOSPOS

JKP ENTRY

IXC LOSPOS FINCR. LOGICAL POSITION

LDA ENTLEN FHOVE POINTER UP ONE ENTRY
oL

ADC POINTR

STA POINTR

BCC SETCLO

IXC POINTR+1

JKP SETCLO

LDA LCGPOS 7SEE IF INC UILL GO OFF BOTTON
SEC $oo OF TABLE

SBC INCHNT

BEQ TOOLOW

BCC TOOLOV

$TA LOGPOS $SAVE NEU LOJICAL POSITION
LDX INCHNT

LBA POINTR $SUBTRACT PROPER ANT. FROM POINTER
SEC

SBC ENTLEN

STA POINTR

8C8 8UBO

DEC POINTR#1

SEX

BXE SUBLOP

JAP ENTRY

LDX LCSPCS $SEE IF POS 13 ALREADY 1
DEX

BEQ 0UT

BEC LOEPOS

LDA POINTR $SUB 1 ENTRY FROX POINTER
SEC

8BC ENTLEN

STA POINTR

BCS SETCLO

BEC POINTR4)

LN

STA 1MCKNT

LDA CHPRES

STA CLOSE

JAP ENTRY

LDX WSFF +7 SET IF FOND
RTS

JSR SEARCN iSEE IF ODJECT IS ALRERDY TKERE

Fig. 9-22: Alphabetic List Programs: Binary Search, Delete, Insert (cont.)
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V139 04ES FO 7% BEQ OUTE

0140 0S8 A5 14 LDA TARLEN SCHECK FOR O TABLE

041 Q6EA FO 42 BEQ INSERT

0142 06EC 24 N BIT CHPRES +TEST LAST COKPARE RESUL T
0143 Q8EE 10 05 FPL LOSIDE

0144 08F0 Cé 17 DEC LOGPOS $SET LOGICAL POSITION SO
0145 04F2 4C 00 O? JNP SETUP +..SUR VORKS LATER

0146 04FS5 AS 13 LOSIDE LDA ENTLEN 3SET POINTER ABOUE UHERE
0147 04F2 18 e $..0BJECT VILL 60

0148 04FB 45 14 ADC POINTR

0149 O04FA B85 14 STA POINTR

0150 04FC 90 02 BCC SETUP

0151 QOFE £6 15 INC POINTR#)

0132 0700 AS 16 SETUP LDA TABLEN $SEE HOU MANY ENTRJES THERE
0153 0702 38 SEC i+.ARE AFTER UNERE OBJ, VILL KO
0154 0703 €S 17 SEC LOGPOS

0155 0705 FO 47 BEQ INSERT

0156 0707 A Tax

0157 0708 48 Tay

0158 0709 88 DEY JSEE IF ALREADY FOINTING 1O
0159 0704 FO OF BEO SETEAP 3. .LAST ENTRY

0160 070C AS 1D UPLOOP LDA ENTLEN SMOVE POINTER TO LAST ENTRY
0141 070 18 cLe

0162 070F 65 14 ADC POINTR

0163 0711 85 14 STA POINTR

oréd 03 90 02 BCC SETO

0185 0MS5 E6 15 INC POINTR)

0146 07217 86 SETO  DEY

0167 0218 DO F2 BEE UPLCO?

0148 0714 AS 14 SETEMP LDA POINTR JA0D ENTLEN T0O POINTER
0te? 071C 18 114 ++.STORE AT TEWP

0170 071D 45 19 ABC ENTLEN

o121 071F 85 19 ST TENP

0122 0221 9 0 BCC SETI

0173 0723 €8 Ny 3T UAS RLREADT ¢

0174 0724 98 SET1  Tra

0175 0725 19 cLe

0176 07226 85 15 ADC POINTRe

0177 0228 85 1A STA TERP41

0178 0724 A4 1} ROVER LDY ENTLEW SSET Y FOR SHIFT

0179 072c 88 AKOTHR DEY

0180 072D Bt 14 LBA (POINTR),Y ;MOVE A BYIE

018t 072F 91 19 STA (TEWP),Y

0182 07231 (0 00 cPY 00

0183 0733 DO F? DNE ANOTHR

0184 0235 A3 14 LDA POINTIR JDECR, POINTER AND TENP
0185 0737 38 SEC eoBY ENTLEN

0186 0738 ES 1B SBC ENTLEN

0187 0734 85 14 STa POINTR

0188 0723C 30 02 BCS M

0189 0736 (6 1S BEC POINTRe1

o19¢ 0740 CaA 3] DEX

0191 0741 DO DY BNE SETENP

0192 0743 A5 1B LDA ERTLEN JBOVE POINIEK BACK TO
0193 0745 18 cLe SWKERE 0BJ. WILL 60
0194 0746 43 14 ADC POINTR

0195 0748 85 14 STA POINTR

0196 0244 90 02 BCC INSERTY

0197 024C E4 13 INC POINTR41

0198 074E A0 00 INSERT LDY ¥0 FMOVE OBJECT INTO TABLE
0199 0750 A6 1B LDX ENTLEN

0200 0752 By IC INNER LDA (OBJECT), T

0201 0754 91 14 STA (POINTR),Y

0202 0756 (€8 Iny

0203 0757 CA DEX

0204 0758 DO F8 BNE INKER

0205 0754 E6 16 INC TABLEN JINCREMENT TADLE LENGTH
0206 07SC A2 FF LDX H4FF

Fig. 9-22: Alphabetic List Programs: Binary Search, Delete, Insert (cont.)
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0207
0208
0209
0

(11}

Q2
0213
0214
0218
0214
0217
0218
(23}
022¢
0221
0222
0223
0224
0225
0226
0227
0228
0229
0230
an
0232
0213
0234
0213
0234
(2224
0218
0239
0240
o241

0242
0243

07SE 40
075F

073F

075F

075F 20
0762 B0
0784 A3
0766 38
0767 €3
0769 FO
0760 @3
074D AS
076F 18
0770 43
0772 83
0774 A9
07726 43
0776 83
0774 &6
072C &0
€ N
07280 9
0792 (8
07803 CA
0784 B0
0784 AS
0708 18
0789 43
0788 3
07¢d 90
07¢F E&
791 €8
0793 B0
0795 €6
0797 a9
0799 40
0794

ERRGRS = 0000 <0000>

SYNBOL TABLE
SYABOL  VALGE
AN 0488
1 14(3 077¢
DECER 0795
ENTRY 082F
INSERT  074E
LOSIBE  04F3
NEV 04€3
(1 04€0
SEARCH 0600
SETEKP 0714
SUBLGP 0482
TESTS 0433

END OF ASSEWBLY

ADDER
CLOSE
DELETE
FOUND
LOGPOS

NEXT
oute
SETO
SETUP
TADASE
TagHI

=]

UTE

ELETE

dleLop

NiE

D2
BECER

ours

0s7)
0010
07SF
04€2
0012
0740
064C
073€
onz
0700
0012
0593

RS

JER SEARCH
BXE OUTS
LDA TABLEN
$EC

$BC LO6POS
BEQ DECER
STA LOGPOS
LBA ENTLEN
e

ABC POINTR
$TA TERP
LDs 80

ABC POINTR
$TA TEXP1
LBX ENTLEN
(S

LOA (TEXP)

]

i

STA (POINTR),Y

my

X

BKE BYTE
LOA ENTLEN
e

ABC POINTR
STA POINTR
[
INC POINTR
BEC LOGPOS
BNE DIGLOP
DEC TABLEW
LBA 00
RTS

-END

ANOTKR
CHPRES
(23]
INCENT
Loop
NAKCLO
X0600D
ours
SETY
suso
TABLEN
TooLow

+|

072¢
%011
0613
0010
0621
0648
044F
0799
0724
(1]
0016
06C3

DATA STRUCTURES

32 SET IF NOT DAME

$6ET ADDR OF CBJECT IN TASLE
+6EE IF IT 18 THERE

$GEE NOW NANY ENTRIES ARE
3+oLEFT AFTER 0DJ. IN TABLE

$STORE RESULT AS A COUNTER
$SET TENP & ENTRY ADOVE 1 ENTRY ABOVE 0.

$SET COUNTERS
$NGVE A DYTE
118 BLOCK KIVED YETY

+2 SET IF UAS DOXE

BIGLOP 074D

b2 7N
ENTLEN 0018
INMER 0752
Lore 062C
HOVER 9725

OBJECT oOdC
POINTR 0014
SETCLO 0605
suslT 06a%
TENP (A1
UPLCOP  070C

Fig. 9-22: Alphabetic List Programs: Binary Search, Delete, Insert (cont.)
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PROGRAMMING THE 6502

Let us examine the structure in more detail in Fig. 9-23.
The entry format is:

cj|c|cC DD§§DP Pl O

N, e’ N ———————— S ——— ———
unique label data (1 to 250 bytes) pointer to
(ASCII) next occupied

As usual the conventions are:

ENTLEN: total element length (in bytes)
TABASE: address of base of list
TABLEN: number of entries (1 to 256)

Here, REFBASE points to the base address of the directory, or
“reference table.”

Each two-byte address within this directory points to the first
occurrence of the letter to which it corresponds in the list. Thus
each group of entries with an identical first letter in their labels ac-
tually form a separate list within the whole structure. This feature
facilitates searching and is analogous to an address book. Note
that no data are moved during an insert or a delete. Only pointers
are changed, as in every well-behaved linked list structure.

DIRECTORY

A POINTER
A
POINTER ‘ A

R NIiL

R POINTER >

NIL

Fig. 9-23: Linked List Structure
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DATA STRUCTURES

If no entry starting with a specific letter is found, or if there is no
entry alphabetically following an existing one, their pointers will
point to the beginning of the table (= “NIL"). At the bottom of the
table, by convention, a value is stored such that the absolute value
of the difference between it and ‘‘Z” is greater than the difference
between “A’” and “Z.” This represents an End Of Table (EOT)
marker. The EOT value is assumed here to occupy the same
amount of memory as a normal entry but could be just one byte if
desired.

The letters are assumed here to be alphabetic letters in ASCII
code. Changing this would require changing the constant at the
PRETAB routine.

The End Of Table marker is set to the value of the beginning of
the table (“NIL").

By convention, the “NIL pointers,”’ found either at the end of a
string or within a directory location which does not point to a string,
are set to the value of the table base to provide a unique identifica-
tion. Another convention could be used. In particular, a different
marker for EOT would result in some space savings, as no NIL
entries need be kept for nonexisting entries.

Insertion and deletion are performed in the usual way (see Part I
of this chapter) by merely modifying the required pointers. The
INDEXD flag is used to indicate if the pointer to the object is in
the reference table or another string element.

Searching

The SEARCH program resides at memory locations 0600 to
0650. In addition, it uses subroutine PRETAB at address 06F8.
The search principle is straightforward:

1— Get the directory entry corresponding to the letter of the
alphabet in the first position of the OBJECT’s label.

2— Get the pointer out of the directory. Access the element. If NIL,
the entry does not exist.

3— If not NIL, match the element against the OBJECT. If a
match is found, the search has succeeded. If not, get the pointer to
the next entry down the list.

4— Go back to 2.

An example is shown in Fig. 9-24.
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PROGRAMMING THE 6502

®

®

O—

A-POINTER

ABC

8-POINTER

iy

Nit

OBJECT e}

ABC

Fig. 9-24: Linked List: A Search

Element Insertion

The insertion is essentially a search followed by an insertion
once a ‘‘NIL’’ has been found. A block of storage for the new entry
is allocated past the EOT marker by looking for an occupancy
marker set at ‘“‘available’”. The program is called “NEW” and
resides at addresses 0651 to 06BD. An example is shown in Fig.

9-25.

308

BEFORE

(4 STEPS REQUIRED}

A-POINTER

B-POINTER

|7

c2

C-POINTER

il

€8s

N

AFTER

petlf— 03 JECT

A-POINTER

cz

8-POINTER

NiL

C-POINTER

nj

.

ces

Fig. 9-25: Linked List: Example of Insertion

(FOUND)




DATA STRUCTURES

Element Deletion

The element is deleted by setting its occupancy marker to ‘‘available’’
and adjusting the pointer text from either the directory or the
previous element. The program is called ‘“‘DELETE’’ and resides
at addresses 06BE to 06F7. An example of a deletion is shown in Fig.
9-26.

(BEFORE }

onNne>»

DAF POINTER

DOC POINTER

NiL

DELETE

(AFTER)

oNne»

Y
:

DOC POINTER

Nit

NOTE DAF 1S NOT ERASED. BUT "INVISIBLE"

Fig. 9-26: Example of Deletion (Linked List)



PROGRAMMING THE 6502

LIKE @ LOC

0002
0403
0804
000S
0606
0407
0408
0000
%10
on
0012
[ 1 k]
0014
[ 2} ]
oné
0017
o
0019
0020
(24
0022
0023
0024
25
0026
6027
0028
0029
9030
[ 2]
0032
0033
0034
0033
00348
0037
0038
0039
0040
21}
0042
0043
04
00438
0046
0047
0048
0049
0050
0051
0052
0033
0034
0033
0056
0057
0038
0039
0060
0041
0082
0043
0064
0%4S
0068
0047
0048
0049

310

0000
0000
0000
0000
0000
0000
0000
0000
€000
0000
0000
0800
0400
0602
0604
0407
040y
0400
0s0¢
040E
0610
0612
0814
0414
0818
0814
081C
081E
0620
0821
0623
0625
0627
0629
0626
042C
062€
0430
0632
0634
0436
0438
0634
03¢
043€
083F
0840
0842
0844
0645
0c47
0849
0843
044E
0850
0431
0451
0651
0451
0454
0456
0458
0459
0s3)
0450
083F
M
0443

cose

00 06

67
11

ot
17
[
1€
18
114

INDEXD = 010
INBL0C = Ny
POINIR = 913
0BSECT = 015

= 617

REFBAS = 819

= $10
= $1)
= §IF
= 3400
LDA 0t

STA INBEXD
JSR PRETAD

LDA (InpLOC),Y

STA POINTR
Iny

LBa (INBLOC),Y

STA POINTReY
LY 80

LDA (POINTRY,Y

car 997C
DEQ ROTFND

LBA (ODJECT),Y
CHP (POINTR), Y

BCC NOTFND
BNE ¥OGOOD
my

LA (ODJECT),Y
CAP (POINTR), Y

BCC NOTFND
BXE M0GOOD
1Ny

LDA (ODJECT),Y
CEP (POINTR),Y

BCC KOTFHD
BEQ FOUND
LOA POINTR+t
STA OLD+t
LDA POINTR
§TA OLD

LDY ENTLEN

LBA (POINTR),Y

T8
ny

LDA (POINTR),Y

STA POINTRe!
TXA

STA POINTR
LDA 00

STA INDEXD
JXP ENTRY
LDA BOFF
RTS

JSR SEARCH
BEQ QUTE
LDA TABASE
cLe

ASC 01

§7A TEAP
LoA 80

ADC TABASE+)
STA TEAP)
LDY ENTLEN

SINJTIALIZE FLASS

$6ET REF. POINTER FOR START
sPUT IT 1IN POINTR

+SEE IF ENTRY IS EOT VALUE

SCORPARE FIRST LETTERS

iCOMPARE SECOND LETTERS

sCONPARE THIRD LETTERS

SSAVE POINTR FOR POSSIBLE REF.

$GET POINTER FRON ENTRY AND
3+.L0AD 1T INTO POINTR

JRESET FLAS

+2 SET IF FOUND

$SEE IF OBJ. IS ALREADY THERE

3L00X FOR UNOCCUPIED ENTRY
i..BLOCK
SJUNP PAST EOT VALUE

sSET Y TO POINT TO OCCUPARCY

Fig. 9-27: Linked List Program



007¢
0021
00722
0073
0074
0075
0074
0077
0078
0079
0080
o081t
0082
0083
0084
0083
0088
0087
0088
ooae
0090
0091
0092
0093
00v4
0095
0096
0097
0079
0099
0100
0101
0102
0103
o1
0108
0104
0107
0108
0107
o119
o
0112
0113
oI
o11s
o1
o117
ote
-0119
0120
(1]
0122
Qa
0124
0123
0126
0127
0128
0129
0130
o
0132
(12}
[-[2]]
0133
Ny}
(1214
s

0645
0846
0887
0849
0640
0540
044F
0670
0472
0474
0674
0478
0674
067¢
087€
0480
0483
oind
0408
0486
0488
0584
048C
048
0490
0492
0494
0495
0497
0499
0494
089¢
049E
0440
04A2
0643
04As
06A7
0448
04AA
08AC
08AF
0492
)
06ns
0507
04Dy
048
0600
088E
043¢
43t
3
04c1
06c3
04cs
04C?
04cy
0cA
oscc
oscE
0ucF
Tt
3
008
049?
Iy
N
06

20 00 04

Y
ny
LOSP  LDA
cnp
| 113
LbA
ce
ADC
scc
InC
MORE  ABC
STA
LsA
ABC
sTA
JNP
INSERT DEY
BEY
LOPE  DEY
LDA
STA
[44}
ME
Ly
LDA
STA
Iy
LA
§TA
Iy
LDA
STA
LBA
DXE
DEY
LBA
STa
BEY
LBA
STA

