


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































DEBUGGING WITH CHECKLISTS 
The designer cannot possibly check an entire program by hand: however. there are 
certain trouble spots that the designer can easily check. You can use systematic hand 
checking to find a large number of errors without resorting to any debugging tools. 

The question is where to place the effort. The answer is on WHAT TO 
points that can be hand I,d with either a yes-no anwer or with INCLUDE IN 
a simple arithmetic calculation. Do not try to do complex CHECKLIST 
arithmetic. follow all the flags. or try every conceivable case. Limit 
your hand checking to matters that can be settled easily. Leave the complex problems 
to be solved with the aid of debugging tools. But proceed systematically: build your 
checklist. and make sure that the program performs the basic operations correctly. 

The first step is to compare the flowchart or other program documentation with 
the actual code. Make sure that everything that appears in one also appears in the 
other. A simple checklist will do the job. It is easy to completely omit a branch or a pro­
cessing section. 

Next concentrate on the program loops. Make sure that all registers and memory 
locations used inside the loops are initialized correctly. This is a common source of er­
rors: once again. a simple checklist will suffice. 

Now look at each conditional branch. Select a sample case that should produce a 
branch and one that should not: try both of them. Is the branch correct or reversed? If 
the branch involves checking whether a number is above or below a threshold. try the 
equality case. Does the correct branch occur? Make sure that your choice is consistent 
with the problem definition. 

Look at the loops as a whole. Try the first and last iterations by hand. these are often 
troublesome special cases. What happens if the number of iterations is zero: Le .. there 
is no data or the table has no elements? Does the program fall through correctly? Pro­
grams often will perform one iteration unnecessarily. or. even worse. decrement coun­
ters past zero before checking them. 

Check off everything down to the last statement. Don't assume (hopefully) that 
the first error is the only one in the program. Hand checking will allow you to get 
the maximum benefit from debugging runs, since you will get rid of many simple 
errors ahead of time. 

A quick review of the hand checking questions: 

1) Is every element of the program design in the program (and 
vice versa for documentation purposes)? 

HAND 
CHECKING 
QUESTIONS 

2) Are all registers and memory locations used inside loops initialized before they 
are used? 

3) Are all conditional branches logically correct? 

4) Do all loops start and end properly? 
5) Are equality cases handled correctly? 
6) Are trivial cases handled correctly? 
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LOOKING FOR ERRORS 
Of course, despite all these precautions (or if you skip over 
some of them!. programs often still don't work. The designer 
is left with the problem of how to find the mistakes. The hand 
checklist provides a starting place if you didn't use it earlier; some of the errors 
that you may not have eliminated are: 

1) Failure to initialize variables such as counters, pointers, sums, indexes, etc. 
Do not assume that the registers. memory locations. or flags necessarily contain 
zero before they are used. 

2) Inverting the logic of a conditional jump, such as using Branch on Carry Set 
when you mean Branch on Carry Clear. Be particularly careful of the fact that the 
6502 (unlike most other microprocessors) uses the Carry as an inverted borrow 
after a subtraction or comparison. So the effects of a comparison or subtraction are 
as follows (A is the contents of the Accumulator. M the contents of the memory 
location): 

Zero flag = 1 if A = M 
Zero flag = 0 if A I=M 
Carry flag = 1 if A ? M 
Carry flag = 0 if A < M 

Note particularly that Carry = 1 if A = M (the equality case). So Branch on Carry 
Set means jump if A ? M and Branch on Carry Clear means jump if A < M. If you 
want the equality case on the other side. try either reversing the roles of A and M or 
adding 1 to M. For example. if you want a jump if A ? 10 use 

CMP #10 
BCS ADDR 

If. on the other hand. you want a jump if A > 10 use 

CMP #11 
BCS ADDR 

3) Updating counters, pointers, and indexes in the wrong place or not at all. Be 
sure that there are no paths through a loop that either skip or repeat the updating 
instructions. 

4) Failure to fall through correctly in trivial cases such as no data in a buffer. no 
tests to be run. or no entries in a transaction. Do not assume that such cases will 
never occur unless the program specifically eliminates them. 

Other problems to watch for are: 

5) Reversing the order of operands. Remember that instructions like TAX move the 
contents of A to X. not the other way around. 

6) Changing condition flags before you use them. 

Almost all instructions except stores and branches affect the Sign and Zero flags. 
Note especially that PLP and RTI may change all the flags. 

7) Confusing the Index registers and the indexed memory location. 

Note that INX and INY increment the Index registers while INC ADDR.X and other 
similar instructions increment the contents of an indexed memory location 

8) Confusing data and addresses. 

Remember that LDA #$40 loads A with the number 4016. while LDA $40 loads A 
with the contents of memory location 004016. Be particularly careful when using 
the pre-indexed and post-indexed addressing modes in which a pair of addresses 
on page zero contains the actual or base address of the data. 
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Data = 100401 

Result = ISSEG 

+ Datal 

100411 = Result 

Ves 

Result = 0 

Figure 14-5. Flowchart of Decimal to Seven-Segment Conversion 

Debugging Example 1: Decimal to Seven-Segment Conversion 
The program converts a decimal number in memory location 
0040 to a seven-segment code in memory location 0041. It 
blanks the display if memory location 0040 does not contain a 
decimal number. 

Initial Program (from flowchart in Figure 14-5): 

#$40 ;GET DATA 

DEBUGGING 
A CODE 
CONVERSION 
PROGRAM 

LDX 
CPX 
BCC 
LDA 
STX 
BRK 
.BYTE 
.BYTE 

#9 
DONE 

;IS DATA GREATER THAN 9f 
;YES. DONE 

DONE 
SSEG 

(SSEG.X) 
$41 

$3F.$06.$5B.$4F.$66 
$6D.$7D.$07.$7D.$6F 

;GET ELEMENT FROM TABLE 
;SAVE SEVEN-SEGMENT CODE 

Using the checklist procedure. we were able to find the following errors: 

1) The block that cleared Result had been omitted. 

2) The Conditional Branch was incorrect. 

For example. if the data is zero. CPX #9 clears the Carry. since 0 < 9 and a borrow is 
required. However. the Jump utilizing the inverted condition (j.e .. BCS DONE) still did 
not produce the correct result. Now the program handles the equality case incorrectly 
since. if the data is 9. CPX #9 sets the Carry and causes a jump. The correct version is: 

CPX 
BCS 

#10 
DONE 

;IS DATA A DECIMAL DIGIT? 
;NO. KEEP ERROR CODE 
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Second Program: 

DONE 
SSEG 

LDA 
LDX 
CPX 
BCS 
LDA 
STX 

BRK 
.BYTE 
.BYTE 

#0 
#$40 
#10 
DONE 
(SSEG.X) 
$41 

;GET BLANK CODE FOR DISPLAY 
;GET DATA 
;IS DATA A DECIMAL DIGIT? 
;NO. KEEP ERROR CODE 
;GET ELEMENT FROM TABLE 
;SAVE SEVEN-SEGMENT CODE OR ERROR 

CODE 

$3F.$06.$5B.$4F.$66 
$6D.$7D.$07.$7D.$6F 

This version was hand checked successfully. 

Since the program was simple. the next stage was to single-step through it with real 
data. The data selected for the trials was: 

o (the smallest number) 
9 (the largest number) 

10 (a bou ndary case) 
6B 16 (a randomly selected case) 

The first trial was with zero in location 0040. The first error was obvious - LDX#$40 
loaded the number 40 into X. not the contents of memory location 0040. The correct 
instruction was LDX $40 (direct rather than immediate addressing). After this 
correction was made. the program moved along with no apparent errors until it tried to 
execute the LDA (SSEG.X) instruction. 

The contents of the Address Bus during the data fetch was 063F. an address that was 
not even being used. Clearly. something had gone wrong. 

It was now time for some more hand-checking. Since we knew that BCS DONE was cor­
rect. the error was clearly in the LDA instruction. A hand check showed: 

LDA (SSEG.X) adds the contents of Index Register X to the page-zero address SSEG and 
uses the sum to fetch the address that contains the actual data. In the present case. 
since Register X contains zero. the indirect address is in memory locations SSEG and 
SSEG+1 - that is. it is 063F. The instruction is therefore getting an address from a 
table that consists of data. The correct instruction is LDA SSEG.X - we want to get 
data from the table. not the address of the data. 

Even with this correction. the program still produced a result of zero. rather than the 
expected 3F. The error was obviously in the last instruction - it should be STA $41. 
not STX $41. Note the importance of following through to the very end of the program. 
rather than quitting after what might seem to be the last error. 

The revised program now was: 

Third Program: 

DONE 
SSEG 

LDA 
LDX 
CPX 
BCS 
LDA 
STA 

BRK 
.BYTE 
.BYTE 

#0 
$40 
#10 
DONE 
SSEG.X 
$41 

$3F.$06.$5B.$4F.$66 
$6D.$7D.$07.$7D.$6F 
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;GET ERROR CODE FOR DISPLAY 
;GET DATA 
;IS DATA A DECIMAL DIGIT? 
; NO. KEEP ERROR CODE 
;GET ELEMENT FROM TABLE 
;SAVE SEVEN-SEGMENT CODE OR ER­
; ROR CODE 



The results now were: 

Data Result 

00 3F 
09 6F 
OA 6F 
6B 6F 

The program was not clearing the result if the data was invalid. i.e .. greater than 9. The 
program never stored the blank code since the destination address DONE was 
misplaced - it should have been attached to the STA $41 instruction. After these cor­
rections were made. the program produced the correct results for all the test cases. 

Since the program was simple. it could be tested for all the decimal digits. The results 
were: 

Data /Resu It --'--o 3F 
1 06 
2 5B 
3 4F 
4 66 
5 60 
6 70 
7 07 
8 70 
9 6F 

Note that the result for number 8 is wrong - it should be 7F. Since everything else is 
correct. the error is almost surely in the table. In fact. entry 8 in the table had been 
miscopied. 