Jup
SETINX JSR
LBA
§TA
Iy
LDA
STA
BONE LA
GUTE RTB

BRE
Ly
LhA
STA
Iny
LA
8TA
ny
LBA
8TA
LhA
BEQ
JSR
Jup
PREINX LDA
e

"n
CTERP), ¥
INSERT
TENP

ENTLEN
MORE
TEXP+1
[}
TERP

[ ]
TENP+1
TENP+1
LogP

(0DJEET), Y
(TENP), Y
"0

LOPE
ENTLEN
POINTR
(TENP), Y

POINTR#Y
(TERP), Y

"
(TENP), T
INDEXD
SETINK

TENP+1
WL,y

TEnP
(oLD),Y
ONE

b

PRETAB
TENP
(I8BLOC),Y

TEAPH
(INBLGC), ¥
NOFF

SEARCH
ouTs
ENTLEN
(POINTR) ¥
TENP

(POINIR} I
TENP+1

(14
(POINTR), ¥
1XDEXD
PREINX
PRETAD
KOVEIT

oLp

DATA STRUCTURES

§+<MARKER OF AN ERTRY
;TEST FOR OCCUPARCY WARKER

+IF 18 USED, #OVE TENP TO NEXT
0 -ENTRY BLOCK

$SET Y BACK TO POINTING TO
3+.10P CF DATA
SMOVE OBJECT INTQ SPACE

iPUT THE VALGE OF POINTR, THE
SENTRY AFTER OBJECT, INTO
;POINTER AREA OF OBJECT

$SET OCCUPANCY MARKER

STEST TO SEE IF REF. TABLE
++.NEEDS READJUSTING

+K0, CMANGE PREVIOUS ENTRY’S
3+ POINTER

JOET ADDRESS OF URATS TO BE CRANGED
$LOAD ADDR. OF ODJ. THERE

+1 CLEAR IF BONE

FGET ADDR OF ODJ.

sSTORE POINTER AT END
+++0F ODJECT

+CLEAR OCCUPANCY RARKER
$6EE IF REF. TABLE REEDS
3+ RERDJUSTING

s8ET FOR CHANSING PREVIOUS
$ooENTRY

Fig. 9-27: Linked List Program (cont.)
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0N ME0 43 IF ABC ENTLEN

0140 k2 08 11 87A INBLOC

o1 04E4 AV &0 )

0142 04k6 45 1C 43¢ CLD+t

o143 04E8 05 12 STA 1N3LOCe1

0144 04EA AS 17 NOVELT LDA TEWP FEHANBE UNAT SEEDS CHAMGING
0148 04EC 40 00 LY B0

o144 OME M 1) $T4 (INBLOC),Y

0147 04F0 €9 1

0148 S4F1 AS 10 LBA TERP1

o1y WF3 N 11 STA (INBLOC),V

0150 4FS AY 00 LBA 80

NS MF? 40 ow1s  R1S 32 8ET IF DOXE

o152 e ;

013 %FY :

0134 04F0 :

0155 04F8 A0 00 PRETAD LBY 80

o156 O4Fa B1 13 LBA (OBJECT), T

0137 MFC 3 $ic $REMOVE ASCII LEADER FROW
oIS P BY M1 55C S84 7-.FIRST LETTER IN ODJECT
oISt S4FF o LA SNULTIPLY BY 2

0140 0700 18 ac

0161 0201 4519 A3 REFSAS $INDEX INTO REF. TASLE
0162 0703 85 11 S 1aDL0C

0183 0705 A9 3¢ LoA 90

0144 0707 4635 1A ADC FEFBASH)

0185 0209 85 12 $TA INDLOCe?

0146 0708 40 RTS

0167 070C +END

ERPORS = 0000 <0007

SYNBOL TABLE
SYNBOL  vALUE

DELETE  08)E  DONE 060B  ENTLEN 001F  ENIRY (31
FOUND 0450  INDEXD 0010 INDLOC 0011  INSERT 0403
LogP 0467  LOPE 0685  MORE 0676  MQVEIT  06EA
NEV 0851  NOGOOD 0632 NOTFND  064E  ODJECT 0015
oL 0013 QUTE 0480  OUTS 04F7  POINTR  OM1}
PREINX  08DD PRETAD 04F8 REFBAS 0019 SEARCH 0400
SETINX  OSAF  TABASE 001D  TEMP 0012

END GF ASSENBLY

Fig. 9-27: Linked List Program (cont.)
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BINARY TREE

We will now develop typical tree management routines. Our simple
structure is shown in Fig. 9-28. It is a binary tree, and the nodes are
names of persons. Names will be internally sorted by “‘tags’® which will
be the first three letters of every name. The memory representation of
this tree structure is shown in Fig. 9-29. The contents of the nodes are
shown, as well as the two links. The first link, to the left of the name, is
the “‘left sibling’’ and the next link, to its right, is the “‘right sibling.”’
For example, the entry for Jones contains two links: *“2’’ and ““4’’. This
indicates that its left sibling is entry number 2 (Anderson), and its right
sibling is entry number 4 (Smith). A ¢‘0”’ in the link field indicates no
sibling. A left sibling’s tag comes alphabetically before its parent. A
right sibling’s tag comes after.

JONES

/ @) \
R BN
AI.BER/ BROWN MURRAY TIMOTHY
0 @) OREZO

Fig. 9-28: Binary Tree

The two main routines for tree management are the tree builder
and the tree traverser. The element to be inserted will be placed in
a buffer. The tree builder will insert the content of the buffer into
the tree at the appropriate node. The tree traverser is said to
traverse the tree recursively, and prints the contents of each of its
nodes in alphanumeric order. The flowchart for the tree builder is
shown in Fig. 9-30, and the flowchart for the tree traverser is shown in
Fig. 9-31.
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PROGRAMMING THE 6502

314

LEFT RIGHT

1 | JONES 2)4

2 | ANDERSON | 7 | 3

3 | BROWN o|o0 <-J

4| smitH 5| 6 le— L
ORDER
OF INSERTION
:
s | murray |o|o

6 1 ZORK 8{0 j%——

7 | ALBERT 01}0

8 | TIMOTHY ojo #

Fig. 9-29: Representation in Memory



WORK POINTER =
START POINTER

FREEPTR
= smn' POINTER

WORKPTR =
RIGHTPTR OF
CURRENT NODE

DATA STRUCTURES

\

ADD BUFFER
CONTENTS TO
TOP OF TREE

RIGHT POINTER
OF CURRENT
NODE = FREEPTR

!

SEV POINTERS OF
NEW NODE = 0?

'

FREEPTR = FREEPTR
4 ENTIEN ¢ 4

Fig. 9-30: The Tree Bulider Fowchart

-

=]
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PROGRAMMING THE 6502

ADD BUFFER
CONTENTS TO
TOP OF TREE
[POINTED TO
BY FREEPTR]

!

LEFT POINTER
OF CURRENT NODE
= FREEPTR

!

SET POINTERS OF
NEW NODE = 0

¥

FREEPTR = FREEPTR
+ ENTLEN + 4

LEFT

POINTER OF

CURRENT
NODE = 0
?

!

WORKPTR =
RIGHTPTR OF
CURRENT NODE

Fig. 9-30: The Tree Builder Flowchart (cont)
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DATA STRUCTURES

SYART

PRINT TREE (WORKPTR)

o = s o]

@

Fig. 9-31: Tree Traverser Flowchart
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Since the routine for the traversal is recursive, it does not lend itself well
to flowchart representation. Another description of the routine in a high-
level format is therefore shown in Fig. 9-32. An actual node of the tree
is shown in Fig. 9-33. It contains data of length ENTLEN, then two 16-
bit pointers (the right pointer and the left pointer). In order to avoid a
possible confusion, note that the representation of Fig. 9-29 has been
simplified and that the right pointer appears to the left of the left
pointer in the memory. The memory allocation used by this program is
shown in Fig. 9-34, and the actual program appears in Fig. 9-37.

The INSERT routine resides at addresses 0200 to 0282. The tag
of the object to be inserted is compared to that of the entry. If greater,
one moves to the right. If smaller, to the left, down by one position.
The process is then repeated until either an empty link is found or a
suitable ‘‘bracket’’ is found for the new node (i.e., one node is greater
and the next one smaller, or vice versa). The new node is then inserted
by merely setting the appropriate links.

PROGRAM TREETRAVERSER;
BEGIN

CALL SEARCH (STARTPOINTER);
END.

ROUTINE SEARCH (WORKPOINTER);

BEGIN
IF WORKPOINTER = 0 THEN RETURN;
SEARCH [LEFTPTR (WORKPOINTER)];
PRINT TREE (WORKPOINTER);
SEARCH [RIGHTPTR (WORKPTR));
RETURN;

END.

Fig. 9-32: Tree Traversal Algorithm
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DATA STRUCTURES

DATA: ‘ENTLEN’ BYTES

RIGHT
L

PTR LEFT
L H L

PTR
H

(n)

$10

$17

$37

(n + ENTLEN + 4)

Fig. 9-33: Data Unils, or “Nodes” of Tree

PAGE 0

FREPTR (LO)

FREPTR (H1)

WRKPTR (LO)

WRKPTR (HI)

ENTLEN

STRTPT (LO)

Y VY

HIGH MEMORY

PROGRAM

STRTPT (HI)

BUFFER

Y

TREE

Fig. 9-34: Memory Maps

$200

TOP OF TREE
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PROGRAMMING THE 6502

The TRAVERSE routine resides at addresses 0285 to 02D6. The

utility routines OUT, ADD and CLRPTR reside at addresses 0207
to 02FE (see Fig. 9-37).

An example of a tree insertion is shown in Fig. 9-35, and an ex-
ample of a tree traversal in Fig. 9-36.

SEARCH

il

l ALBERT

l JONES 2 INSERT

TIMOTHY

Fig. 9-35: Inserting an Element in the Tree

320



DATA STRUCTURES

JONES
ANDERSON SMITH
ALBERT BROWN MURRAY ZORK
1 1 } ¥ TIMOTHY
ALBERT ANDERSON  BROWN JONES MURRAY 1
SMITH 208K
TIMOTHY

Fig. 9-36: Listing the Tree

Note on Trees

Binary trees may be constructed and traversed in many ways.
For example, another representation for our tree could be:

ALBERT
e N
ANDERSON MURRAY
S S\

SMITH

TIMOTHY

pd

BROWN

ZORK

Fig. 9-38 : Tree in Preorder

It would then have to be traversed in ‘“‘preorder’’:

1— list the root
2— traverse left subtree
3— traverse right subtree

Many other techniques and conventions exist.
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0002 0000 TREE MANAGENENT PROGRAM.
0003 0000 $2 ROUTINES: ONE, WHEN CALLED, PLACES
0004 0000 $THE CONTENTS OF. THE BUFFER INTO THE
0005 0000 sTREE; AND THE SECOND TRAVERSES
0006 0000 $TKE TREE RECURSIVELY, PRINTING ITS
0007 0000 $MODE CONTENTS IN ALPHANUNERIC ORBER.
0008 0000 $KOTE: “ENTLEN” MUST BE INITIALIZED
0009 0000 $AND “FREPTR’ NUST BE SET EGUAL 10
0010 0000 ; "STRTPTR” DEFORE EITHER ROUTINE IS USED.
0011 0000 :
0012 0000 .0
0013 0010 FREPTR #8402 $FREE SPACE POINTER: POINTS T0
0014 0012 INEXT FREE LOCATION IN MEWORY.
0015 0012 URKPIR #2042 $UORKING POINTER, POINTS T0 CURRENT NODE.
0016 0014 ENTLEN sxos1 STREE ENTRY LENGTH, IN BYTES.
0017 0015 00 06 STRTPT ,UORD $600
0018 0017 BUFFER o=4420 :1/0 BUFFER.
0019 0028 :
0020 0028 ¢ x 4200
0021 0200 :
0022 0200 $ROUTINE TO BUILD TREE: ADDS ONE DATA UNIT,
0023 0200 sOR KODE, TO TREE. MUST BE CALLED
0024 0200 {VITH DATA UNIT T0 BE ADDED IN “BUFFER’.
- 0025 0200 :
0026 0200 AS 13 INSERT LDA STRIPY TUORKPOINTER ¢= FREEPOINTER.
0027 0202 85 12 STA URKPTR
0028 0204 A5 16 LDA STRTPTe1
0029 0204 85 13 STA URKPTR#1
0030 0208 A5 10 LbA FREPTR ;IF FREEPOINTER >
0031 0204 (S 1S CKP STRTPT sSTARTING LOCATION POINTER,
0032 020C DO OD DNE INLOOP $6OTO INSERTION LOOP.
0033 020E AS 11 LDA FREPTReY
0034 0210 5 16 CKP STRIPT#1
0033 0212 0 07 BKE INLOOP
0036 0214 20 D7 02 JSR ADD $LOAD BUFFER INTO CURRENT POSTTION.
0037 0217 20 E4 02 JSR CLRPTR $SET POINTERS OF CURRENT ODE 70 O.
0038 0214 40 RTS $BOKE ADDING 1ST NODE.
0039 0218 A0 00 INLOOP LDY 20 $CONPARE BUFFER TG T0 TAG OF CURRENT
0040 021D B89 17 00 CKPLP LDA BUFFER,Y sLOCATION. ..
C04r 0220 D1 12 CAP (URKPTR),Y
0042 0222 90 33 BCC LESSTW +BUFR TAS LOUER: ADD BUFFER T0
0043 0224 SLEFT SIDE OF TREE.
0044 0224 FO @2 BEQ MXT $TAGS EQUAL, TRY NEXT CHR. IN TAGS.
0045 0226 20 05 BLS GRINEQ DUFR TAG GREATER, ADD BUFR 10
0046 0220 $RIGMT SIDE OF IREE.
0047 0228 c8 NXT Ny
0048 0229 C9 00 e M ;3 CKRS. CORPARED?
0049 0228 DO FO BNE CNPLP N0, CHECK NEXT [HR.
0050 0220 A4 14 GRINEQ LDY ENTLEN $DOES
Q081 022F »1 12 LBA (URKPTR),Y RIGNT POINTER OF CURRENT NODE = ¢ ?
0052 0231 D0 15 BNE NXRNOD ;1F NOT, KOVE DOUN/RIGHT IN TREE.
0033 0233 €8 0]
0054 0234 81 12 LDA (URKPTR),Y
0055 0236 DO 10 BNE NXRNOD
0056 0238 a5 11 LDA FREPTRe1  ;SET RIGHT POINTER OF CURFENT
0057 02384 91 12 STA (URKPTR),Y ;KODE = FREEPOINTER.
0055 023C 88 DEY
0059 0230 AS 10 LDA FREPTR
0040 023F 91 12 STA (URKPTR),Y
G061 0241 20 D? 02 JSR ADD ;ADD DUFFER TO TREE.
0062 0244 20 E4 02 JSR CLRPTR CLEAR POIMTERS OF NEW NODE.
0083 0247 40 RS BONE, WEU RIGHT NODE ADDEL.
0064 0240 A4 14 MXRNGD LDY ENTLEN +SET UORKING POINTER -
0065 0244 1 12 LOA (URKPTK:,Y; RIGHT POINTER OF CURREMT NODE.
0068 0240 A Tay
0067 024D 8 Iny
0060 024E M 12 LDA (URKPTR),Y
0049 0230 85 13 STA URKPTR+!
0070 0252 88 12 STX URKPTR
0071 0254 4C 18 02 NP INLOGP $TRY WEU CURRENT WODE.

Fig. 9-37: Tree Search Programs
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os8e
0090
%N
0492
0093
0094
0093
0%
0097
0098
0099
0100
(1]
0102
0103
0104
0103
0108
0107
0198
0109
o110
o1t
0112
o113
o1
013
0116
o2
o118
[1h14
0120
[ JF3)
0122
0123
024
0125
0126
0127
0128
0129
0130
3
0132
0133
0134
0133
0134
0137
0138
0139
a140

0257
0239
0234
023
0230
025F
0260
0262
0244
024
0248
0249
0240
0243
0220
0223
02724
0274
0272
027e
0274
02723
027¢
027¢
0280
0262
0203
0285
0285
0283
0285
0205
0285
0287
0289
0288
02680
028F
0291
0293
0293
0297
0294
0293
Q29¢C
029D
029F
0240
om
0243
0244
0283
0247
0249
0243
024E
024F
(23]}
0232
0204
0287
0289
0288
028C
0200
028F
o201
02C3
02C4

12
13

002

cé 02

8D 02

€7 02

12
13
12
9D 02

LESSTN LDY
my

my
L
BRE
1oy
LM
13
(1]
8TA
|13}
[0
STa
Jse
st
/1S
wxLedd LY
1wy
1oy
(7]
Tax
uy
LB
sTA
$TX
e

ENTLEN

(URKPTR),Y
HXLKOD

(GRKPTR), ¥
NXLKGD
FREPTRe|
RKPTR), Y

FREPTR
(URKPTR), Y
(1]
cLreTR

ENTLEN

(URKPTR), Y

(GRKPTR), ¥
URRPTRe 1
URKPTR

1L U4

DATA STRUCTURES

sB0ES LEFT POINTER GF
SCURRENT NOBE = ¢ *

$IF SO, MGVE BONN/LEFT IN TREE.

SSET LEFT POINTER OF CURRENT KOBE TO
SPOINT TO NEU NODE.

<400 EEV NOBE CONTENTS,

+CLEAR POINTERS OF NEW NOBE.
+BONE, NEU LEFT WOBE ADDED.
$SET UORKING POINTER =

SLEFT POINTER OF CURRENT MODE.

STRY NEU CURRENT KODE.

H

STREE TRAVERSER 3 LISTS NOBES OF VREE
SN ALPRARUKERICAL ORZER.

SCUTPUT ROUTINE TO XFER BUFFER TO CUTPUT

SBEVICE IS

’

TRURSE LDA
STA
LoA
STA

SEARCH LDA
(8}
BKE
Ly

STRTPY
GRKPTR
SIRTPT+)
URKPTR+1
URKPTR+1
URKPTR
oK
URKPTR+1

Jnp
oK PRA
XA
PRA
Ly
Iy
iy
LDA
TAX
ny
LA
STA
STX
JSR
PLA
STA
PLA
STA
JSR
Loy
LDA
TAX
Iy
LDA
STA
$TX
JSR
RETH  RTS

RETH

ENTLEN

(URKPTR), Y

(RRKPTR) , T
URKPTR+1
URKPTR
SEARCH

URKPTR

WRKPTR#1
our

ENTLEN
(URKPTR), ¥

(GRKPTR),Y
URKPTR+1
URKPTR
SEARCN

SUORKING PCINTER (= START POINTER.

;IF WORKING POINTER ¢» O,
;CONTINUE;

SELSE, RETURN.
$PUSH QORKING POINTER
SONTO STack,

$SET UORKING POINTER =
SLEFT POINTER OF CURRENT NODE.