The final program is: 

; DECIMAL TO SEVEN-SEGMENT CONVERSION 

LOA #0 ;GET BLANK CODE FOR DISPLAY 
LOX $40 ;GET DATA 
CPX #10 ;IS DATA A DECIMAL DIGIT? 
BCS DONE ;NO. KEEP ERROR CODE 
LDA SSEG.X ;GET SEVEN-SEGMENT CODE FROM 

TABLE 
DONE STA $41 ;SAVE SEVEN-SEGMENT CODE OR 

ERROR CODE 
BRK 

SSEG .BYTE $3F.$06.$5B.$4F.$66 
.BYTE $60. $7D.$07.$7F.$6F 
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The errors encountered in this program are typical of the ones that 6502 assembly 
language programmers should anticipate. They include: 

1) Failing to initialize registers or memory locations. 
2) Inverting the logic on conditional branches. 

3) Branching incorrectly in the case in which the operands are equal. 

4) Confusing immediate and direct addressing. i.e .. data and addresses. 
5) Failing to keep track of the cu rrent contents of registers. 

6) Branching to the wrong place so that one path through the program is incorrect. 
7) Copying lists of numbers (or instructions) incorrectly. 

8) Using the indirect addressing modes incorrectly. 

Note that straightforward instructions (like AND. DEC. INC) and simple addressing 
modes seldom cause any problems. Among the particularly annoying errors that are 
frequent in 6502 assembly language programming are using the Carry improperly after 
subtraction or comparison !the Carry is set if no borrow is required) and forgetting to 
clear the Decimal Mode flag. 
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Debugging Example 2: Sort into Decreasing Order 
The program sorts an array of unsigned a-bit binary numbers into 
decreasing order. The array begins in memory locatiori 0041 and 
its iength is in memory location 0040. 

Initial Program (from flowchart in Figure 14-6): 

DEBUGGING 
A SORT 
PROGRAM 

LDY #0 ;CLEAR INTERCHANGE FLAG BEFORE PASS 
LDX $40 ;GET LENGTH OF ARRAY 

PASS LDA $41.X ;IS NEXT PAIR OF ELEMENTS IN ORDER? 
CMP $42.X 
BCC COUNT ;YES. NO INTERCHANGE NECESSARY 
STA $42.X ;NO. INTERCHANGE PAIR 

COUNT DEX ;CHECK FOR COMPLETED PASS 
BNE PASS 
DEY ;WERE ALL ELEMENTS IN ORDER? 
BNE PASS ;NO. MAKE ANOTHER PASS 
BRK 

The hand che,ck shows that all the blocks in the flowchart have been implemented in 
the program and that all the registers have been initialized. The conditional branches 
must be examined carefully. The instruction BCC COUNT must force a branch if the 
value in A is greater than or equal to the next element in the array. Remember that we 
are sorting elements into decreasing order and we are moving backward through the 
array in the usual 6502 mahner. The equality case must not result in an interchange. 
since such an interchange would create an endless loop. with the two equal elements 
always being swapped. 

Try an example: 
(0041) = 30 
(0042) = 37 

CMP $42.X results in the calculation of 30 - 37. The Carry is cleared since a borrow is 
required. This example should result in an interchange but does not. 

BCS COUNT will provide the proper branch in this case. If the two numbers are equal. 
the comparison will set the Carry and BCS COUNT is again correct. 

How about BNE PASS at the end of the program? If there are any elements out of order. 
the interchange flag will be one. so the branch is wrong. It should be BEQ PASS. 

Now let's hand check the first iteration of the program. The initialization results in the 
following values: 

X = LENGTH (2) 
Y = 0 

The effects of the loop instructions are: 

LDA $41. X ;A = (0043) 
CMP $42. X ; (00431-(0044) 
BCS COUNT 
STA $42. X ; (0044) = (0043) 

COUNT DEX ;X = LENGTH -1 (1) 
BNE PASS 

The indexed addresses are clearly incorrect since they are both beyond the end of the 
array. We will change them by subtracting two from the addresses included in the 
indexed instructions. This offset is a common problem in 6502 assembly language 
programs. because arrays and tables have a zeroth element. Thus an array with five 
elements occupies memory addresses BASE through BASE+4. not BASE+1 through 
BASE+5. When using indexed addressing on the 6502 microprocessor. be careful that 
your addresses are not in error at one end of the array or the other. 
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Interchange Flag = 0 
Ind •• = Length of 

B ••• = Stail otrray 
Array 

Inde. = Inde. - 1 

Figure 14-6. Flowchart of Sort Program 
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The initialization now results in the values: 

x = LENGTH (2) 
Y = 0 

The effects of the loop instructions are: 

LDA $3F.X ;A = (0041) 
CMP $40.X ; (0041 )-(0042) 
BCS COUNT 
STA $40. X ; (0042) = (0041) 

COUNT DEX ;X = LENGTH - 1 (1) 
BNE PASS 

Note that we have already checked the Conditional Branch instructions. Clearly the 
logic is incorrect. If the first two elements are out of order. the results after the first 
iteration shou Id be: 

(0041) 
(0042) 

X 

OLD (0042) 
OLD (0041) 
LENGTH - 1 

Instead. they are: 

~041) UNCHANGED 
(0042) OLD (0041) 

X LENGTH - 1 

The interchange requires a bit more care and the use of the Stack: 

PHA 
LDA $40.X 
STA $3F.X 
PLA 
STA $40.X 

An interchange always requires a temporary storage place in which one number can be 
saved while the other one is being transferred. 

All these changes require·a new copy of the program. i.e .. 