$SEARCH NEU NODE, RECURSIVELY.
;P0P OLD CURRENT NODE INTO GORKINS POINTER.

;0UTPUT CURRENT NODE CONTENTS.
$SET UGRKING POINTER =
sCURRENT NODE’S RIGHT POINTER.

$SEARCH NEU NODE.
$BONE, RETURN,

Fig. 9-37: Tree Search Programs (cont.)
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o
0142
0143
0144
0143
0148
0147
0148
0149
0150
[}
0152
153
0154
0153
0154
o187
o138
0139
0150
0
01482
0183
0144
0145
0184
047
0148
0149
0120
o
0172
0173
0174
o175
028
0172
0178
0129
0180
0181
0182
0183
0104
0183

0207
02C7
02¢7
02¢7
02¢Cy
0200
02C¢

02CF

0201

0203
0204
0208
0204
0202
0207
207
0207
0207
0209
028C
020E
020F
0261
02€3
02€4
02€4
02E4
02€4
02E4
0268
02E6
02€3
02EA
02EC
02ED
Q2EE
02F0
02F2
02F3
02FS
02F7
02F9
02FY
02FD
02FE

00
114
10

14
Fé

(1)

00

ERRORS = 0000 <0000>
END OF ASSEMBLY
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i
$BUFFER OUYPUT ROUTIKE.

Eur LoY 80
XFR LBA (URKPTR),Y JGET CHR. FROM CURRENT NODE.
STA BUFFER,Y ¢PUT IN BUFFER,

wy SREPEAT UNTIL...

CPY ENTLEN sALL CNARACTERS XFERRED,
BNE XFR

KoP SINSERT CALL TO SUBROUTINE
ngP sUHICH QUTPUTS BUFFER HERE.
*oP

RTS +BONE.

$ROUTINE UHICH PLACES DUFFER
$CONTENTS IN NEW WODE.

A LOY 0
SOV LDA BUFFER,Y  ;GET CHR. FRON BUFFER.
STA (FREPTR),Y :STORE IN KEW NODE.

Ny SREPEAT UNTIL...
CPY ENTLEN JALL CHRS XFERRED.
BDNE 8OV

RTS sDONE.

'

SRGUTINE TO CLEAR POINTERS OF KEW KOME,
$AND UPDATE FREE SPACE POINTER,

H

CLRPTR LMY ENTLEN +SET UP INDEX TO POINT
370 TOP OF POINTER LDCATIONS.

LOA 0

Lx s 7LOCP 4X TO CLEAR POINTERS
CLRLP STA (FREPTR),Y ;CLEAR POINTER LOCATION.

ny sPOINT TO NEXT POINTER LOCATION.

DEX

BKE CLRLP +LO0P IF XOT DOKE.

LDA ENTLEN $SET ENTRY LENGTH,

e +AND ADD 4 FOR POINTER SPACE.

ADC M4

ADC FREPTR +ADD TO FREE SPACE POINTER TO

BCC CC JUPDATE 1T,

INC FREPTR#Y sTAKE CARE OF OVERFLOWS.

11 STA FREPTR SRESTORE UPDATED FREE SPACE PIR,
RTS $BONE.
<END

Fig. 9-37: Tree Search Programs (cont.)



DATA STRUCTURES

A HASHING ALGORITHM

A common problem when creating data structures is how to place
identifiers within a limited amount of memory space in a sys-
tematic way so that they can be retrieved easily. Unfortunately,
unless identifiers are distinct sequential numbers (without gaps),
they do not lend themselves to placement in the memory with-
out gaps. In particular, if names were to be placed in the memory so
that they could be most easily retrieved (i.e., if they were placed
alphabetically), this would require a huge amount of memory;
a single memory block would have to be reserved for every possible
name. This is clearly not acceptable. To solve this problem, a hashing
algorithm can be used to allocate a unique (or almost unique) number
to every name which has to be entered into memory. The mathematical
function used to perform the hashing should be simple so that the algo-
rithm can be fast, yet sophisticated enough to randomize the distri-
bution of the possible names over the available memory space. The re-
sulting number can then be used as an index to the actual location, and
fast retrieval will be possible. It is for this reason that hashing is com-
monly used for directives of alphabetic names.

Since no algorithm can guarantee that two names will not hash
into the same memory location (a *‘collision’’) a technique must be
devised to resolve the problem of collisions. A good hashing algor-
ithm will spread names evenly over the available memory space,
and will allow efficient retrieval of their values once they have been
stored in a table. The hashing algorithm used here is a very simple
one, where we perform the exclusive OR of all the bytes of the key.
A rotation is performed after every addition to improve the ran-
domization.

The technique used to resolve collisions is a simple sequential
one. It is technically called a ‘‘sequential open addressing tech-
nique; "’ the next sequentially available block in the table is
allocated to the entry. This can be compared to a pocket address
book. Let us assume that a new entry must be entered for SMITH.
However, the ‘S’ page is full in our small address book. We will
use the next sequential page (““T"’ here). Note that there will not
necessarily be another collision with a new entry starting with a ““T’’;
the entry for ¢‘S”’ may be removed (‘‘whited out,” in our comparison)
before a ‘T’ ever needs to be entered.

Also note that there could be a chain of collisions. If the chain is
long, and the table is not full, the hashing algorithm is a bad de-
sign.
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Since it is convenient to use a power of two for the data format,
the length of the data is eight characters; six are allocated to the
key, and two to the data. This is a typical situation when creating,
for example, the symbol table for an assembler. Up to six hexa-
decimal symbols are allocated to the symbol, and two are allocated
to the address it represents (2 bytes).

When retrieving elements from the hashing table, the time re-
quired by the search does not depend on the table size, but on the
degree to which the table has been filled. Typically, keeping the
table less than 80%full will insure a high access time (one or two
tries). It is the responsibility of the calling routine to keep track of the
degree of fullness of the table and prevent overflow,

The increase of the access time versus table fullness is shown in
Fig. 9-39. The main routines used by the program are the initialize
subroutine (INIT), shown in Fig. 9-40; the store routine, shown in
Fig. 9-41; the retrieve routine, shown in Fig. 9-42; and the hash routine,
shown in Fig. 9-43. The memory allocation is shown in Fig. 9-44,
and the program is given in Fig. 945. The program is intended to demon-
strate all the main algorithms used in an actual hashing
mechanism. If these programs are to be imbedded in an actual imple-
mentation, it is strongly suggested that the usual housekeeping

ACCESS
TIME

P TABLE FULINESS
100>

Fig. 9-39: Access Time vs. Relative Fullness
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PTR = ENTNUM * 8

Fig. 9-40: Initialize Subroutine

STORE BUFHER
AT TABLE (PTR)

Fig. 9-41: "Store” Routine

327



PROGRAMMING THE 6502

START

HASH KEY IN BUFFER
PUT RESULT IN INDX

A

4

INDEX = INDEX - ENTNUM

N

PTR = INDEX * 8

KEY AT TABLE (PTR)

MATCHES KEY IN BUFFER? INDEX = INDEX + 1

PLACE DATA UNIT AT
TABLE (PTR) IN BUFFER

Fig. 9-42: Retrieve Routine, “Find”
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CLEAR A

A = (A) EXCLUSIVE
OR TABLE [PTR + ﬂ

Y

INDEX = A

Fig. 9-43: Hosh Routine
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functions required to prevent unexpected situations be added. In
particular, one should guard against the possibility of a full table
or of an incorrect key since these might cause infinite loops to oc-
cur in the program. The reader is strongly encouraged to study
this program. Not only will it demystify a hashing algorithm, but
it will also solve an important practical problem encountered when
designing an assembler, or any other structure where tables of
names with their equivalent values must be kept in an efficient
way.

PAGE 0 HIGH MEMORY
PROGRAM $200
$10
TABELO N
TABLE Ht
INDEX
PIR 1O N TABLE
PTR HI /
ENTNUM
BUFFER
———————— L__—F
-------- |
........ D s o P ¥

Fig. 9-44: Hash Store/Retrieve: Memory Maps
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LINE 0 L6C

0002
0003
0004
0908
0004
0047
0008
080
0010
oon
0012
a3
0014
001S
0014
0017
0018
o0y
0020

0000
0000
0000
0000
0000
¢000
Q000
0000
0000
0000
0000
0000
0010
0012
0013
0013
0014
001E
001E
0200
0200
0200
0200
0200
0202
0204
0207
0200
0203
0200
020F
on

013
ons
017
0219
0210
0210
021F
e

9222
0222
0222
0222
0222
0222
0222
0224
0227
0224
022¢
022
0230
0233
9233
0238
0234
0238
0230
023E
023t
023€
023E
023E
023E

00

*AS
85
20
A2
a?
[ L]
8o
(43
cé
et
(1]
2]
|
3
(1]
| [
&0

[

13
13
72 02
00
[
13
[ 1]
14
13
13
13
10
€E
"
1]
1]

023 A2 00
0240 20 90 02
0243 20 42 02

DATA STRUCTURES

LINE

sPROSRAN TO STORE ASSEMSLER SYNBOLS IN 4
STABLE, ACCESSED BY KASHING. THE STMSOLS
FARE 4 CHRS, BATA 2. THE MAXINUR NGNDER OF
$8-DYTE UNITS TO BE STSRED 1N TNE TABLE
SSHQULD BE IN “ENTNUN‘, BEGINNING ADIRESS OF
JTABLE SKOULD BE IN “TABLE’. NOTE TNAY
STADLE WUST BE INITIALIZED WITN ROUTIRE

¢ INIT PRIOR TO USE,

J1T 1S TE RESPORSIBILITY OF THE CALLING
+PROGRAN X0 TO EXCEED TNE TABLE SI2E.

= #10
TABLE .UORD 4400 sSTARTING ADDRESS 6F TABLE.
INDX  eseef SUURBER OF BATA USIT TO BE ACLESSID.
PR 2 SPOINTER TO DATA UNIT IN TABLE.
ENTHUN oxoet SNUNBER OF ENTRIES IN TABLE (256 MAX)
BUFFER sseed +1NPUT/ CUTPUT BUFFER.
o= 0200
SROUTIRE “INIT’ 5 INITIALIZES TARE
:10 1ERCES.
14
INIT  LDA ENTNUR
StA PIR ;STORE 0 OF ENTRIES IN POINTER
JSR SNADD SRULTIPLY PIReS, ADD TABLE POINTER.
Lx 8o JCLEAR X FCR INDIRECT ABBRESSING.
CLRLP LBA 80 ;6ET CLEARINS CONSTANT
LbY PR
BKE BECR +1F PIR <> O, DEN‘T DECRENENY HI MYTE.
BEC PRI +BECRERENT W1 DYTE OF POINTER.

DECR  DEC PTR ZBECRENENT LO BYTE.
STA (PTR,X) SCLEAR LOCATION.
LDA PTR SCHECK IF POINTER = TABLE POINTER,
CKP TABLE SIF UNEGUAL, CLEAR REXT LOCATIGN.
BNE CLRLP
LBA PTR4Y
CKP TABLE+?
BRE CLRLP
RT8

.

SROYTINE “STORE’s PLACES BUFFER CONTENTS IN
FTABLE, USING 15T 4 CNRS. OF BUFFER AS 4
s7KEY’ TO BETERNIXE KASKED ABBRESS IR

s TABLE.

] .

STORE LDX &0 JCLEAR X FOR INBEXED ADDRESSING.
J8R NASN F0ET NASKED INDEX..

CKPRY  JSR LINIT FNAKE SURE INBEX IS GITNIN BOINIS.
LBA (PTR,X) FCNECK DATA UNIT...

BEQ ExPYY SJUNP IF ERPTY.,

e 10X STRY NEXY UNIT.

JEP CEPRY SCHECK FOR NEXT §NIT IKDEX VALID.
ENPTY LDY 87 SLOCP 8X TO LOAD DATA UMIT.

FILL  LDA BUFFER,Y 36ET CNR FRCH BUFFER,
STA (PTR),Y FPLACE IT 1M BUFFER.

BEY
BPL FILL SUFER NEXT CIER.
L3¢ FABDITICH DONE.

L

SROUTIKE “FIND’ 3

SFINDS ENTRY UNCSE KEY I8 IN BUFFER,
SENTRY, UKEN FOUND, IS COPIED INTO
UFFER, ALOKO UITR 2 DYTES OF DATA,

i
FIND  LDX 80 SCLEAR X FOR INDIRECT ADDRESSING.

JSR MASR SSET NASH PRODUCT.
CHPR2  JSR LINIT SHAKE SURE AESULT IS VITNIN LINITS

Fig. 9-45: Hashing Program
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0070 0245 40 0S LDY 88 LOOP 8X TO CONPARE BUFFER TO DATA ITEM.
0071 0248 B1 13 CHKLP LDA (PTR),Y 36ET CHR FRON TABLE.

0072 024 D9 15 00 CAP BUFFER,Y ;I8 IT s BUFFER CHR?

0073 024D DO OF BNE DAD {IF NOT, TRY NEXT DATA UNIT.
0074 024F B8 DEY

0075 0250 10 Fé BPL CHKLP ;CHECK NEXT CHRS.

0076 0252 A0 07 MATCH LDY #7 ;LOOP X TO XFER CHRS TO DUFFER.
0077 0234 B1 13 XFER  LDA (PTR),Y $6ET CHR, FROM TABLE.

0078 0256 99 14 00 STA DUFFER,Y  ;STORE IN BUFFER.

0079 0259 88 DEY

0080 0254 10 F8 BPL XFER ;LOOP TO XFER CERS.

0081 025C 49 RIS $DONE sDATA UNIT FOUND, IN BUFFER.
0082 025D E6 12 BAD  INC INDX $NOT FOUND, TRY NEXT DATA UNIT,
0083 025F 4C 43 02 JHP CHPR2 i{VALIDATE NEU DATA UNIT INBEX.
0084 0262 :

0083 0262 SROUTINE TO NAKE SURE DATA INDEX IS WITHIN

0088 0262 ;BOUNDS SET BY ENTNUN, THEN RULTIPLY INDEX

0097 0262 $BY B, AND ADD IT TO TABLE POINTER, THE

0088 0262 $RESULT 1S PLACED IN “PTR’ AS DATA UNIT ADDRESS.

0099 0262 H

0090 0262 A5 12 LINIT LBA INDX 6ET INDEX.

0091 0264 €5 15 TEST  CHP ENTAUM {INDEX > NUNBER OF DATA ITENS?
0092 0266 90 06 BLC OK ;JUNP IF WOT,

0093 028 38 SEC SYES -

0094 0269 ES 1S SBC ENTRUN ISUBTRACT @ OF ITENS UNTIL

0095 0248 4C 44 02 NP TEST SINDEX UITHIN BOUNDS.

0096 026E B85 13 oK 574 PR $STGRE GOOD INDEX IN PDINTER.
0097 0270 85 12 STA INDX SAVE UPDATED INBEX.

0098 0272 A9 00 SHADD LDA 80 ;CLEAR UPPER POINTER FOR SHIFT.
009 0274 83 14 STA PTR#Y

0100 0276 06 13 ASL PR SSHIFT PTR 3X LEFT - NULTIPLY BY 8.
0101 0278 26 14 ROL PTR#1

0102 0274 06 13 ASL PTR

0103 027C 25 14 ROL PTR#1

0104 0276 06 13 AL PTR

0105 0280 26 14 ROL PTR+1

0106 0292 18 [

0107 0283 AS 10 LDA TABLE ;ADD POINTER AND TABLE START
0108 0285 45 13 ADC PTR SADDRESS AND PLACE RESULT IN POINTER.
0109 0287 85 13 STA PIR

0110 0289 4S 11 LDA TABLE+!

o111 0289 &5 14 ADC PTR4!

0112 028D 85 14 STA PTR#1

0113 028F 40 RTS

0114 0290 :

011 0290 SROUTINE TO GENERATE DATA UNIT IMDEX IN TASLE

o116 0290 ;BY HASHING “KEY’, OR CHRS OF LABEL.

0117 0290 3

0118 0290 A9 00 HASH  LDA 00 JCLEAR LOCATION FOR INDEX,

oy 0292 18 e {PREPARE TO ADD.

0120 0293 A0 05 LDY 85 ;LOOP &X FOR EXCLUSIVE ORS.

0121 0295 S9 16 00  EXOR EOR BUFFER,Y  JEXCLUSIVE-GR ACCUM. UITH BUFFER CHR.
0122 0298 24 ROL A SAULTIPLY aCCUN. BY 2,

0123 0299 88 DEY ;COUNT 20UN CHRS.

0124 0294 10 F9 BPL EXOR $BET NEXT CHR.

0125 029 85 12 STA INDX SAVE HASH PRODUCT AS INDEX.

0126 029€ 60 RIS BONE.

0127 029F JEND

ERRORS = 0000 <0000>

SYNBOL TABLE

SYNBOL  VALUE

BAD 025D BUFFER 0016  CHKLP? 0248 CLRLP 0201
CHPRI 0227  (WPR2 0243 DECR 021 ENPTY 0233
ENTNUN 0013 EXOR 0295 FILL 0235 FIND 023E
HASH 0290  INDX 0012 INIT 0200 LINIT Q262
HATCH 0252 Ok 026E PR 0013 SHADD 027,

STORE 0222 TABLE 9010  TEST 0264 XFER 0254
END OF ASSEMDLY

Fg. 9-45: Hashing Program (cont.)
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BUBBLE-SORT

Bubble-sort is a sorting technique used to arrange the elements
of a table in ascending or descending order. The bubble-sort tech-
nique derives its name from the fact that the smallest element
“bubbles up’’ to the top of the table. Every time it ‘‘collides’” with
a “heavier” element, it jumps over it.

A practical example of bubble-sort is shown in Fig. 9-46. The list
to be sorted contains: 10, 5, 0, 2, and 100, and must be sorted in
descending order (‘‘0” on top). The algorithm is simple, and the
flowchart is shown in Fig. 9-47.

The top two (or bottom two) elements are compared. If the
lower one is less (“lighter’’) than the top one they are exchanged.
Otherwise, they remain the same. For practical purposes, the exchange,
if it occurs, will be noted for future use. Then, the next pair of elements
will be compared, etc., until all elements have been compared two by two.

This first pass is illustrated by steps 1, 2, 3, 4, 5, and 6 in Fig. 9-47,
going from the bottom up. (Equivalently, we would go from the top
down.)

If no elements have been exchanged in one pass, the sort is complete.
If an exchange has occurred, we start all over again.

Looking at Fig. 9-47, it can be seen that four passes are neces-
sary in this example,

The process described above is simple, and is widely used.

One additional complication resides in the actual mechanism of
the exchange. When exchanging A and B, one may not write:

A=B
B=A

as this would result in the loss of the previous value of A. (try it on
an example.)

The correct solution is to use a temporary variable or location to
preserve the value of A:

TEMP = A
A =B
B = TEMP

It works. (Again, try it on an example.) This is called a circular permu-
tation., and it is the way all programs implement the exchange. The
technique is illustrated in the flowchart of Fig. 9-47.
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10 10 10
5 5 s [+ 2
° la— 1 3 P - | 3
2 ll— | =4 2 e | g 2
100 1=5 100 100
100> 2: 220 0cS
NO CHANGE NO CHANGE EXCHANGE!

O] ® ®

10 10 — 1 0
0 ) )~ 2 10 D

2 2 2
100 100 100
0<10: EXCHANGED
EXCHANGED EXCHANGED END OF PASS |
END OF PASS 1
o 0 0
10 0 10
5 5 - =3 2 j
2 e |=4 2 - | =4 5
00 [ 1=5 100 100
100> 2: 2<S:
NO CHANGE EXCHANGED EXCHANGED

0) ®

0 0 0o =t
10 [—1=2 2 ::) 2 [ 1=2
2 *— 1=3 10 10
s 5 5
100 100 100

2<10: 250:

EXCHANGED EXCHANGED NO CHANGE
END OF PASS 2

Fig. 9-46: Bubble-Sort Example
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10

100

100> §:
NO CHANGE

10
100

5>2:
NO CHANGE

5 [ — |=3

0
2
5 rg— |
10 jg— |
100
10>5:
NO CHANGE

DATA STRUCTURES

0
10 | — |=3 :]
5 [ =4 10
100 100
5<10: EXCHANGED

®

ft— 1=1 o
2 [ 1=2
5 5
10 10 [— |=4
100 100 [ |=5
2>0: 100 >10:
NO CHANGE NO CHANGE
END OF PASS 3
0 0 lp— |=1
| — |=2 2 lg— 1=2
5 lt— 1=3 5
10 10
100 100
5>2: 2>0:
NO CHANGE NO CHANGE
END

Fig. 9-46: Bubble-Sort Example (cont.)
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J

EXCHANGED = 0

v

GET NUMBER OF
ELEMENTS N
I=N

v ¥

READ ELEMENT
Efn)

/

DECREMENT |

NO

READ E'(1)

YES

NO

EXCHANGE E AND €
TEMP = E(1)
E(l) = ()
E(l) = TEMP

\

EXCHANGED = 1
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Fig. 9-47: Bubble-Sort

YES

NO

DONE
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The memory map corresponding to the bubble-sort program is
shown in Fig. 9-48. In this program, every element will be an 8-bit
positive number. The program resides at addresses 200 and follow-
ing. Register X is used to memorize the fact that an exchange has
or has not occurred, while register Y is used as the running pointer
within the table. TAB is assumed to be the beginning address of
the table. The actual program appears in Fig. 9-49. Indirect in-
dexed addressing is used throughout for efficient accessing. Note
how short the program is, due to the efficiency of the indirect ad-
dressing mode of the 6502.

0000
TABLE PTR =
000!
0200
PROGRAM
NUMBER n
ELEMENT |
ELEMENT 2 v x
PR I EXCHANGED? I
CURRENT ELEMENT
ELEMENT n

Fig. 9-48: Bubble-Sort: Memory Map
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SORT......PAGE 000!

LINE § LOC COnE

0002 0000

0003 0000

0004 0000

0005 0000

0006 0000 00 08
0002 0002

0008 0002

0009 0200

0010 0200 A2 00
0011 0202 At 00
0012 0200 48
0013 0205 B1 00
0014 0207 88
0015 0208 FO 12
0016 0204 D1 0D
0017 020C KO F?
COI8 020E AA
0019 020F M1 00
0020 0211 €8
0021 0212 91 00
0022 0214 BA
0023 0215 88
0024 0216 91 00
0025 o218 A2 01
0026 0214 DO £V
0027 021C BA
0028 0210 DO EI
0029 021F 60
0030 0220

ERRORS = 0000 <0000>

SYNBOL TABLE
STNBOL  VALUE
EXCH 020E

™ 0000
END OF ASSEMBLY

<
<
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FIMNISH

LINE
H BUBBLE SORT FROGKAN
) LI 1
;ﬁﬁ BORD $6090
' ¢ 200

H
SGRT  LDX 80
LDA (TAB, XY
Tar
LOOP  LDA (TAR),Y
DEY
DED FINISH
CHP (TABY,Y
BCS LooP
EXCH  TaX
LDA (TAB),Y
INY
STA (TaB), ¥
T4
pEY
STA (TAB),Y
L n
BNE LOOP
FINISH Txa
BNE SORT
RTS
.END

021C oo 0205

JSET EXCHANGED” TO O

INUNBER OF ELEMENTS IS IN Y

TREAD ELEMENT EC1)

JDECRERENT NUNBER OF ELENENTS 70 READ.
SEND IF ND MORE ELEMENTS

sCONPARE TO E"(I)

SGET NEXT ELEMENT IF ECDI:E (D)
TEXCHANGE ELENENTS

SSET EXCHANGED 10 1

JGET NEXT ELENFNT

ISHIFT "EXCHANGER 70 A REG. FOR CORPARE...
+1F SOME EXCHANGES MADE, DO ANOTHER PASS.

SORT 0200

Fig. 9-49: Bubble-Scrt Program
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PTRY >
TABLEI (0)?

PR 2

> NO
TABLE? 1{0)

TABLE 2 (PTR 2)

TEMP = TABLE} (PTRI) TEMP = TABLE2 (PTR2)

PIR 1 =PIR 141

I DESTBL (PTR3) = TEMP I

PTR3=PTR3+1

PTRI S
TABLE! (0) PTR3 = TABLE 1 (0)

+ TABLE 2 (0)
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AND
PTR2 > TABLE2
0)?,

Fig. 9-50: Merge Fowchart
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A MERGE ALGORITHM

Another common problem consists in merging two sets of data
into a third one. We will assume here that two tables of data have
been previously sorted, and we want to merge them into a third table. The
length of each of the two original tables will be limited to 256 bytes (one
page). The first entry of every table contains the length of the table.
of the table.

The algorithm for merging two tables is shown in Fig. 9-50. The
corresponding memory organization is shown in Fig. 9-51, and the
program appears in Fig. 9-52. Remember to set “TABLE1l”,
“TABLE2,’’ and “DESTBL" before using it.

The algorithm itself is straightforward. Two running pointers
PTR1 and PTR2, point to the two source tables. PTR3 points to
the resulting table.

PAGE O HIGH MEMORY
$200
$t0
PROGRAM
DESTOL 1O
DESIBL K
TABLE 1 1O A/M
p—1—~&
[T 4
TASLE 210 \ TABLE } LEN
"I R 4
L TASLE | DATA
nR2 +
ey INANAAN
PTR 3 Mt
TABLE 2 LEN
LANAAN o zoa
ang 3

Fig. 9-51: Merge Memory Map
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(1)
0042
0043
0044
0043
004é
07

0dd?

0260

ERRORS = 0000 <0000>
END OF ASSENBLY

(R ¢

:2-PACL LERSE.
STAKES 2 DATA TABLES

DATA STRUCTURES

PREVIOPILY SIRTED,

s0RD NERSES TNEN INTO A THIRD TABLE.
SEACH SOURCE TABLE CAN DE UP TO 3¢
SPASE (234 DYTES) IN LENSTH,

JTNE FIRST ELERENT OF
STABLES RUST CONTAIN

THE SQURCE
THE TABLE LEMBTN.

$7PTR3” CONTAINS TRE LENGTS SF TIE

SBESTINATION TABLE AT
;

BESTRL
TABLE)
TABLE2
(21 4]
PIR2
PIRS  esee2

o= 9260

LDA BESTRLAY
$TA PIRIH
UBA DESTRL
574 PR3
[§ /)]
374 PIRY
$TA PTIR2
)

CORPR  LBA (TABLE2,X)
P PIR2
acC KT
LOA (TABLEI,X)
kP PTRY
3EC TKTR2
LDY PIRY
LDA (TASLEN),Y
LY PIR2
CRP (TABLE2),Y

RETURR,

SPOINTER TO BESINING GF DESTINATION TABLE.
JPOINTER TO SOURCE TABLE 1.
SPOINTER TO SGURCE TABLE 2.

STABLE 1 INBEX.

SVABLE 2 IEDEX.

SPESTINATION TABLE 1MBEX.

sPTRI = TASLED

$SET SOURCE TABLE POINTERS TO BEGINNING,
SSKIPPINS TASLE LENGTNS.

SCLEAR X FOR INDIRECT ABDRESSING.
$18 TABLE 2 LEWSTH <

STABLE 2 POLNTERT

SIF YES, GET BYTE FREM TABLE 1.
318 VABLE 1 LENGTN <

STABLE 1 POINTER?

31F YES, GET DYTE FROM TASLE ?
SOET POINTER FOR TABLE 1.

FUSE IT TO FETCN BYTE.

SGET POINTER FOR TANE 2,

SUSE IT TO FIND DYTE TO COMPARE

+70 TABLE 1 DYTE.

BCC KT
T™®TB2 LDY PIR2
LBA (TABLE2),Y
INC PIR2
4P SICRE
RT3 LY PTRY
LBA (TABLEN},Y
IRC PTRY
STORE  STA (PTR3,X)
IHC PTR3
E CC
IRC PTRI
€ LBA (TABLED,X)
kP PTRY
3¢S Coxer
LB (TABLE2,X)
cep PIR2
BC8 CoxPR
LdA 80
STA PTR3+1
cLe
LBA (TASLEL,X)
ADC (TABLE2,X)
STA PIR3
3cc ccc
L n
8TA PTRIMI
Lif]

cec

Fig. 9-52

$IF TASLE 1 BITE LESS, TAZE If,
;6ET POINTER FIR TANE 2,

$6ET FEXT DYTE FRON TASLE 2.

; INCREKENT POINTER FOR TABLE 2.

#60 STORE DYTE IN BESTIMATION TABLE.
$6ET POINTER 1...

;AND USE T 10 GEY BYTE. FRSA TABLE.
$INCRENENT POINTER FOR TABLE 1.
SSTGRE DYTE AT EEXT LOCATION IN TARLE 3
$IKCRERENT LO GRDER TASLE 3 POINTER.
$1F RO OVERFLOW, SKIP

$IKCRENENT NI ORDER TARLE 3 POINTER.
318 TABLE 1 LENSTR GREATER

;THAR R EQUAL 0 POTNTER 17

$IF YES, GET SEXT BYTE.

316 TADLE 2 LENOTH GREATER

$THAN R EQUAL TO POINTER 27

;1F YES, GEI EEXT BYTE.

SCLEAR PTR3 NI GRDER.
SMERGE BONE, XOU..
SABD TABLE 1 AND 2 LEWGTHS.

:argu SUS IN TABLE 3 TEMPORARY POINTER.
SAND..

SOVERFLOW IN...
$NI DYTE,

: Merge Program
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The current entries in TABLE1 and TABLE2 are compared two
at a time. The smaller one is copied into TABLE3 and the corresponding
running pointer is incremented. The process is repeated and terminates
when both PTR1 and PTR2 have reached the bottom of their respective
tables.

SUMMARY

The basic concepts relative to common data structures, as well
as actual implementation examples have been presented.

Because of its powerful addressing modes, the 6502 lends itself
well to the management of complex data structures. Its efficiency
is demonstrated by the terseness of the programs shown.

In addition, special techniques have been presented for hashing,
sorting and merging, which are typical of those required to solve
complex problems involving actual data structures.

The beginning programmer need not concern himself yet with
the details of data structures implementation and management.
However, for efficient programming of non-trivial algorithms, a good
understanding of data structures is required. The actual examples
presented in this chapter should help the reader achieve such an under-
standing and solve all the common problems encountered with reason-
able data structures.
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10
PROGRAM DEVELOPMENT

INTRODUCTION

All the programs we have studied and developed so far have
been developed by hand without the aid of any software or
hardware resources. The only improvement we have used over
straight binary coding has been the use of mnemonic symbols,
those of the assembly language. For effective software develop-
ment, it is necessary to understand the range of hardware and
software development aids. It is the purpose of this chapter to
present and evaluate these aids.

BASIC PROGRAMMING CHOICES

Three basic alternatives exist: writing a program in binary or
hexadecimal, writing it in assembly-level language, or writing it
in a high-level language. Let us review these alternatives.

1. Hexadecimal Coding

The program will normally be written using assembly lan-
guage mnemonics. However, most low-cost, one-board computer
systems do not provide an assembler. The assembler is the pro-
gram which will automatically translate the mnemonics used for
the program into the required binary codes. When no assembler is
available, this translation from mnemonics into binary must be
performed by hand. Binary is unpleasant to use and error-prone,
so that hexadecimal is normally used. It has been shown in Chap-
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ter 1 that one hexadecimal digit will represent 4 binary bits. Two
hexadecimal digits will, therefore, be used to represent the con-
tents of every byte. As an example, the table showing the
hexadecimal equivalent of the 6502 instructions appears in the
Appendix.

In short, whenever the resources of the user are limited and no
assembler is available, he will have to translate the program by
hand into hexadecimal. This can reasonably be done for a small
number of instructions, such as, perhaps, 10 to 100. For larger
programs, this process is tedious and error-prone, so that it tends
not to be used. However, nearly all single-board microcomputers
require the entry of programs in hexadecimal mode. They are not
equipped with an assembler and are not equipped with a full
alphanumeric keyboard, in order to limit their cost.

In summary, hexadecimal coding is not a desirable way to enter
a program in a computer. It is simply an economical one. The cost
of an assembler and the required alphanumeric keyboard is
traded-off against increased labor to enter the program in the
memory. However, this does not change the way the program it-
self is written. The program is still written in assembly-level language
so that it can be not only meaningful, but also capable of inspection
and examination by the human programmer.

2. Assembly Language Programming

Assembly-level programming covers programs that may be entered
in hexadecmial, as well as those that may be entered in symbolic
assembly-level form, in the system. Let us now directly examine the
entry of a program, in its assembly language representation. An
assembler program must be available. The assembler will read each of
the mnemonic instructions of the program and translate it into the re-
quired bit pattern using 1, 2 or 3 bytes, as specified by the encoding of
the instructions. In addition, a good assembler will offer a number of
additional facilities for writing the program. These will be reviewed in
the section on the assembler below. In particular, directives are available
which will modify the value of symbols. Symbolic addressing may be used,
and a branch to a symbolic location may be specified. During the
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debugging phase where a user may remove instructions or add
instructions, it will not be necessary to re-write the entire pro-
gram if an extra instruction is inserted between a branch and the

POWER OF
THE
LANGUAGE

APL
coBOL
FORTRAN HIGH-LEVEL

PL/M
PASCAL

BASIC
|_MINI-BASIC

11>

-
T

MACRO
CONDITIONAL ASSEMBLY-LEVEL
ASSEMBLY

SYMBOLIC

[

HEXADECIMAL/
— OCTAL
MACHINE-LEVEL

BINARY

Fig. 10-1: Programming Levels

point to which it branches, as long as symbolic labels are used.
The assembler will automatically adjust all of the labels during the
translation process. In addition, an assembler allows the user to debug
his/her program in symbolic form. A disassembler may be used to
examine the contents of a memory location and reconstruct the
assembly-level instruction that it represents. The various software re-
sources normally available on a system will be reviewed below. Let us
now examine the third alternative,

3. High-Level Language

A program may be written in a high-level language such as
BASIC, APL, PASCAL, or others. Techniques for programming in
these various languages are covered by specific books and will not
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be reviewed here. We will, therefore, only briefly review this mode
of programming. A high-level language offers powerful instruc-
tions which make programming much easier and faster. These
instructions must then be translated by a complex program into
the final binary representation that a microcomputer can execute.
Typically, each high-level instruction will be translated into a
large number of individual binary instructions. The program
which performs this automatic translation is called a compiler or
an interpreter. A compiler will translate all the instructions of a
program in sequence into object code. In a separate phase, the
resulting code will then be executed. By contrast, an interpreter
will interpret a single instruction and execute it, then
“translate” the next one and execute it. An interpreter offers the
advantage of interactive response, but results in low efficiency
compared to a compiler. These topics will not be studied further
here. Let us revert to the programming of an actual microproces-
sor at the assembly-level language.

SOFTWARE SUPPORT

We will review here the main software facilities which are (or
should be) available in the complete system for convenient
software development. Some of the programs have already been intro-
duced, and definitions of these will be summarized below. Definitions
of other important programs will also be provided before we proceed.

The assembler is the program which translates the mnemonic
representation of instructions into their binary equivalent. It
normally translates one symbolic instruction into one binary in-
struction (which may occupy 1,2,0r 3 bytes). The resulting binary
code is called object code. It is directly executable by the mi-
crocomputer. As a side effect, the assembler will also produce a
complete symbolic listing of the program, as well as the equiva-
lence tables to be used by the programmer and the symbol oc-
currence list in the program. Examples will be presented later in
this chapter.

A compiler is the program which translates high-level lan-
guage instructions into their binary form.

An interpreter is a program similar to a compiler. It also trans-
lates high-level instructions into their binary form, but instead
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of keeping the intermediate representations, it executes the instruc-
tions immediately. In fact, if often does not even generate any inter-
mediate code, but rather executes the high-level instructions directly.