LDY #0 ;CLEAR INTERCHANGE FLAG BEFORE PASS 
LDX $40 ;GET LENGTH OF ARRAY 

PASS LDA $3F.X ;IS NEXT PAIR OF ELEMENTS IN ORDER? 
CMP $40.X 
BCS COUNT ;YES. NO INTERCHANGE NECESSARY 
PHA ;NO. INTERCHANGE ELEMENTS USING THE STACK 
LDA $40.X 
STA $3F.X 
PLA 
STA $40.X 

COUNT DEX ;CHECK FOR COMPLETED PASS 
BNE PASS 
DEY ;WERE ALL ELEMENTS IN ORDER? 
BEQ PASS ;NO. MAKE ANOTHER PASS 
BRK 

How about the last iteration? Let's say that there are three elements: 

(0040) 03 (number of elements) 
(0041) 02 
(0042) 04 
(0043) 06 
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cdch time through. the program decrements X by 1. So. during the third iteration. 
(X) = 1. The effects of the loop instructions are: 

LDA $3F.X ; (A) = (0040) 
CMP $40.X ; (0040) - (0041) 

This is incorrect: the program has tried to move beyond the starting address of the data. 
The previous iteration should. in fact. have been the last one. since the number of pairs 
is one less than the number of elements. The first element in the array has no pre­
decessor to which it can be compared. The correction is to reduce the number of itera­
tions by one; this can be accomplished by placing DEX after LDX $40. We must also 
add 1 to all the addresses in the indexed instructions. 

How about the trivial cases? What happens if the array contains no elements at 
all. or only one element? The answer is that the program does not work correctly 
and may change a whole block of data improperly and without any warning (try 
it!). The corrections to handle the trivial cases are simple but essential; the cost 
is only a few bytes of memory to avoid problems that could be very difficult to 
solve later. 

The new program is: 

LDY 
LDX 
CPX 
BCC 
DEX 

PASS LDA 
CMP 
BCS 
PHA 
LDA 
STA 
PLA 
STA 

COUNT DEX 
BNE 
DEY 
BEQ 

DONE BRK 

#0 
$40 
#2 
DONE 

$40.X 
$41.X 
COUNT 

$41.X 
$40.X 

$41.X 

PASS 

PASS 

;CLEAR INTERCHANGE FLAG BEFORE PASS 
;GET LENGTH OF ARRAY 
;DOES ARRAY HAVE 2 OR MORE ELEMENTS? 
;NO. NO ACTION NECESSARY 
;NUMBER OF PAIRS = LENGTH - 1 
;IS NEXT PAIR OF ELEMENTS IN ORDER? 

;YES. NO INTERCHANGE NECESSARY 
;NO. INTERCHANGE ELEMENTS USING THE STACK 

;CHECK FOR COMPLETED PASS 

;WERE ALL ELEMENTS IN ORDER? 
;NO. MAKE ANOTHER PASS 

Now it's time to check the program on the computer or on the simulator. A Simple set of 
data is: 

(0040) 
(0041) 
(0042) 

02 
00 
01 

length of array 
array to be sorted 

This set consists of two elements in the wrong order. The program should require two 
passes. The first pass should reorder the elements. producing: 

(0041) 01 
(0042) = 00 

Y = 01 

reordered array 

I nterchange flag 

The second pass should find the elements in the proper (descending) order and pro­
duce: 

Y = 00 I nterchange flag 
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This program is rather long for single stepping. so we will use breakpoints instead. Each 
breakpoint will halt the computer and print the contents of all the registers. The break­
points will come: 

1) After DEX to check the initialization. 

2) After CMP $41.X to check the comparison. 

3) After STA $41.X to check the interchange. 

4) After DEY to check the completion of a pass through the array 

The contents of the registers after the first breakpoint were: 

Register 

X 
Y 
P (status) 

Contents 

01 
00 

25 (35 if you use BRK to create 
the breakpoint since the Break 
Command flag will be set) 

These are all correct. so the program is performing the initialization correctly in this 
case. 

The results at the second breakpoint were: 

These results are also correct. 

Register 

A 
X 
Y 
P (status) 

The results at the third breakpoint were: 

Checking memory showed: 

Register 

A 
X 
Y 
P (status) 

(0041) 01 
(0042) 00 

The results at the fourth breakpoint were: 

Register 

A 
X 
Y 
P (status) 

Contents 

00 
01 
00 
A4 (B4 if you use BRK) 

Contents 

00 
01 
00 
26 (36 if you use BRK) 

Contents 

00 
00 
FF 
A4 (B4 if you use BRK) 

The Zero flag (bit 1 of the Status Register) is incorrect. indicating that no interchange 
occurred. Register Y does not contain the correct value - it should have been set to 
one after the interchange. In fact. a look at the program shows that no instruction ever 
changes Index Register Y to mark the interchange. The correction is to place the in­
struction LDY #1 after BCS COUNT. 
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Now the procedure is to load Index Register Y with the correct value (zero!' set the Zero 
flag to 1. and continue. The second iteration of the second breakpoint gives: 

Register Contents 

A 02 
X 00 
Y 00 
P (status) 25 (35 if you use BRK) 

Clearly the program has proceeded incorrectly without reinitializing the registers (par­
ticularly Index Register X). The Conditional Branch that depends on the interchange 
should transfer control back to a point that reinitializes X; note that we do not need to 
reinitialize Y (it will be zero anyway - why?) nor do we need to check the length of the 
array again. 