A monitor is an indispensable program for using the hardware
resources of this system. It continuously monitors the input devices
for input and also manages the rest of the devices. As an example,
a minimal monitor for a single-board microcomputer, equipped with
a keyboard and with LEDs, must continuously scan the keyboard for
user input and display the specified contents on the light-emitting-
diodes. In addition, it must be capable of understanding a number of
limited commands from the keyboard, such as START, STOP, CON-
TINUE, LOAD MEMORY, and EXAMINE MEMORY. On a large
system, the monitor is often qualified as the executive program. When
complex file management or task scheduling is also provided, the
overall set of facilities is called an operating system. In the case in
which files may be resident on a disk, the operating system is quali-
fied as the disk operating system, or DOS.

An editor is the program designed to facilitate the entry and
the modification of text or programs. It allows the user to conve-
niently enter characters, append them, insert them, add lines, re-
move lines, and search for characters or strings. It is an important
resource for convenient and effective text entry.

A debugger is a facility necessary for debugging programs.
Typically, when a program does not work correctly, there may
be no indication whatsoever of the cause. The programmer, there-
fore, wishes to insert break-points in his program in order to sus-
pend the execution of the program at specified addresses and to
be able to examine the contents of registers or memory at these
points. This is the primary function of a debugger. The debugger
allows for the possibility of suspending a program, resuming
execution, examining, displaying and modifying the contents of
registers or memory. A good debugger will be equipped with a
number of additional facilities, such as the possibility of examin-
ing data in symbolic form, hex, binary, or other usual representa-
tions, as well as entering data in this format.

A loader, or linking loader, will place various blocks of object
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code at specified positions in the memory and adjust their respect-
ive symbolic pointers so that they can reference each other. It is
used to relocate programs or blocks in various memory areas.

A simulator, or an emulator program is used to simulate the opera-
tion of a device, usually the microprocessor, in its absence, when
developing a program on a simulated processor prior to placing it
on the actual board. Using this approach, it becomes possible to suspend
the program, modify it, and keep it in RAM memory. The disadvantages
of a simulator are that:

1. It usually simulates only the processor itself, not input/
output devices.

2. The execution speed is slow, and one must operate in simulated
time. It is therefore impossible to test real-time devices, which may
result in synchronization problems even though the logic of the
program may be found to be correct.

An emulator is actually a simulator in real time. It uses one

processor to simulate another one, and simulates it in complete
detail.

Utility routines are essentially all of the routines that the user
wishes the manufacturer had provided! They may include multi-
plication, division and other arithmetic operations, block move
routines, character tests, input/output device handlers (or “driv-
ers”’), and more.

THE PROGRAM DEVELOPMENT SEQUENCE

We will now examine a typical sequence for developing an
assembly-level program. In order to demonstrate their value, we will
assume that all the usual software facilities are available. If all of
them should not be available in a particular system, it would still be
possible to develop programs, but the convenience would be de-
creased, and therefore, the amount of time necessary to debug the
program would most likely be increased.
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The normal approach is to first design an algorithm and define
the data structures for the problem to be solved. Next, a com-
prehensive set of flow-charts is developed which represents the
program flow. Finally, the flow-charts are translated into the as-
sembly-level language for the microprocessor; this is the coding
phase.

Next, the program has to be entered on the computer. We will
examine in the following section the hardware options to be used in
this phase.

The program is entered in RAM memory of the system under
the control of the editor. Once a section of the program, such as a
subroutine, has been entered, it will be tested.

First, the assembler will be used. If the assembler does not al-
ready reside in the system, it will be loaded from an external
memory, such as a disk. Then, the program will be assembled, i.e.,
translated into a binary code. This results in the object program,
ready to be executed.

One does not normally expect a program to work correctly the
first time. To verify its correct operation, a number of breakpoints
will normally be set at crucial locations where it is easy to test
whether the intermediate results are correct. The debugger will
be used for this purpose. Breakpoints will be specified at selected
locations. A “Go” command will then be issued so that program
execution is started. The program will automatically stop at each
of the specified breakpoints. The programmer can then verify, by
examining the contents of the registers, or memory, that the data
so far is correct. If it is correct, we proceed until the next break-
point. Whenever we find incorrect data, an error in the program
has been found. At this point the programmer normally refers to
his program listing and verifies whether his coding has been cor-
rect. If no error can be found in the programming, the error might
be a logical one that refers back to the flowchart. We will
assume here that the flow-charts have been checked by hand and
are assumed to be reasonably correct. The error is likely to come
from the coding. It will, therefore, be necessary to modify a sec-
tion of the program. If the symbolic representation of the program
is still in the memory, we will simply re-enter the editor and
modify the required lines, then go through the preceding se-
quence again. In some systems, the memory available may not be
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large enough, so that it is necessary to flush out the symbolic
representation of the program onto a disk or cassette prior to
executing the object code. Naturally, in such a case, one would
have to reload the symbolic representation of the program from
its support medium prior to entering the editor again.

The above procedure will be repeated as long as necessary until
the results of the program are correct. Let us stress that preven-
tion is much more effective than cure. A correct design will typi-
cally result very quickly in a program which runs correctly once
the usual typing mistakes or obvious coding errors have been
removed. However, sloppy design may result in programs which
will take an extremely long time to be debugged. The debugging
time is generally considered to be much longer than the actual
design time. In short, it is always worth investing more time in
the design in order to shorten the debugging phase.

Although using this approach makes it possible to test the overall or-
ganization of the program, it does not lend itself to testing the pro-
gram in terms of real time and input/output devices. If input/output
devices are to be tested, the direct solution consists of transferring the
program onto EPROMs and installing it on the board where it can
be watched to see whether it works or not.

There is an even better solution, and that is the use of an in-circuit
emulator. An in-circuit emulator uses the 6502 microprocessor (or
any other microprocessor) to emulate a 6502 in (almost) real time. It
emulates the 6502 physically. The emulator is equipped with a cable
terminated by a 40-pin connector, exactly identical to the pin-out of a
6502. This connector can be inserted on the real application board that one
is developing. The signals generated by the emulator will be
exactly those of the 6502, only perhaps a little slower. The essen-
tial advantage is that the program under test will still reside in
the RAM memory of the development system. It will generate the
real signals which will communicate with the real input/output
devices that one wishes to use. As a result, it becomes possible to
keep developing the program using all the resources of the devel-
opment system (editor, debugger, symbolic facilities, file system)
while testing input/output in real time.

In addition, a good emulator will provide special facilities, such
as a trace. A trace is a recording of the last instructions or status
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of various data busses in the system prior to a breakpoint. In
short, a trace provides the film of the events that occurred prior to
the breakpoint or the malfunction. It may even trigger a scope at
a specified address or upon the occurrence of a specified combina-
tion of bits. Such a facility is of great value, since when an error is
found it is usually too late. The instruction, or the data, which
caused the error has occured prior to the detection. The availability
of a trace allows the user to find which segment of the program
caused the error to occur. If the trace is not long enough, we can
simply set an earlier breakpoint.

ROM RAM
ASSEMBLER
or
comPaER

BOOTSTRAP o
INTERPRETER
KEYBOARD 008
ORIVER
eoior
or
DISPLAY
oRIVER ::uson
SIMULATOR
wy SYSTEM
DRIVER WORXSPACE
{AND STACK)
CASSENTE ustR
ORIVER PROGRAM
COMMAND Nl
INTERPRETER WORKSPACE
Uity
ROUTINES
ELEMENTARY
DEBUGGER
ELEMENTARY
EDITOR
Fig. 10-2: ATypical Memory Map

This completes our description of the usual sequence of
events involved in developing a program. Let us now review the
hardware alternatives available for developing programs.
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THE HARDWARE ALTERNATIVES

1. Single-Board Microcomputer

The single-board microcomputer offers the lowest cost approach
to program development. It is normally equipped with a hexadec-
imal keyboard, some function keys, and 6 LEDs which can display
address and data. Since it is equipped with a small amount of
memory, no assembler is usually available. At best, it has a small
monitor and no editing or debugging facilities, except for a very
few commands. All programs must, therefore, be entered in hex-
adecimal form. They will also be displayed in hexadecimal form on
the LEDs. A single-board microcomputer has, in theory, the
same hardware power as any other computer. However, because
of its restricted memory size and keyboard, it does not support all
the usual facilities of a larger system, and this makes program
development,much longer. The tediousness of developing programs
in hexadecimal format makes a single-board microcomputer
best suited for educational and training purposes where programs
of limited length are desirable. Single-boards are probably the
cheapest way to learn programming by doing. However, they
cannot be used for complex program development, unless additional
memory boards are attached and the usual software aids are made
available.

2. The Development System

A development system is a microcomputer system equipped
with a significant amount of RAM memory (32K - 48K) as well as
the required input/output devices, such as a CRT display, a
printer, disks, and usually a PROM programmer, as well as,
perhaps, an in-circuit emulator. A development system is
specifically designed to facilitate program development in an in-
dustrial environment. It normally offers all, or most, of the
software facilities that we have mentioned in the preceding sec-
tion. In principle, it is the ideal software development tool.

The limitation of a microcomputer development system is that
it may not be capable of supporting a compiler or an interpreter.
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Fig. 10-3: SYM 1 is a Typical Microcomputer Board

Fig. 10-4: Rockwell System 65 is a Development System
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This is because a compiler typically requires a very large amount

of memory, often more than is available in the system. However,

for developing programs in assembly-level language, the development

system offers all the required facilities. Unfortunately, because

development systems sell in relatively small numbers compared to.
hobby computers, their cost is significantly higher.

3. Hobby-Type Microcomputers

The hobby-type microcomputer hardware is analogous to that of a
development system. The main difference lies in the fact that the
hobby-type microcomputer is normally not equipped with the
sophisticated software development aids which are available on
an industrial development system. As an example, many hobby-
type microcomputers offer only elementary assemblers, minimal
editors, minimal file systems, no facilities to attach a PROM pro-
grammer, no in-circuit emulator, no powerful debugger. They rep-
resent, therefore, an intermediate step between the single-board
microcomputer and the full microprocessor development system.
For a user who wishes to develop programs of modest complexity,
they are probably the best compromise since they offer the advan-
tage of low cost and a reasonable array of software development
tools, even though they are quite limited as to their convenience.

4. Time- Sharing Systems

Several companies rent terminals that can be connected to time-
sharing computer networks. These terminals share the time of the
larger computer and benefit from all the advantages of large installa-
tions. Cross assemblers are available for all microcomputers in
virtually all commercial time-sharing systems. A cross assembler is
simply an assembler for, say, a 6502, which resides, for example, in
an IBM370. Formally, a cross assembler is an assembler for micro-
processor X, which resides on processor Y. The nature of the com-
puter being used is irrelelvant. The user still writes a program in 6502
assembly-level language, and the cross assembler translates it into the
appropriate binary pattern. The only difficulty lies in the fact that this
program cannot be executed immediately. It can be executed by a
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simulated processor, if one is available, but only if the program does
not use any input/output resources. Because of this drawback, there-
fore, time-sharing is practical only in industrial environments.

5. In-House Computer

Whenever a large in-house computer is available, cross as-
semblers may also be available to facilitate program devel-
opment. If such a computer offers time-sharing service, this option
is essentially analogous to the one above. If it offers only batch
service, this is probably one of the most inconvenient methods of
program development, since submitting programs in batch mode
at the assembly level for a microprocessor results in a very long
development time.

Front Panel or No Front Panel?

The front panel is a hardware accessory often used to facilitate
program debugging. It has been the traditional tool for displaying the
binary contents of a register, or of memory, conveniently. However,
most of the functions of the control panel may now be accomplished
from a terminal through a CRT display. The CRT, with its ability to
display the binary value of bits, thus offers a service almost equiva-
lent to the control panel. The additional advantage of using the CRT
display is that one can switch at will from binary representation to
hexadecimal, to symbolic, to decimal (if the appropriate conversion
routines are available, naturally). The main disadvantage of the CRT
is that instead of turning a knob, one must hit several keys to obtain
the appropriate display. However, since the cost of providing a
control panel is quite substantial, most recent microcomputers have
abandonned this debugging tool in favor of the CRT. The value of
the control panel, then, is often evaluated more in function of
emotional arguments based on one’s own past experience rather than
by a rational choice. It is not indispensable.

SUMMARY OF HARDWARE RESOURCES

Three broad cases may be distinguished. If you have only a
minimal budget, and if you wish to learn how to program, buy a
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one-board microcomputer. Using it, you will be able to develop all
the simple programs of this book and many more. Eventually,
however, when you want to develop programs of more than a few
hundred instructions, you will feel the limitations of this ap-
proach.

If you are an industrial user, you will need a full development
system. Any solution short of the full development system will
cause a significantly longer development time. The trade-off is
clear: hardware resources vs.programming time. Naturally, if the
programs to be developed are quite simple, a less expensive ap-
proach may be used. However, if complex programs are to be
developed, it is difficult to justify any hardware savings when
buying a development system; the resultant programming costs will
far exceed any such savings.

For a personal computerist, a hobby-type microcomputer will
typically offer sufficient, although minimal, facilities. Good de-
velopment software is still to come for most of the hobby com-
puters. The user will have to evaluate his system in view of the
comments presented in this chapter.

Let us now analyze in more detail the most indispensable re-
source: the assembler.

THE ASSEMBLER

We have used assembly-level language throughout this book
without presenting the formal syntax or definitions of assembly-
level language. The time has come to present these definitions.
An assembler is designed to provide a convenient symbolic repre-
sentation of the user program, while at the same time providing a
simple means of converting these mnemonics into their binary
representation. :

Assembler Fields

When typing in a program for the assembler, we have seen that
fields are used. They are:

The label field, optional, which may contain a symbolic address
for the instruction that follows.

The instruction field, which includes the opcode and any oper-
ands. (A separate operand field may be distinguished.)

The comment field, to the far right, which is optional and is
intended to clarify the program.
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Fig. 10-5: Microprocessor Programming Form
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Once the program has been fed to the assembler, the assembler will
produce a listing of it. When generating a listing, the assembler will
provide three additional fields, usually on the left of the page. An
example appears in Fig. 10-6. On the far left is the line number. Each
line which has been typed by the programmer is assigned a symbolic
line number.

The next field to the right is the actual address field, which shows
in hexadecimal the value of the program counter which will point to
that instruction.

The next field to the right is the hexadecimal representation of the
instruction.

This shows one of the possible uses of an assembler. Even if we are
designing programs for a single-board microcomputer which accepts
only hexadecimal, we can still write the programs in assembly-level
language, providing we have access to a system equipped with an as-
sembler. We can then run the programs on the system, using the as-
sembler. The assembler will automatically generate the correct hexa-
decimal codes, which we can simply type in on our system. This
shows, in a simple example, the value of additional software resources.

Tables

When the assembler translates the symbolic program into its binary
representation, it performs two essential tasks:

1. It translates the mnemonic instructions into their binary encoding.
2. It translates the symbols used for constants and addresses into
their binary representation.

In order to facilitate program debugging, the assembler shows at
the end of the listing each symbol used and its equivalent hexadecimal
value. This is called the symbol table.

Some symbol tables will not only list the symbol and its value, but
also the line numbers where the symbol occurs, an additional facility.

Error Messages

During the assembly process, the assembler will detect syntax er-
rors and list them as part of the final listing. Typical diagnostics in-
clude: undefined symbols, label already defined, illegal op-
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code, illegal address, illegal addressing mode. Many more de-
tailed diagnostics are naturally desirable and usually provided.
They vary with each assembler.

The Assembly Language

Opcodes have already been defined. We will define here the
symbols, constants and operators which may be used as part of
the assembler syntax.

LINE ¢ LOC €ODE LINE
00357 0342 A9 00 LDA 4800
0058 0344 uDl Ok AV STA ACR1 $TURN BOTH TINERS OFF
0059 0342 6D Ok AC S1A ACR2
0040 034A A2 20 LDx $UFFLEL $0ET TONES-OFF DELAY CUNSTANI
034C 20 55 03 OFF JSR DELAY #DELAY WHILE TONE IS OFF
0062 O034F CA BEX
0063 0330 DO FA BNE OFF
0084 n§5? AC 02 03 JuF DIGIT #G0 BACK FUR NEXT DIGIT UF PHONE NUNBER
0065 0353 ]
gg:g gg?g iTHIS 1S A SIMFLE DELAY ROQUTINE FOR THE TONE ON AND UFF PERI
5! 3
0060 0355 a9 FF DELAY LDA ODELCON $GEY DELAY CONSTANT
0069 0357 38 WAIT  SEC 4DELAY FOR THAT LONG
0070 03%8 E9 01 SBC #301
0071 03%3A DO FB BNE walT
0072 035C 40 RTS
9073 0330 ]
0074 035D $THIS IS A TABLE OF THE CONSTANTS FOR THE TONE FREGUENCIES
0075 035D iFOR EACH TELEPHONE DIGIT. THE CONSTANTS ARE Tw0 BYIES
0076 035D FLONG» LOW BYTE FIRST.
0077 035D ]
0078 0350 13 TAELE +BYTE $13:802,875,301 §TMU TONES FOR "0

0079 0381 CD +BYTE $CD+802,$9E+901 JTNO TONES FOR *1°

0080 0343 CD +BYTE $CD+$02+876,801

8

0081 0349 CU <HYIE $£D1302,853,801 ¢ ‘3

-

0082 034D 89 <BYTE $89:802+49E+$01

0371 @9 +BYTE $59¢$020876+901
@2
0084 0375 B2 (BYTE $392,902,853,301 § ‘a4

o
0379 4B <BYTE $43+802,89E,901

-
3

037D 4B +BYTE $45:802,8746+801

0087 0381 4B +BYTE $48,3020953+801 § ‘9
02

SYMBOL TOBLE

SYMBOL  VALUE

ALRY ADOR ACRD ACOB BELAY o3 DELCON 00FF
pig1T 0302  NOEND 030A  NUMFTR  OO0.u  OFF 034C
QFFLEL  Q02¢ O 33T ONDEL 2040  PHUME ¢300
[41=.3 AGOS  TILH A0O7  TiILL ACO4  T2CH ACOS
T2LH @aco?  T2ULL ACOA  TABLE 035D  WAIT 0357

END OF ASSENBLY

Fig. 10-6: Assembler Output: An Example
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Symbols

Symbols are used to represent numerical values, either data or
addresses. Traditionally, symbols may include 6 characters, the
first one being alphabetical. One more restriction exists: the 56
opcodes utilized by the 6502 and the names of the registers

ie, A, X, Y, S, P may not be used as symbols.
Assigning a Value to a Symbol

Labels are special symbols whose values need not be defined
by the programmer. They will automatically correspond to the
line number where they appear. However, other symbols used
for constants or memory addresses must be defined by the
programmer prior to their use. The equal sign is used for that
purpose, or else a special “‘directive.” It is an instruction to the
assembler which will not be translated into an executable state-
ment; it is called an assembler directive.

As an example, the constant ALPHA will be defined as:

ALPHA = $A000

This assigns the value “A000” hexadecimal to variable
ALPHA. The assembler directives will be examined in a later
section.

Constants or Literals

Constants are traditionally expressed in either decimal, hexadecimal,
octal or binary. Except in the case of a decimal number, a prefix
is used to differentiate between a constant and the base used to re-
present a number. To load 18 into the accumulator we will simply write:

LDA #18 (where # denotes a literal)

A hexadecimal number will be preceded by the symbol §.
An octal symbol will be preceded by the symbol @
A binary symbol will be preceded by %.
For example, to load the value “11111111” into the ac-
cumulator, we will write:

LDA #%11111111.

Literal ASCII characters may also be used in a literal field. In
older assemblers, it was traditional to enclose the ASCII symbol
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in quotes. In more recent assemblers, in order to have fewer charac-
ters to type in, the alphanumeric type is indicated by a single
quote that precedes the symbol.

For example, to load the symbol “S” in the accumulator (in
ASCII) we will write:

LDA #'S

In order to be able to load the quote symbol itself, the conven-
tion is:

LDA #”

Exercise 10.1: Will the following two instructions load the same
value in the accumulator: LDA #'5 and LDA #85?

Operators

In order to further facilitate the writing of symbolic programs,
assemblers allow the use of operators. At a minimum they should
allow plus and minus so that one can specify, for example:

LDA ADR1, and
LDX ADR1+1

It is important to understand that the expression ADR1+1 will be
computed by the assembler in order to determine what is the
actual memory address which must be inserted as the binary
equivalent. It will be computed at assembly-time, not at program
execution time.

In addition, more operators may be available, such as multiply
and divide, a convenience when accessing tables in memory. More
specialized operators may also be available, such as, greater
than and less than, which truncate a 2-byte value respectively
into its high and low byte.

Naturally, an expression must evaluate to a positive value.
Negative numbers are not usually used and should be expressed in a
hexadecimal format.

Finally, a special symbol is traditionally used to represent the
current value of the address of the line:*. This symbol should be
interpreted as ‘“‘current location’ (value of PC).

Exercise 10.2: What is the difference between the following in-
structions?

LDA %10101010

LDA #%10101010
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Exercise 10.3: What is the effect of the following instruction?
BMI * —2?
Assembler Directives

Directives are special orders given by the programmer to the
assembler. Some of these orders result in the storage of values in
symbols or in the memory. Others are used to control the execution
or printing modes of the assembler.

To provide a specific example, let us review here the nine as-
sembler directives available on the Rockwell Development Sys-
tem (‘“System 65’’). They are: =, .BYT, .WOR, .GBY, .PAGE,
.SKIP, .OPT, .FILE and .END.

Equate Directive

An equal sign is used to assign a numeric value to a symbol. For
example:
BASE = $1111
* = $1234

The effect of the first directive is to assign the value 1111
hexadecimal to BASE.

The effect of the second instruction is to force the line address to
the hexadecimal value ‘“1234.”” In other words, the next execut-
able instruction encountered will be stored at memory location
1234,

Exercise 10.4: Write a directive which will cause the program to
reside at memory location 0 and up.

Directives to Initialize Memory

Three directives are available for this purpose: .BYT, .WOR, .GBY.
.BYT will assign the characters or values that follow in con-
secutive memory bytes.

Example: RESERV .BYT ‘SYBEX.

This will result in storing the letters “SYBEX” in consecutive
memory locations.

.WOR is used to store 2-byte addresses in the memory, low byte
first.

Example: WOR $1234, $2345
.GBY is identical to .WOR, except that it will store a 16-bit
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value, high byte first. It is normally used for 16-bit data rather
than 16-bit addresses.

The next three directives are used to control the input/output:

Input/Output Directives

The input/output directives are: .PAGE, .SKIP, .OPT.

PAGE causes the assembler to finish the page, i.e., move to the
top of the next page. In addition a title may be specified for the
page. For example: .PAGE *‘page title.”

SKIP is used to insert blank lines in the listing. The number of
lines to be skipped may be specified. For example: .SKIP 3.

OPT specifies four options: list, generate, errors, symbol. List
will generate a list. Generate is used to print object code for
strings with the .BYT directive. Error specifies whether error
diagnostics should be printed. Symbol specifies whether the sym-
bol table should be listed.

The last two directives control the assembler listing format:

FILE and .END Directives

In the development of a large program, several portions of the
program will typically be written and debugged separately. At
some point it will be necessary to assemble these files together.
The last statement of the first file will then include the directive
FILE NAME/1, where 1 is the number of the disk unit, and
NAME is the name of the next file. The next file may be linked, in
turn, to more files. At the end of the last file, there will be the
directive: . END NAME/1, which is a pointer back to the first one.

Finally, a facility exists for inserting additional comments with
the listing: *;”

“;” may be used to enter comments at will within a line rather
than enter an instruction. This is an important facility if pro-

grams are to be correctly documented.

MACROS

A macro facility is currently not available on most existing
6502 assemblers. However, we will define a macro here and
explain its benefits. It is hoped that a macro facility will

363



Fig. 10-7: AIM65 is a Board with Mini-Printer and Full Keyboard

Fig. 10-8: Ohio Scientific is a Personal Microcomputer
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soon be available on most 6502 assemblers.

A macro is simply a name assigned to a group of instructions.
It is essentially a convenience to the programmer. For exam-
ple, if a group of five instructions is used several times in a pro-
gram, we could define a macro instead of always having to write
these five instructions. As an example, we could write:

SAVREG MACRO PHA
TXA
PHA
TYA
ENDM

Thereafter, we could write the name SAVREG instead of the above
instructions.

Any time that we write SAVREG, the five corresponding lines
will get substituted instead of the name. An assembler equipped
with a macro facility is called a macro assembler. When the
macro assembler encounters SAVREG, it will perform a mere
physical substitution of the equivalent lines.

Macro or Subroutine?

At this point, a macro may seem to operate in a way analogous
to a subroutine. This is not the case. When the assembler is used
to produce the object code, any time that a macro name is encoun-
tered, it will be replaced by the actual instructions that it stands
for. At execution time, the group of instructions will appear as
many times as the name of the macro did.

By contrast, a subroutine is defined only once, and then it can
be used repeatedly: the program will jump to the subroutine ad-
dress. A macro is called an assembly-time facility. A subroutine is
an execution-time facility. Their operation is quite different.

Macro Parameters

Each macro may be equipped with a number of parameters. As
an example, let us consider the following macro:

SWAP MACRO M, N, T
LDA M
STA
LDA
STA

22 -

365



PROGRAMMING THE 6502

LDA T
STA N
ENDM

This macro will result in swapping (exchanging) the contents of
memory locations M and N. A swap between two registers, or two
memory locations, is an operation which is not provided by the
6502. A macro may be used to implement it. “T", in this instance,
is simply the name for a temporary storage location required by
the program. As an example, let us swap the contents of memory
locations ALPHA and BETA. The instruction which does this ap-
pears below:

SWAP ALPHA, BETA, TEMP

In this instruction, TEMP is the name of some temporary storage
location which we know to be available and which can be used by
the macro. The resulting expansion of the macro appears below:

LDA ALPHA
STA TEMP
LDA BETA
STA ALPHA
LDA TEMP
STA BETA

The value of a macro should now be apparent: it is a tremendous
convenience for the programmer to be able to use pseudo-instructions
which have been defined with macros. In this way, the apparent
instruction set of the 6502 can be expanded at will. Unfortunately,
one must bear in mind that each macro directive will expand into what-
ever number of instructions were used. A macro will, therefore, run
more slowly than any single instruction. Because of its conven-
ience for the development of any long program, a macro facility
is highly desirable for such an application.

Additional Macro Facilities

Many other directives and syntactic facilities may be added to a
simple macro facility. For instance, macros may be nested, i.e., a
macro-call may appear within a macro definition. Using this facility,
a macro may modify itself with a nested definition! A first call will
produce one expansion, whereas subsequent calls will produce a
modified expansion of the same macro.
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CONDITIONAL ASSEMBLY

Conditional assembly is another assembler facility which is
so far lacking on most 6502 assemblers. A conditional assem-
bler facility allows the programmer to use the special instructions
“IF,” followed by an expression, then (optionally) ‘‘ELSE,” and
terminated by ‘“‘ENDIF.”’ Whenever the expression following the IF
is true, then the instructions between the IF and the ELSE, or the IF
and the ENDIF (if there is no ELSE), will be assembled. In the case
in which IF followed by ELSE is used, either one of the twc blocks of
instructions will be assembled, depending on the value of the ex-
pression being tested.

With a conditional assembler facility, the programmer can de-
vise programs for a variety of cases, and then conditionally assem-
ble the segments of codes required by a specific application. As
an example, an industrial user might design programs to take
care of any number of traffic lights at an intersection for a vari-
ety of control algorithms. He/she will then receive the specifications
from the local traffic engineer, who specifies how many traffic
lights there should be, and which algorithms should be used. The
programmer will then simply set parameters in his/her program, and
assemble conditionally. The conditional assembly will result in a
“customized” program which will retain only those routines
which are necessary for the solution to the problem.

Conditional assembly is, therefore, of specific value to indus-
trial program generation in an environment where many options

exist and where the programmer wishes to assemble portions of
programs quickly and automatically in response to external para-
meters.

SUMMARY

This chapter has presented an explanation of the techniques and the
hardware and software tools required to develop a program, along with
the various trade-offs and alternatives.

These range at the hardware level from the single-board micro-
computer to the full development system. At the software level
they range from binary coding to high-level programming. You
will have to select from these tools and techniques in accordance
with your goals and budget.
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CHAPTER 11

CONCLUSION

We have now covered all important aspects of programming,
including the definitions and basic concepts, the internal manipula-
tions of the 6502 registers, the management of input/output devices,
and the characteristics of software development aids. What is the
next step? Two views can be offered, the first one relating to the de-
velopment of technology, the second one relating to the development
of your own knowledge and skill. Let us address these two points.

TECHNOLOGICAL DEVELOPMENT

The progress of integration in MOS technology makes it pos-
sible to implement more and more complex chips. The cost of im-
plementing the processor function itself is constantly decreasing.
The result is that many of the input/output chips, as well as the
peripheral-controller chips, used in a system, now incorporate a
simple processor. This means that most LSI chips now used in the
system are becoming programmable. An interesting conceptual
dilemma is thus developing. In order to simplify the software de-
sign task as well as to reduce the component count, the new I/0
chips now incorporate sophisticated programmable capabilities:
many programmed algorithms are now integrated within the
chip. However, as a result, the development of programs is com-
plicated by the fact that all these input/output chips are very
different and need to be studied in detail by the programmer!
Programming the system is no longer programming the micro-
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processor alone, but also programming all the various other chips
attached to it. The learning time for every chip can be significant.

Naturally, this is only an apparent dilemma. If these chips were
not available, the complexity of the interface to be realized, as
well as the corresponding programs, would be still greater. The
new complexity that is introduced is that one has to program
more than just a processor, and learn the various features of the
different chips in a system to make effective use of them. How-
ever, it is hoped that the techniques and concepts presented in
this book should make this a reasonably easy task.

THE NEXT STEP

You have now learned the basic techniques required in order to
program simple applications on paper. This was the goal of this
book. The next step is to actually practice. There is no substitute
for it. It is impossible to learn programming completely on paper,
and experience is required. You should now be in a position to
start writing your own programs. It is hoped that this journey
will be a pleasant one.

For those who feel they would benefit from the guidance of addi-
tional books, the companion volume to this one in the series is the
“6502 Applications Book’’ (ref D302), which presents a range of
actual applications which can be executed on a real microcompu-
ter. Next is the ‘6502 Games Book”’ (ref G402), which presents program-
ming techniques for complex algorithms. A 6502 assembler, writ-
ten in standard Microsoft BASIC is also available.
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APPENDIX

HEXADECIMAL CONVERSION TABLE

HEX 0 1 2 3 4 5 6 7 8 9 A B C D E F 00 000
_(E) 0O t 2 3 4 & 6 7 8 9 10 11 122 13 14 15 0 (1]
1 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 A 256 4096
2 32 33 34 35 368 37 33 39 40 41 42 43 44 45 46 47 512 8192
3 48 49 S50 51 52 53 54 55 56 57 58 59 60 61 62 63 768 | 12288
4 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 1024 | 16384
5 80 81 82 83 84 85 88 87 88 89 90 91 92 93 94 95 1280 | 20480
] 96 97 98 99 t00 t01 102 103 104 105 106 107 108 109 110 111 1536 | 24576
7 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 1792 | 28672
8 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 2048 | 32768
9 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 2304 | 36864
A 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 2560 { 40960
8 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 19 2816 | 45056
C 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 3072 | 49152
0 208 209 210 211 212 213 214 215 216 217 218 219 220 22t 222 223 -3328 | 53248
E 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 3584 | 57344
F 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 3840 { 61440
5 4 3 2 1 0
Hex] oec  [wex] pec |mex| pec [mex| pec [mex| oec Hex| oec
0 o] 0 o[ 0 ol 0 o[ o0 o] o 0
1 1,048576) 1 65536] 1 4006] 1 256] 1 6] 1 1
2 2,097,152| 2 131,072 2 8,192 2 52| 2 2| 2 2
3 3,145728] 3 196608 3 12288 3 78] 3 ]| 3 3
4 4,194,304} 4 262,144' 4 16,384] 4 1,024) 4 64 ) 4 4
5 5242880 5 327.680] 5 20.480] 5 1,280 5 go| 5 5
6 6.291,45%| 6 393.216] 6 24,576] 6 1,53 6 9| 6 6
7 7.340,032] 7 a58752] 7 286720 7 1792l 7 2| 7 7
8 8.388,608| 8 524,288]| 8 32,768] 8 2,048| 8 18] 8 8
9 9,437.184] 9 589.824] 9 36864 9 230a] 0 44| 9 9
A 10,485,760] A 655,360] A 40,960] A 2,560 A 10| A 10
B 11,534336] B 720896] B 4505 B 2816 B 76| B n
C 12,582,912] C 786,432| € 49.152] C 3,072 € 192] € 12
D I3,63|,488t D 851,968 b 53248] 0 3328 D 208| D 13
E 14.680.064] E 917.504] € 57.344] E 3,584] E 224 | E 14
F 15728,640] F 983.040] F 61,40 F 3840] F  260] F 15

n



PROGRAMMING THE 6502

APPENDIX B

6502 INSTRUCTIONS—ALPHABETIC

ASL
BCC
BCS
BEQ
BIT

BMI

BPL
BRK
BVC
BVS
CLC
CLD
CLI
CLV
CMP
CPX
CPY
DEC
DEX
DEY
EOR
INC
INX

JMP

372

Add with carry

Logical AND
Arithmetic shift left
Branch if carry clear
Branch if carry set
Branch if result = 0
Test bit

Branch if minus
Branch if not equal to 0
Branch if plus

Break

Branch if overflow clear
Branch if overflow set
Clear carry

Clear decimal flag
Clear interrupt disable
Clear overflow

Compare to accumulator
Compare to X

Compare to Y
Decrement memory
Decrement X
Decrement Y

Exclusive OR
Increment memory
Increment X

Increment Y

Jump

JSR

LDX
LDY
LSR
NoP
ORA
PHA
PHP
PLA
PLP
ROL
ROR
RTI
RTS
SBC
SEC
SED
SEI
STA

TAX
TAY
TSX

TXS
TYA

Jump to subroutine
Load accumulator
Load X

Load Y

Logical shift right
No operation

Logical OR

Push A

Push P status

Pull A

Pull P status

Rotate left

Rotate right

Return from interrupt
Return from subroutine
Subtract with carry
Set carry

Set decimal

Set interrupt disable
Store accumulator
Store X

Store Y

Transfer A to X
Transfer A to Y
Transfer SP to X
Transfer X to A
Transfer X to SP
Transfer Y to A



BINARY LISTING OF 6502 INSTRUCTIONS

ADC

ASL
BCC
BCS
BEQ
BIT
BMI
BNE
BPL
BRK
BVC
BVS
CLC
CLD
CLI
CLV
CMP
CPX
CPY
DEC
DEX
DEY
EOR
INC
INX
INY
JMP

APPENDIX C

011bbb01
001bbb01
000bbb10
10010000
10110000
11110000
0010b100
00110000
11010000
00010000
00000000
01010000
01110000
00011000
11011000
01011000
10111000
110bbb01
1110bb00
1100bb00
110bb110
11001010
10001000
110bbb01
111bb110
11101000
11001000
01b01100

JSR
LDA
LDX
LDY
LSR
NOP
ORA
PHA
PHP
PLA
PLP
ROL
ROR
RTI
RTS
SBC
SEC
SED
SEI
STA.
STX
STY
TAX
TAY
TSX

TXS
TYA

APPENDIX

00100000
101bbb01
101bbb10
101bbb00
010bbb10
01bbb110
000bbbO1
01001000
00001000
01101000
00101000
001bbb10
011bbb10
01000000
01100000
111bbb01
00111000
11111000
01111000
100bbb01
100bb110
100bb100
10101010
10101000
10111010
10001010
10011010
10011000
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APPENDIX D