The final version of the program is: 

SORT LDY 
LDX 
CPX 
BCC 

ITER LDX 
DEX 

PASS LDA 
CMP 
BCS 
LDY 
PHA 
LDA 
STA 
PLA 
STA 

COUNT DEX 
BNE 
DEY 
BEQ 

DONE BRK 

#0 
$40 
#2 
DONE 
$40 

$40.X 
$41.X 
COUNT 
#1 

$41.X 
$40.X 

$41.X 

PASS 

ITER 

;CLEAR INTERCHANGE FLAG TO START 
;DOES ARRAY HAVE 2 OR MORE ELEMENTS? 

;NO. NO ACTION NECESSARY 
;YES. NUMBER OF PAIRS = LENGTH - 1 

;IS NEXT PAIR OF ELEMENTS IN ORDER? 

;YES. NO INTERCHANGE NECESSARY 
;NO. SET INTERCHANGE FLAG 
;INTERCHANGE ELEMENTS USING THE STACK 

;CHECK FOR COMPLETED PASS 

;WERE ALL ELEMENTS IN ORDER? 
;NO. MAKE ANOTHER PASS 

Clearly we cannot check all the possible input values for this program. Two other simple 
sets of data for debugging purposes are: 

1) Two equal elements 

(0040) 02 
(0041) 00 
(0042) 00 

2) Two elements already in decreasing order 

(0040) 02 
(0041) 01 
(0042) 00 
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INTRODUCTION TO TESTING 
Program testing is closely related to program debugging. 
Surely some of the test cases will be the same as the test 
data used for debugging, such as: 

Trivial cases such as no data or a single element 
• Special cases that the program singles out for some reason 

USING TEST 
CASES FROM 
DEBUGGING 

• Simple examples that exercise particular parts of the program 

In the case of the decimal to seven-segment conversion program. these cases 
cover all the possible situations. The test data consists of: 

The numbers 0 through 9 

• The boundary case 10 

• The random case 68 

The program does not distinguish any other cases. Here debugging and testing are 
virtually the same. 

In the sorting program. the problem is more difficult. The number of elements could 
range from 0 to 255. and each of the elements could lie anywhere in that range. The 
number of possible cases is therefore enormous. Furthermore. the program is 
moderately complex. How do we select test data that will give u§ a degree of confi­
dence in that program? Here testing requires some design decisions. The testing 
problem is particularly difficult if the program depends on sequences of real-time data. 
How do we select the data. generate it. and present it to the microcomputer in a 
realistic manner? 

Most of the tools mentioned earlier for debugging are helpful 
in testing also. Logic or microprocessor analyzers can help 
check the hardware; simulators can help check the software. 
Other tools can also be of assistance. e.g., 

1) I/O simulations that can simulate a variety of devices from a single input and a 
single output device. 

2) In-circuit emulators that allow you to attach the prototype to a development 
system or control panel and test it. 

3) ROM simulators that have the flexibility of a RAM but the timing of the particular 
ROM or PROM that will be used in the final system. 

4) Real-time operating systems that can provide inputs or interrupts at specific 
times (or perhaps randomly) and mark the occurrence of outputs. Real-time break­
points and traces may also be included. 

5) Emulations (often on microprogrammable computers) that may provide real-time 
execution speed and programmable 1/0.4 

6) Interfaces that allow another computer to control the I/O system and test the 
microcomputer program. 

7) Testing programii that check each branch in a program for logical errors. 

8) Test generation programs that can generate random data or other distributions. 

Formal testing theorems exist. but they are usually applicable only to very short 
programs. 

You must be careful that the test equipment does not invalidate the test by 
modifying the environment. Often. test equipment may buffer. latch. or condition 
input and output signals. The actual system may not do this. and may therefore 
behave quite differently. 
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Furthermore, extra software in the test environment may use some of the memo­
ry space or part of the interrupt system. It may also provide error recovery and 
other features that will not exist in the final system. A software test bed must be 
just as realistic as a hardware test bed. since software failure can be just as critical as 
hardware failure. 

Emulations and simulations are, of course, never precise. They are usually ade­
quate for checking logic, but can seldom help test the interface or the timing. On 
the other hand, real-time test equipment does not provide much of an overview of 
the program logic and may affect the interfacing and timing. 
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SELECTING TEST DATA 
Very few real programs can be checked for all cases. The designer must choose a 
sample set that in some sense describes the entire range of possibilities. 

Testing should. of course. be part of the total development pro­
cedure. Top-down design and structured programming provide for 
testing as part of the design. This is called structured testing. 5 

STRUCTURED 
TESTING 

Each module within a structured program should be checked separately. 
well as design, should be modular, structured, and top-down. 

Testing, as 

But that leaves the question of selecting test data for a 
module. The designer must first list all special cases that a 
program recognizes. These may include: 

Trivial cases 

Equality cases 

Special situations 

The test data should include all of these. 

You must next identify each class of data that statements 
within the program may distinguish. These may include: 

Positive or negative numbers 

Numbers above or below a particular threshold 

TESTING 
SPECIAL 
CASES 

FORMING 
CLASSES 
OF DATA 

Data that does or does not include a particular sequence or character 

Data that is or is not present at a particular time 

If the modules are short. the total number of classes should still be small even though 
each division is multiplicative; i.e .. three two-way divisions result in 2 x 2 x 2 = 8 
classes of data. 

You must now separate the classes according to whether the 
program produces a different result for each entry in the class 
(as in a table) or produces the same result for each entry (such 
as a warning that a parameter is above a threshold). In the dis­

SELECTING 
DATA FROM 
CLASSES 

crete case. one may include each element if the total number is small or sample if the 
number is large. The sample should include all boundary cases and at least one case 
selected randomly. Random number tables are available in books. and random number 
generators are part of most computer facilities. 

You must be careful of distinctions that may not be obvious. For example, an 8-bit 
microprocessor will regard an 8-bit unsigned number greater than 127 as nega­
tive. The programmer must consider this when using conditional branches that 
depend on the Sign flag. You must also watch for instructions that do not affect 
flags, overflow in signed arithmetic, and the distinctions between address-length 
(16-bitl quantities and data-length (8-bitl quantities. 
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Testing Example 1: Sort Program 
The special cases here are obvious: 

• No elements in the array 

• One element. magnitude may be selected randomly 

TESTING 
A SORT 
PROGRAM 

The other special case to be considered is one in which elements are equal. 

There may be some problem here with signs and data length. Note that the array itself 
must contain fewer than 256 elements. The use of the instruction LDY #1 rather than 
INY to set the Interchange flag means that there will be no problems if the number of 
elements or interchanges exceeds 128. We could check the effects of sign by picking 
half the regular test cases with numbers of elements between 128 and 255 and half 
between 2 and 127. All magnitudes should be chosen randomly so as to avoid un­
conscious bias as much as possible. 

Testing Example 2: Self-Checking Numbers (see Chapter 8) 

Here we will presume that a prior validity check has ensured that 
the number has the right length and consists of valid digits. Since 
the program makes no other distinctions. test data should be 
selected randomly. Here a random number table or random num­

r"'T ... E-ST-I-N .... G-A-N ... 

ARITHMETIC 
PROGRAM 

ber generator will prove ideal: the range of the random numbers is 0 to 9. 
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TESTING PRECAUTIONS 
The designer can simplify the testing stage by designing pro­
grams sensibly. You should use the following rules: 

1) Try to eliminate trivial cases as early as possible without 
introducing unnecessary distinctions. 

2) Minimize the number of special cases. Each special case means additional testing 
and debugging time. 

3) Consider performing validity or error checks on the data prior to processing. 

4) Be careful of inadvertent and unnecessary distinctions. particularly in handling 
signed numbers or using operations that refer to signed numbers. 

5) Check boundary cases by hand. These are often a source of errors. Be sure that the 
problem definition specifies what is to happen in these cases. 

6) Make the program as general as reasonably possible. Each distinction and separate 
routine increases the required testing. 

7) Divide the program and design the modules so that the testing can proceed in 
steps in conjunction with the other stages of software development.6 

CONCLUSIONS 
Debugging and testing are the stepchildren of the software development process. 
Most projects leave far too little time for them and most textbooks neglect them. 
But designers and managers often find that these stages are the most expensive 
and time-consuming. Progress may be very difficult to measure or produce. 
Debugging and testing microprocessor software is particularly difficult because 
the powerful hardware and software tools that can be used on larger computers 
are seldom available for microcomputers. 

The designer should plan debugging and testing carefully. We recommend the 
following procedure: 

1) Try to write programs that can easily be debugged and tested. Modular pro­
gramming. structured programming. and top-down design are useful techni­
ques. 

2) Prepare a debugging and testing plan as part of the program design. Decide 
early what data you must generate and what equipment you will need. 

3) Debug and test each module as part of the top-down design process. 

4) Debug each module's logic systematically. Use checklists. breakpoints. and 
the single-step mode. If the program logic is complex. consider using the soft­
ware simulator. 

5) Check each module's timing systematically if this is a problem. An 
oscilloscope can solve many problems if you plan the test properly. If the 
timing is complex. consider using a logic or microprocessor analyzer. 

6) Be sure that the test data is a representative sample. Watch for any classes of 
data that the program may distinguish. Include all special and trivial cases. 

7) If the program handles each element differently or the number of cases is 
large. select the test data randomly.? 

8) Record all test results as part of the documentation. If problems occur. you 
will not have to repeat test cases that have already been checked. 
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Chapter 15 
DOCUMENTATION AND REDESIGN 

The working progrem is not the only requirement of software development. Ade­
quate documentation is also an important part of a software product. Not only 
does documentation help the designer In the testing and debugging stages. it is 
also essential for later use and extension of the program. A poorly documented 
program will be difficult to maintain. use. or extend. 

Occasionally. a program uses too much memory or executes too slowly. The 
designer must then improve it. This stage Is called redesign. and requires that you 
concentrate on the parts of the program that can yield the most improvement. 