6502—INSTRUCTION SET: HEX AND TIMING

n=number of cycles #=number of bytes

1MPL ED ACCUM ABSOLUTE ZERO PAGE IMMEDIATE ABS X ABS Y
MNEMONIC OP| n a|loP| n x| OP| n # [OP} n alOoP| n «lop| » s |lor| n »
ADC [ O d|a[es| 3222|700 afalw]a]3
AND |1 w|s]|af2s|3|2|w]|2]2|0|s]3]n]|4a]3
AS L oal 2 v |oe| 6] 3]os|s |2 el 73
sCcC |@
BCS 12)
BEQ 2)
- X 2| 4| 324 3] 2
BMi 21
BNE @
8P L 12}
BRK ol 7]
BVC [
BvVS 2)
<iLcC 181219
cL0 08| 2 1
<l 812 1
cLv 88| 2 |
c mp |4 |3 |c5{3]|2)co]2}|2|DD]a}3|pe|al3s
cPx ECl 4 )3 (ea|l3]|2|€0}2]2
cPy ccla}l3)calaf2alcol2a]2
DEC CE(6 |3 |co|s]2 OE| 7|3
DE X cal 2|1
DEY 8|2 |1
EOR [0 W4 |3 |as|3]2|a02|2)0|a]|3]|s9]|a]3s
INC EE | 6 | 3 jes]s |2 FE 3
INX €| 2 O
INY [« ] '
jme 4« | 3 3
ISR 206 | 3
LDA |1 AD| 4 | 3 A5 3 |2 |Aae| 2| 2|80} 4| 3|80 al] 3
tox [th AE [ 4 3 fAael 32 A2 2] 2 BE| 4 | 3
LoY h AC | 4 3|Aaf 3|2 ]|a0, 2| 2]|8C| 4|3
LSR aa| 20 [4€ ;6 3]as]|s 2 ’ €| 7|3
NOP | eal 2| " |
ORA | 0D ;| 4 3105] 3 ;2 0w, 2 2 /10| 4 3w | s 3
PHA CREEN I ;
PHP | |3 1 i |
PLA 68| afn | :
PLP 814 !
ROL |zl laelel alals] | k) 7] 3
ROR GA| Z | 1 |oE] 6] 3|66 5 2 ] 71 3
RII 3 : : | | H
RTS ! ' :
ssc | m || 3les|3]2]eo 2|2|m|af3|F]*]3
SEC | 2] ; i l
SED f8 | 2 ] L |
SE AR E 1 | :
STA 80 4|3 8s | 2 10| s | 3alee|s |3
ST X g [ 41 3 (8] 2
STY 8C | 4| 3 |wa 2
TAX aal 2 |
TAY a2 |
1S X Bal| 2|t
TxA Ba| 2 |
Txs eal 2 |
EYA 98 )2}

(1) Add 1 to n if crossing page boundary
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PROCESSOR

{IND. X) (IND)Y 2. PAGE, X RELATIVE INDIRECT 2. PAGE, ¥ STATUS CODES
oln|elor|n] ejor]ln]e|opln]|e]or|n OP| o]l #INV 8D 1 2 C/MNIMONIC
EEEEEEBERE R o) ee| aocC
alef2|n|s]2jas]a]2 . e | anpo
wisj2 ° oe® ASL
o)2]2 scC
B0y 2 | 2 BCS
f0] 2|2 8tQ
(M7 Mo [ B 1
0|22 sami
Dol 2| 2 BNE
0] 212 8P 1
v BRK
o212 BvC
|22 BVS
o ctLc
0 10
0 [
0 cLv
Gle|2|on)s|2]os|4]|2 . ee® Cmp
] ee CPx
0 ool CPy
06 |es | 2 O3 ) DEC
[ ] [} DEX
L] o DeY
alol2|s]s|2]ss|«]|2 * e | EOR
fole ]2 0 ° 'NC
O . TN X
* [ ] INY
&l s ImP
ISR
Allo]2]er]s | 2]865]a4])2 ® e | (DA
86| 4|2 [® O X3
84| a 2 ® L tDY
6|6} 2 0 ®e] SR
NO P
oo l2]n|s]|2fws|a]?2 ° e | ora
PHA
PHP
PLA
PLP
|6 |2 ROL
76| 6 | 2 ROR
X R IXEN Y] :;;
o2 || s|2]|¢s]afz oo ee| sec
) SEC
) SED
1 SE
Brjoe |2 || o] 2]9e5fa]2 STA
9 4 2 STX
9| 4 | 2 sTY
[ ° TAK
0 O TAY
[ ] [ 4 TS X
o ) TXA
TXS
O [ TYA

12! Add 1 1o n if branch within pege
Add 2 to n if branch 10 another page
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APPENDIX E

376

ASCII CONVERSION TABLE
CODE CHAR | CODE CHAR | CODE CHAR | CODE CHAR
00 NuL 20' 0 @ 60°
01  SOH 21 a4 A 61 a
02  STX 2 - 2 B 62 b
03  ETX 23 4 43 C 63 ¢
04  EOT 24§ 4 D 64 d
05 ENQ 25 % 45 E 65 e
06  ACK 2% & 4 F 66
07  BEL 277 a7 G 67 g
08 BS 28 48 H 68 h
09 TAB 29 ) 49 | &9
0A IF 24 ¢ A ) YN
0B VT 28+ 48 K 68k
oC FF ¢ L 6 |
oD CR 2> - D M 60 m
OF SO % . %€ N 6 n
oF S| 2F 7 & O & o
10 DLE 3 o0 56 P 70 p
N oQl 31 51 Q 71 q
12 DC2 2 2 52 R 72«
13 DC3 33 3 53 S 73 s
14 DC4 34 a4 54 T 74 4
15 NAK 35 5 55 U 75 v
16 SYN % 6 5 V 76 v
17 ETB 37 7 57 W 7w
18 CAN 38 8 58 X 78 x
19 EM ¥ 9 59 Y 79y
1A suB 3A 5A 2 7A 2z
18 ESC KL S B[ 78 {
1IC FS I < 5C N 7¢ 1
D GS 3 = D ] 7}
1E RS E > s A 7E o~
IFUS IF 2 5F € 7F7 RUBOUT
'space }comma *accent mork Tor DEL

single quote

‘or underline

*or ALT MODE




RELATIVE BRANCH TABLES

FORWARD RELATIVE BRANCH

APPENDIX F

APPENDIX

%' o v 2 3 4 s & 7 8 9 A B C D £ ¢
alo 1 2 3 a4 s 6 7 8 9 10 U 12 13 14 s
1 ]1e 17 1819 20 21 22 23 24 25 26 27 28 29 30 3l
7 |32 33 34 35 36 3 38 39 40 4 42 43 a4 45 a6 &
3 |48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63
T ]6a 65 6 6 &8 & 0 7 72 73 a5 e 7T 5 R
5 |8 8 82 8 84 85 8 87 8 89 90 9l 92 93 94 95
6 96 97 98 99 100 101 102 103 104 105 106 107 108 109 11011
7 12 13 14 s 16 17 s e 120 121 122 123 124 125 126 127
BACKWARD RELATIVE BRANCH TABLE
s v 2 3 4 5 6 7 8 9 A B C D E F
8 128 127 126 125 124 123 122 121 120 119 18 117 16 15 14 13
9 [z 1 10 109 108 107 105 105 104 103 102 10V 100 99 98 97
A [9% 95 94 93 92 91 90 89 68 & 8 85 84 83 62 8
B |8 79 78 77 76 75 74 73 72 7170 69 68 &7 65 65
C |64 & 62 6 6 59 58 57 56 55 54 53 52 51 0 &9
p |8 47 a6 45 44 a3 2 o 40 39 38 37 36 35 343
F 152 31 ™ ¥ B T 26 25 24 23 2 21 20 19 18 7
Flwe 15 14 13 12 n 100 9 8 7 6 5 a4 3 2 1
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APPENDIX G:

HEX OPCODE LISTING

\SO
0 1 2 3 4 5 6
0 BRK ORA-I, X ORA.D P ASLD-P
1 e ORA.L Y ORA.D-P. X ASLD-P. X
2 SR AND-1. X [ X4 AND-O P ROL-Q-P
3 M AND.L ¥ AND.Q-P. X ROL.Q-P, X
4 AN EOR-1. X EOR-0-P SR-Q-P
[ BVC EOR-1, ¥ EORO-P. X LsRPp. x
6 RIS ADC1, X ADC.Q-P ROR-O-P
7 BvS ADC1. ¥ ADC QP X
8 STA, X SIY.Q.P sta-9-p SIX-Q-P
9 B8CC STA-L, Y StY.@.p X STA.O-P. X SIX-PP Y
A LDY. 1M DAL, X LOX- 1M 10Y.0-p WA-O-P t0X.§-P
] BCS (DA Y LoY-9-P, X DA-$-P, X \0X-9-P. ¥
[ CPY.IMM CMPA, X cPY.9-p P DEC PP
D BNE CMP.1 ¥ CMP.O-P. X DEC-Q-P, X
€ CPX.IMM $8C.1, X cPx.Q-P $8C-§-P INC-O-P
F 8EQ SBC-, Y SB8C.9-P, X INC-O-P, X
8 9 A B Cc D E
PHP ORA-tMM ASLA ORA ASL 0
ac ORA, Y ORA, X ASL, X 1
aP AND-IMM ROL-A Bt AND ROL 2
SEC AND, Y AND, X ROL, X k]
PHA €OR-tMM 1SR-A smp EOR SR 4
cu EOR, ¥ EOR. X ISR, X H
A ADC-1MM ROR-A me.) ADC ROR 6
SEI ADC. Y ADC, X 7
OEY XA Sty STA ST ]
TYA STA. ¥ ™5 STA, X 9
TAY LDA-tAM TAX Y DA 13 A
av DA, Y 13 oY, X 104, X X, Y 8
INY CMP-LMM DEX cpyY (<"1 0£C C
ao CMP. ¥ CMP, X OEC, X [
INX SBC-IMM NOP cpx s8C INC 3
SEO $8C. ¥ S8C. X INC, X [
I=ndwact
§-P = 2010 poge
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DECIMAL TO BCD CONVERSION

APPENDIX

DECIMAL BCD DEC BCD DEC BCD
0 0000 10 00010000 90 10010000
1 0001 1 00010001 9 10010001
2 0010 12 00010010 92 10010010
3 0011 13 00010011 93 10010011
4 0100 14 00010100 9% 10010100
5 0101 15 00010101 95 10010101
6 0110 16 00010110 9% 10010110
7 o111 17 00010111 97 10010111
8 1000 18 00011000 98 10011000
9 100 19 00011001 99 10011001
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APPENDIX 1

EXERCISE ANSWERS

CHAPTER1

1.1: 252
1.2: 100000001

1.3: 19 + 2 = 9remainder 1 = 1
9 + 2 = 4remainder 1 = 1
4 + 2 = 2remainder0—0
2 = 2 = | remainder0— 0
1 + 2 = Oremainder 1 —+ 1
Answer: 10011

14: 0101 = 5

+ 1010 = 10
1111 = 15
1x1=1
1x2=2
1x4=4

+1x8=28

Answer: 15
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1.5: 1111

+ 0001

(1) 0000
Answer: No, the result does not hold in 4 bits.

1.6: +5 = 00000101
-5 = 10000101

1.7: +6 = 00000110
-6 = 11111001

1.8: +127 = 01111111

1.9: + 128 = 10000000
01111111 (one’s complement)
+ 1

—128 = 10000000 (two’s complement)

1.10: Smallest: — 128
Largest: +127

1.11: +20 = 00010100
11101011 (one’s complement)

+ 1
—20 = 11101100 (two’s complement)
00010011 (one’s complement)

+ 1

20 = 00010100

Answer: Yes

1.12: 10111111
+ 11000001

10000000

V:0 C:1
X CORRECT
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1.13:

1.14:

1.15:

1.16:

1.17:

1.18:

382

11111010

+ 11111001

11110011

V:0 C:1
X CORRECT

00010000
+ 01000000

01010000

V:0 C:0
& CORRECT

01111110
+ 00101010

10101000

V:1 C:0
ERROR

No, you cannot generate an overflow when adding a positive and a
negative number, because they will tend to cancel each other; thus,
the result will always be within range of 1 byte.

Largest: 32767
Smallest: — 32768

— 8388608

29 = 00101001

- 91 = 10010001

10100000 is not a valid BCD representation, because the high order
nibble is 1010, which is unused.

S|{-(12131]2](3

-23123 =

= 00000101 00010010 00110001 00100011



Akapgy -

AT IO smau

24642

APPENDIX

1.20: 9999 in BCD: 24 bits (3 bytes):

9999 in two’s complement: 14 bits (= 2 bytes)

I3[+ 2
30+ |1

s|+|2 2
41+109

223 — | = 8388607. This is 6 digits of absolute accuracy, or 6*

1.21:
digits.

1.22: 0 = 00110000
1 = 10110001
2 = 10110010
3 = 00110011
4 = 10110100

1.23: A = 01000001
B = 01000010
C = 11000011
D = 01000100
E = 11000101
F = 11000110

1.24: “A” = 01000001
“T” = 01010100
“S” = 01010011
“X” = 01011000

1.25:

5 = 00110101
6 = 00110110
7 = 10110111
8 = 10111000
9 = 00111001

10101010 = AA (hexadecimal)
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1.26:

1.27:

1.28:

1.29:

1.30:

1.31:

1.32:

FA = 11111010

0100000t = 101 (octal)

Negative numbers represented in two’ compleinent produce
results that do not need to be corrected when added.

1024 = 10000000000 (direct binary)
= 01000000000 (signed binary)
= 01000000000 (two’s complement)

The overflow (V) flag is set when the carry out of bit 6 does not
equal the carry out of bit 7 (exclusive OR). It should be tested after
any addition or subtraction involving numbers represented in two’s
complement notation.

+16 = 010000
+ 17 = 010001
+ 18 = 010010
—16 = 110000
-17 = 101111
- 18 = 101110

mapPwunumX
[ T 1 O T
5EX22888

CHAPTER3

3.1:

384

Left to reader.



3.2:

3.3:

34:

3.5

3.6:

3.7

3.8:

CLC
CLD
LDA
ADC
STA

LDA
ADC
STA

CLC
CLD
LDA
ADC
STA

LDA
ADC

~ STA

CLD
SEC
LDA
SBC
STA

See text.

ADRI1
ADR2
ADR3
ADRI1+1
ADR2+1
ADR3+1

ADR1-1
ADR2 -1
ADR3 -1
ADRI
ADR2
ADR3

ADRI1
ADR2
ADR3

APPENDIX

Yes, the CLC instruction only has to be executed before the

addition.

The only difference is that here the D flag is set, not clear, which

will affect the way the final answer is computed.

SEC
SED
LDA
SBC
STA
LDA
SBC
STA

ADRI
ADR2
ADR3
ADRI -1
ADR2-1
ADR3 -1
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3.9:

3.10:

3.11:

3.12:

3.13:

3.14;

386

0100 MPD 1x0=0
x 0111 MPR 2x0=0

0100 4x1=4
0100 8§x1=28
0100 16 x1 =16
0000 32 X0=_Q
0011100 28v

Carry will equal 1.

When X decrements to zero, the next instruction to be executed is
‘BNE MULT?, but the branch will not occur.

Fill table (see text).
LDA #0 CLEAR ADDRESSES
STA RESAD
STA RESAD+1
LDX #8 SET COUNTER
MULT LSR MPRAD GET AMULTIPLIER BIT
BCC NOADD TESTFORA |
LDA RESAD+1 ADD MULTIPLICAND
TO RESULT
CLC
ADC MPDAD

STA RESAD+1
NOADD ROR RESAD+1 SHIFT RESULT RIGHT

(RECOVERS CARRY)
ROR RESAD
DEX DECREMENT COUNTER
BNE MULT TEST FOR ZERO

This approach is faster, because the add of the partial product to
the result is eight bits instead of sixteen.

157 usec., assuming all addresses zero page, no page crossings, and
a 1MHz clock.



3.15:

3.16:

3.17:

3.18:

3.19:

3.20:

3.21:

APPENDIX

Left for reader.

TEST LDA  $24
CMP  #92A
BEQ STAR

A subroutine requires a fixed overhead time in which to manipu-
late the stack.

In the case of both the call and the return, the same number of
values must be transferred to/from the stack in memory.

Yes. MULT modifies the X and A registers plus several flags.

A subroutine may call itself if it was designed to do so. It must
store data in the stack, though, to preserve it, as the registers will be
reused on each call. Also, there must be a conditional statement
that will limit the number of calls made; otherwise, the stack area
in memory will overflow.

Stack parameters are best for recursion. Fixed registers and mem-
ory locations will be changed by each iteration of the subroutine.
The stack can accommodate a string of parameters.

CHAPTER4

4.1:

4.2:

4.3:

4.4:;

4.5:

LDA WORD

AND #%01000010

STA WORD

No effect.

The final value of the accumulator would be 10101111,

The result would always be $FF.