SELF-DOCUMENTING PROGRAMS 
Although no program Is ever completely self-document­
ing. some of the rules that we mentioned earlier can help. 
These include: 

• Clear. simple structure with as few transfers of control 
(jumps) as possible 

• Use of meaningful names and labels 

RULES FOR 
SELF-DOCUMENTING 
PROGRAMS 

• Use of names for I/O devices. parameters. numerical factors. etc. 

• Emphasis on simplicity rather than on minor savings in memory usage. execution 
time. or typing 

For example. the following program sends a string of characters to a teletypewriter: 

LOX $40 
W LOA $OFFF.X 

STA $AOOO 
JSR XXX 
OEX 
BNE W 
BRK 

Even without comments we can improve the program. as follows: 

MESSG =$1000 
COUNT =$40 
TTYVIA =$AOOO 

LOX COUNT 
DUTCH LOA MESSG-1.X 

STA TTYVIA 
JSR BITOLY 
OEX 
BNE DUTCH 
BRK 

Surely this program is easier to understand than the earlier version. Even without 
further documentation. you could probably guess at the function of the program and 
the meanings of most of the variables. Other documentation techniques cannot 
substitute for self-documentation. 
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Some further notes on choosing names: 

1) Use the obvious name when it is available. like TTY or CRT 
for output devices. START or RESET for addresses. DELAY or 
SORT for subroutines. COUNT or LENGTH for data. 

CHOOSING 
USEFUL 
NAMES 

2) Avoid acronyms like S16BA for SORT 16-BIT ARRAY. These seldom mean 
anything to anybody. - - - -

3) Use full words or close to full words when possible. like DONE. PRINT. SEND. etc. 

4) Keep the names as distinct as possible. 
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COMMIENTS 
The most obvious form of additional documentation is the comment. However, 
few programs (even those used as examples in books) have effective comments. 
You should consider the following guidelines for good comments. 

1) Don't repeat the meaning of the instruction code. Rather. 
explain the purpose of the instruction in the program. Com­
ments like 

DEX ;X=X-1 

add nothing to documentation. Rather. use 

DEX ;LlNE NUMBER=LlNE NUMBER-1 

COMMENTING 
GUIDELINES 

Remember that you know what the operation codes mean and anyone else can 
look them up in the manual. The important point is to explain what task the 
program is performing. 

2) Make the comments as clear as possible. Do not use abbreviations or acronyms 
unless they are well-known Oike ASCII. VIA. or UART) or standard Oike no for num­
ber. ms for millisecond. etc.). Avoid comments like 

DEX ;LN=LN-1 
or 

DEX ;DEC LN BY 1 

The extra typing simply is not all that expensive. 

3) Comment every important or obscure point. Be particularly careful to mark 
operations that may not have obvious functions. such as 

AND #%00100000 ;TURN TAPE READER BIT OFF 
or 

LOA GCODL.X ;CONVERT TO GRAY CODE USING TABLE 

Clearly. I/O operations often require extensive comments. If you're not exactly 
sure of what an instruction does. or if you have to think about it. add a clarifying 
comment. The comment will save you time later and will be helpful in documenta­
tion 

4) Don't comment the obvious. A comment on each line simply makes it difficult to 
find the important points. Standard sequences like 

DEX 
BNE SEARCH 

need not be marked unless you're doing something special. One comment will 
often suffice for several lines. as in 

LSR 
LSR 
LSR 
LSR 

LDA 
LOX 
STA 
STX 

A 
A 
A 
A 

$40 
$41 
$41 
$40 

;GET MOST SIGNIFICANT DIGIT 

;EXCHANGE MOST SIGNIFICANT. LEAST 
SIGNIFICANT BYTES 

5) Place comments on the lines to which they refer or at the start of a se­
quence. 

6) Keep your comments up-to-date. If you change the program. change the com­
ments. 
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7) Use standard forms and terms in commenting. Don't worry about repetitiveness. 
Varied names for the same things are confusing, even if the variations are just 
COUNT and COUNTER, START and BEGIN, DISPLAY and LEOS, or PANEL and 
SWITCHES. 

There's no real gain in not being consistent. The variations may seem obvious to 
you now, but may not be clear later: others will get confused from the very begin­
ning. 

8) Make comments mingled with Instructions brief. Leave a complete explanation 
to header comments and other documentation. Otherwise, the program gets lost 
in the comments and you may have a hard time even finding it. 

9) Keep improving your comments. If you come to one that you cannot read or un­
derstand, take the time to change it. If you find that the listing is getting crowded, 
add some blank lines. The comments won't improve themselves: in fact. they will 
just become worse as you leave the task behind and forget exactly what you did. 

10) Before every major section. subsection. or subroutine. Insert a number of 
comments describing the functions of the code that follows. Care should be 
taken to describe all inputs, outputs, and side effects, as well as the algorithm 
employed. 

11) It is good practice when modifying working programs to use comments to in­
dicate the date. author. and type of modification mede. 

Remember. comments are important. Good ones will save you time and effort. Put 
some work into comments and try to make them as effective as possible. 
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Commenting Ex.mple 1: Multiple-Precision 
Addition 

The basic program is: 

ADDWD 

LOX 
CLC 
LOA 
ADC 
STA 
DEX 
BNE 
BRK 

$40 

$40.X 
$50.X 
$40.X 

ADDWD 

COMMENTING 
EXAMPLES 

First. comment the important points. These are typically initializations. data fetches. 
and processing operations. Don't bother with standard sequences like updating poin­
ters and counters. Remember that names are clearer than numbers. so use them freely. 