No effect.
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CHAPTERS
5.1 LDX  #NUMBER

NEXT DEX
BNE DONE
LDA  BASE,X
STA DEST.X
JMP NEXT

DONE

OR

LDX #NUMBER
NEXT DEX

LDA BASE,X

STA DEST.X

TXA

BNE NEXT

5.2: BLKADD LDY #NBR -1
NEXT CLC
LDA PTR1,Y

ADC PTR2,Y
STA PTR3,Y
DEY
BPL NEXT
Bytes Cycles
2 2
1 2
3 4
3 4 | Repeated NBR
3 5 { times
1 2
2 -1 3

15 20xNBR+1 20 (looptotal)
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BLKADD LDY #NBR -1
NEXT CLC
LDA (LOC1),Y
ADC (LOC2),Y
STA (LOC3),Y
DEY
BPL NEXT

Bytes Cycles

2 2
1 2
2 5
2 5
2 6
1 2
2 -1 3
12 23xNBR+1 23
5.3: LDA  #0 INITIALIZE SUM
STA  SUMLO
STA  SUMHI
LDY #9 Y IS COUNTER

CLC
ADDLP LDA  BASE,Y ADD
ADC SUMLO
STA SUMLO
BCC NOCARRY TRANSFER CARRY
TO NEXT BYTE
INC SUMHI
CLC
NOCARRY DEY
BPL ADDLP
RTS

5.4: Yes. However, this method would be cumbersome, requiring 10
additions.
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5.5: LDX #0 INITIALIZE INDEX REGISTERS

LDY #9
LOOP LDA BASE,X

STA REVER,Y
INX
DEY
BPL LOOP
RTS

5.6: Left to reader.

5.7: Left to reader.

CHAPTER 6

6.1: 2+ 5x255— 1= 1,276 usec or 1.276 msec.
The minimum possible delay is 6 usec; therefore, 1 usec delay is
not possible.

6.2: 2+5x20-1=101
NEXT LDY #20

DEY
BNE NEXT
6.3: LDX #39C
NEXT LDY #37F
LOOP DEY
BNE LOOP
DEX
BNE NEXT
Execution time = 99997 u sec or 99.997 msec.
6.4: Cycles
LDY #0 2
WATCH LDA STATUS 2
BPL WATCH 2 (FAIL)
STA (POINTER),Y 6
INC POINTER 5
DEC COUNT 5
BNE WATCH 372
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The total number of cycles for the input loop, assuming that the
status is always true, is2+2+6+5+5+3 = 23, or 23 usec witha 1
MHz clock. This implies an input rate of

— 1 43.35K bytes/sec

23 usec
The actual difference in rates is
11

18 usec

= 12.08K bytes/sec

23 usec
or less than 22%.

: 146 usec/byte
=6.8K bytes/sec

. Bit 7is used for status because it can be easily tested through the sign
flag. Bit 0 is used for data because it can be easily shifted into the
carry,

: Assuming status is represented in bit 7 of a memory location, the
BIT instruction would transfer it into the sign flag without affecting
the accumulator.

LDA #300
LOOP BIT INPUT

BPL LOOP

LSR INPUT

ROL A

BCC LOOP

PHA

LDA #301

DEC COUNT

BNE LOOP

Original: 146 usec/byte; 25 bytes
New version: 149 usec/byte; 18 bytes

: START LDA #301

LOOP BIT INPUT
BPL LOOP
LSR INPUT
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6.10:

6.11:

START
LOOP

START
LOOP

ROL
BCC
PHA
DEC
BNE

LDX
LDA
BIT

BPL
LSR
ROL
BCC
STA

INX
DEC
BNE

LDX
LDA
BIT
BPL
LSR
ROL
BCC
CMP
BEQ
STA
INX
DEC
BNE

6.12: SERIAL LDA

392

LOOP

STA
LDA
LSR
BCC
LDA

LOOP

COUNT
START

#301
INPUT
LOOP
INPUT

LOOP
BASE,X

COUNT
START

#301
INPUT
LOOP
INPUT

LOOP
#353
DONE
BASE, X

COUNT
START

#300
WORD
INPUT +1
A

LOOP
INPUT



6.13: CHARPR
LOOP
WAIT

6.14: CHARPR
LOOP
WAIT

DONE

LSR

ROL
BCC
LDA
PHA
LDA
STA

DEC
BNE

LDX
LDA
BIT
BPL
STA
DEX
BNE

LDX
LDA
BIT
BPL
STA
CMP
BEQ
DEX
BNE

6.15: Hex LED Code

00O AW bdWN—O

3F
06
5B
4F
66
6D
7D
07
FF

A
WORD
LOOP
WORD

#301
WORD
COUNT
LOOP

#N
CHAR,X
STATUS
WAIT
PRINTD

LOOP

#N
CHAR,X
STATUS
WAIT
PRINTD
#30D
DONE

LOOP

Hex LED Code

TmOOWP» o

67
77
7C
39
SE
79
71

APPENDIX
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6.16: LEDS

ouT

6.17: LEDS

6.18:

6.19:

394

ouT

NEXT
LOOP

STX
STY

LDX
LDY
RTS

TXA
PHA
TYA

PHA

PLA
TAY
PLA
TAX
RTS

LDX
LDY
DEY
BNE
DEX
BNE

T1
T2

T1
T2

#35A
#313

LOOP

NEXT

Execution time: 9.09 msec

PRINTC LDA

NEXT

STA
JSR
LDX
ROR
ROL
STA
JSR
DEX
BNE

#300
TTYBIT
DELAY
#308
CHAR
A
TTYBIT
DELAY

NEXT

OUTPUT START BIT

9.09 MSEC DELAY

BIT COUNTER

GET ABIT

INTO ACCUMULATOR
OUTPUTIT

WORD TRANSMITTED?
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LDA #301 YES, OUTPUT STOP BITS
STA TTYBIT
JSR DELAY
STA TTYBIT
JSR DELAY
RTS
6.20: TTYIN LDA TTYBIT TEST FOR START BIT
LSR A
BCS TTYIN
ROL A RECOVER BIT
STA TTYBIT OUTPUTIT
JSR DELAY

6.21: 26 usec lost.

6.22; 256 locations
4 locations/interrupt

= 64 interrupts

6.23: 256 locations
6 locations/interrupt

= 42 interrupts

6.24: Left for reader.

6.25: a) Hardware senses the interrupt request, compares with the
mask, sets mask, and preserves regiser (P,PC). Software
unsets the mask, preserves registers (A,X,Y), identifies the
device, executes the routine, restores registers, and returns.

b) The mask inhibits unwanted interrupts.

¢) Allregisters that are changed by the interrupt routine should
be preserved.

d) The interrupt device is usually identifed by polling if there is
more than one possiblity.
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e) The RTI instruction restores processor status while the RTS
does not.

f) Inhibiting interrupts would allow those executing to finish
and withdraw their addresses from the stack.

g) The overhead is the stack manipulations and the running of
the routine itself, both of which detract from the speed of the
mainline program.

CHAPTER 8
8.1: LDA #0

JSR CHECK
LDA  #FF
JSR CHECK
LDA #3855
JSR CHECK
LDA #3AA
JSR CHECK
JMP DONE

8.2:

396

CHECK LDX #0
LOOP STA BASE,X
DEX
BNE LOOP
NEXT CMP  BASE,X
BNE ERROR

DEX
BNE NEXT
RTS

DONE

ERROR

STRING LDX #0
NEXT JSR  GETCHAR
CMP  #SPC
BEQ OUT



8.3:

8.4;

8.5:

8.6:

8.7:

APPENDIX

JSR SENDCHAR ECHO CHARACTER
STA BUFFER,X

INX
BNE NEXT IF XISBACK TO ZERO,
RETURN
ouT RTS
BCC TOOLOW
CMP #3BA
BCS TOOHIGH
ouT CLC
Left to reader.
JSR PARITY
AND #380 MASK ALL BUT 7 BIT
CMP EXPECT ISPARITY THE ONE EXPECTED?
RTS ZFLAG HOLDS ANSWER
LDA BCDCHAR
AND #330 SET LEFT NIBBLE TO 3
STA CHAR
LDA BCDCHAR
TAX
AND #3OF MASK OFF HIGH NIBBLE
STA BINCHAR
TXA
LSR A SHIFT HIGH NIBBLE TO LOW ORDER
LSR A
LSR A
LSR A
STA TEMP STORE X
ASL A X TIMES 2
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8.8:

8.9:

8.10:

8.11:

8.12:

398

ASL A
ADC TEMP
ASL A

ADC  BINCHAR
STA BINCHAR

MAX LDY
STY
LDA
TAY
LDA
STA
LOOP EOR
BPL
LDA
BPL
JMP
SAME LDA
CMP
BCS
SWITCH LDA
STA
STY
NOSWITCH DEY
BNE
RTS

X TIMES 4

X TIMES 5

XTIMES 10

ADD LOW NIBBLE
STORE BINARY RESULT

#0
INDEX
(BASE),Y

#380 MOST NEGATIVE NUMBER
BIG

(BASE),Y COMPARE SIGN BITS
SAME

BIG IF + /- INVOLVED,
NOSWITCH CHECKIFMAXISPOSITIV]
SWITCH

BIG

(BASE),Y

NOSWITCH

(BASE),Y

BIG

INDEX

LOOP

Yes, the program will work on ASCII characters with a consistent

parity bit (always 0 or 1).

See Figure 9.49.
Left for reader.

(©)

BCC
LDA

NO CARRY
#0



NOCARRY DEY

OVER

8.13: (b)

ZLOOP

NOTZ

CHAPTERY

9.1: Address
15
16
9.2: FIRST

—_—

BLOCK

APPENDIX

ADC SUMHI  INCREMENT SUMHI
SUCH THAT CARRY

BCS  OVER IS AFFECTED
BNE  ADLOOP
CLV
RTS
LDA #3840
ADC  #340 FORCE OVERFLOW
RTS ERROR: RETURN
LDA  (ADDR),Y
AND  #37F MASK OUT PARITY BIT
CMP  #341 ‘A’ CHARACTER
BCC NOTZ
CMP  #35B ‘ CHARACTER
BCS NOTZ
INX
DEY

Contents
00
05

BLOCK 1 & rJ BLOCK 2 ?_ L: BLOCK 3| £
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CHAPTER 10

10.1:

10.2:

10.3:

10.4:

No. LDA #°5 will load hexadecimal value 35 as a representative of
the ASCII character “5”. LDA #35 will load the numerical value of 5
into the accumulator.

LDA %10101010 loads the accumulator with the contents of the
memory location AA;s. LDA #%10101010 loads the accumulator
with the actual value AA 6.

Assuming the N flag is set, the program counter will be jumped to
the memory location where the branch instruction starts. This will
result in an infinite loop.

* =0
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P
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tree search 323, 324, 325

trees 281, 282, 313, 319, 320, 321, 322

tree traverser 313, 317, 318, 320
truncations 25
TSX 184
two’s complement 17, 18, 19, 29, 63,
100, 107
TXA 185
TXS 186
TYA 187
U
UART 227
unconditional jump 95
underflow 24
utility programs 262
utility routines 262, 348
\Y
versatile interface adapter 258
VIA 258
volatile 40

407



PROGRAMMING THE 6502

w

working registers 73, 195

X 47,135, 141, 147, 154, 180, 182, 184
185, 186

Y 47,137, 142, 148, 156, 181, 183, 187,207

VA

z 43, 107, 108, 110
zero 43, 108, 121, 124, 271
zero page addressing 195

408



The SYBEX Library

YOUR FIRST COMPUTER
by Rodnay Zaks 264 pp., 150 illustr., Ref. 0-045

DON’T (or How to Care for Your Computer)
by Rodnay Zaks 222 pp., 100 illustr., Ref. 0-065

INTERNATIONAL MICROCOMPUTER DICTIONARY
140 pp., Ref. 0-067

FROM CHIPS TO SYSTEM
AN INTRODUCTION TO MICROPROCESSORS
by Rodnay Zaks 558 pp., 400 illustr., Ref. 0-063

YOUR TIMEX SINCLAIR 1660™ AND ZX81™
by Douglas Hergert 176 pp., illustr., Ref. 0-099

YOUR COLOR COMPUTER
by Doug Mosher 350 pp., illustr., Ref. 0-097

INTRODUCTION TO WORD PROCESSING
by Hal Glatzer 216 pp., 140illustr., Ref. 0-076

THE FOOLPROOF GUIDE TO SCRIPSIT™
by Jeff Berner 225 pp., illustr., Ref. 0-098

INTRODUCTION TO WORDSTAR™
by Arthur Naiman 208 pp., 30illustr., Ref. 0-077

MASTERING VISICALC®
by Douglas Hergert 224 pp., illustr., Ref. 0-090

DOING BUSINESS WITH VISICALC®
by Stanley R. Trost 200 pp., Ref. 0-086

DOING BUSINESS WITH SUPERCALC™
by Stanley R. Trost 300 pp., illustr., Ref. 0-095

VISICALC® FOR SCIENCE AND ENGINEERING
by Stanley R. Trost & Charles Pomernacki 225 pp., illustr., Ref. 0-096

EXECUTIVE PLANNING WITH BASIC
by X. T. Bui  192pp., 19illustr., Ref. 0-083

BASIC FOR BUSINESS
by Douglas Hergert 250 pp., 15 illustr., Ref. 0-080

YOUR FIRST BASIC PROGRAM
by Rodnay Zaks 200 pp., illustr., Ref. 0-092

FIFTY BASIC EXERCISES
by J. P. Lamoitier 236 pp., 90illustr., Ref. 0-056

BASIC EXERCISES FOR THE APPLE
by J. P. Lamoitier 230 pp., 90illustr., Ref. 0-084

BASIC EXERCISES FOR THE IBM PERSONAL COMPUTER
by J. P. Lameitier 232 pp., 90 illustr., Ref. 0-088

INSIDE BASIC GAMES
by Richard Mateosian 352 pp., 120illustr., Ref. 0-055

THE PASCAL HANDBOOK
by Jacques Tiberghien 492 pp., 270illustr., Ref. 0-053

INTRODUCTION TO PASCAL (Including UCSD Pascal™)
by Rodnay Zaks 422 pp., 130illustr., Ref. 0-066

DOING BUSINESS WITH PASCAL
by Richard Hergert & Douglas Hergert 380 pp., illustr., Ref. 0-091



APPLE® PASCAL GAMES
by Douglas Hergert and Joseph T. Kalash 376 pp., 40 illustr., Ref. 0-074

CELESTIAL BASIC: Astronomy on Your Computer
by Eric Burgess 320 pp., 65 illustr., Ref. 0-087

PASCAL PROGRAMS FOR SCIENTISTS AND ENGINEERS
by Alan R. Miller 378 pp., 120illustr., Ref. 0-058

BASIC PROGRAMS FOR SCIENTISTS AND ENGINEERS
by Alan R. Miller 326 pp., 120 itlustr., Ref. 0-073

FORTRAN PROGRAMS FOR SCIENTISTS AND ENGINEERS
by Alan R. Miller 320 pp., 120 illustr., Ref. 0-082

PROGRAMMING THE 6809
by Rodnay Zaks and William Labiak 520 pp., 150 illustr., Ref. 0-078

PROGRAMMING THE 6502
by Rodnay Zaks 388 pp., 160 illustr., Ref. 0-046

6502 APPLICATIONS
by Rodnay Zaks 286 pp., 200 illustr., Ref. 0-015

ADVANCED 6502 PROGRAMMING
by Rodnay Zaks 292 pp., 140 illustr., Ref. 0-089

PROGRAMMING THE Z80
by Rodnay Zaks 626 pp., 200 illustr., Ref. 0-069

780 APPLICATIONS
by James W. Coffron 300 pp., illustr., Ref. 0-094

PROGRAMMING THE 78000
by Richard Mateosian 300 pp., 124 illustr., Ref. 0-032

THE CP/M® HANDBOOK (with MP/M™)
by Rodnay Zaks 324 pp., 100 illustr., Ref. 0-048

MASTERING CP/M®
by Alan R. Miller 320 pp., Ref. 0-068

INTRODUCTION TO THE UCSD p-SYSTEM™
by Charles W. Grant and Jon Butah 250 pp., 10illustr., Ref, 0-061

A MICROPROGRAMMED APL IMPLEMENTATION
by Rodnay Zaks 350 pp., Ref. 0-005

THE APPLE® CONNECTION
by James W, Coffron 228 pp., 120 illustr., Ref. 0-085

MICROPROCESSOR INTERFACING TECHNIQUES
by Rodnay Zaks and Austin Lesea 458 pp., 400 illustr., Ref. 0-029

FOR A COMPLETE CATALOG
OF OUR PUBLICATIONS

U.S.A. SYBEX-EUROPE SYBEX-VERLAG
2344 Sixth Street 4 Place Félix-Eboué Heyestr. 22
Berkeley, 75583 Paris Cedex 12 4000 Diisseldorf 12
California 94710 France West Germany

Tel: (800)227-8233 Tel: 1/347-30-20 Tel: (0211) 287066

Telex: 336311 Telex: 211801 Telex: 08 588 163



@%owmmaoom ARE DIFFERENT

Hereis why ...

At SYBEX, each book is designed with you in mind. Every manuscript is
carefully selected and supervised by our editors, who are themselves com-
puter experts. Programs are thoroughly tested for accuracy by our techni-
cal staff. Our computerized production department goes to great lengths
to make sure that each book is designed as well as it is written. We publish
the finest authors, whose technical expertise is matched by an ability to
write clearly and to communicate effectively.

In the pursuit of timeliness, SYBEX has achieved many publishing firsts.
SYBEX was among the first to integrate personal computers used by
authors and staff into the publishing process. SYBEX was the first to
publish books on the CP/M operating system, microprocessor interfacing
techniques, word processing, and many more topics.

Expertise in computers and dedication to the highest quality in book pub-
lishing have made SYBEX a world leader in microcomputer education.
Translated into fourteen languages, SYBEX books have helped millions of
people around the world to get the most from their computers. We hope
we have helped you, too.



Programming the

- 6902

“...if you need to know the 6502, you may
not be able to find a text easier to under-
stand than this one.”

— CREATIVE COMPUTING

“The style is clear and direct and the con-
tents well organized . . . more importantly,
this one (book) scores high on readability.”

— EDN

‘... it contains sufficient material and is well
enough organized for use as a reference
text...”
“Zaks' book is solution oriented.”

— KILOBAUD

Dr. Rodnay Zaks, president of Sybex, Inc.,
has a PhD in Computer Science from the
University of California, Berkeley. He has
been responsible for the design and instal-
lation of computers for industrial control,
educational and scientific applications,
as well as business and home use. He is the
author of numerous books on all facets of
computers, including the best selling YOUR
FIRST COMPUTER.

ISBN 0-89588-135-7