The new version of the program is: 

;MUL TIPLE-PRECISION ADDITION 

;THIS PROGRAM PERFORMS MULTI-BYTE BINARY ADDITION 

INPUTS: LOCATION 0040 (HEX) = LENGTH OF NUMBERS (IN BYTES) 
LOCATIONS 0041 THROUGH 0050 (HEX) = FIRST NUMBER STARTING 
WITH MSB'S 
LOCATIONS 0051 THROUGH 0060 (HEX) = SECOND NUMBER STARTING 
WITH MSB'S 

OUTPUTS: I.OCATIONS 0041 THROUGH 0050 (HEX) = SUM STARTING WITH 
MSB'S 

LENGTH 
NUMB1 
NUMB2 

ADDWD 

=$40 
=$41 
=$51 
LOX 
CLC 
LOA 
ADC 
STA 
DEX 
BNE 
BRK 

LENGTH ;COUNT = LENGTH OF NUMBERS (IN BYTES) 

NUMB1-1.X ;GET BYTE FROM STRING 1 
NUMB2-1.X ;ADD BYTE FROM STRING 2 
NUMB1-1.X ;STORE RESULT IN STRING 1 

ADDWD ;CONTINUE UNTIL ALL BYTES ADDED 
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Second, look for any instructions that might not have obvious 
functions and mark them. Here, the purpose of CLC is to clear the 
Carry the first time through. 

QUESTIONS 
FOR 
COMMENTING 

Third, ask yourself whether the comments tell you what you would need to know if you 
wanted to use the program, e.g.: 

1) Where is the program entered? Are there alternative entry points? 

2) What parameters are necessary? How and in what form must they be supplied? 

3) What operations does the program perform? 

4) From where does it get the data? 

5) Where does it store the results? 

6) What special cases does it consider? 

7) What does the program do about errors? 

8) How does it exit? 

Some of the questions may not be relevant to a particular program and some of the 
answers may be obvious. Make sure that you won't have to sit down and dissect the 
program to figure out what the answers are. Remember that too much explanation is 
just dead wood that you will have to clear out of the way. Is there anything that you 
would add to or subtract from this listing? If so, go ahead - you are the one who has to 
feel that the commenting is adequate and reasonable. 

;MUL TIPLE-PRECISION ADDITION 

;THIS PROGRAM PERFORMS MUL TI-8YTE BINARY ADDITION 

INPUTS: LOCATION 0040 (HEX) = LENGTH OF NUMBERS (IN BYTES) 
LOCATIONS 0041 THROUGH 0050 (HEX) = FIRST NUMBER STARTING 
WITH MSB'S 
LOCATIONS 0051 THROUGH 0060 (HEX) = SECOND NUMBER STARTING 
WITH MSB'S 

OUTPUTS: LOCATIONS 0041 THROUGH 0050 (HEX) = SUM STARTING WITH 
MSB'S 

LENGTH 
NUMB1 
NUMB2 

ADDWD 

=$40 
=$41 
=$51 
LOX 
CLC 
LOA 
ADC 
STA 
DEX 
BNE 
BRK 

;LENGTH OF NUMBERS (IN BYTES) 
;MSB'S OF 1ST NUMBER AND RESULT 
;MSB'S OF SECOND NUMBER 

LENGTH ;COUNT = LENGTH OF NUMBERS (IN BYTES) 
;CLEAR CARRY TO START 

NUMB1-1,X ;GET BYTE FROM STRING 1 
NUMB2-1,X ;ADD BYTE FROM STRING 2 
NUMB1-1,X ;STORE RESULT IN STRING 1 

ADDWD ;CONTINUE UNTIL ALL BYTES ADDED 
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Commenting Example 2: Teletypewriter Output 
The basic program is: 

LDA $60 
ASL A 
LDX #11 

TBIT STA $AOOO 
JSR BITDLY 
ROR A 
SEC 
DEX 
BNE TBIT 
BRK 

Commenting the important points and adding names gives: 

:TELETYPEWRITER OUTPUT PROGRAM 

:THIS PROGRAM PRINTS THE CONTENTS OF MEMORY LOCATION 0060 (HEX) TO THE 
TELETYPEWRITER 

INPUTS: CHARACTER TO BE TRANSMITTED IN MEMORY LOCATION 0060 
OUTPUTS: NONE 

NBITS =11 ;NUMBER OF BITS PER CHARACTER 
TDATA =$60 ;ADDRESS OF CHARACTER TO BE 

TRANSMITTED 
TTYVIA =$AOOO ;TELETYPEWRITER OUTPUT DATA PORT 

LDA TDATA :GET DATA 
ASL A ;SHIFT LEFT AND FORM START BIT 
LDX #NBITS ;COUNT = NUMBER OF BITS IN CHARACTER 

TBIT STA TTYVIA ;SEND NEXT BIT TO TELETYPEWRITER 
JSR BITDLY ;WAIT 1 BIT TIME 
ROR A ;GET NEXT BIT 
SEC ;SET CARRY TO FORM STOP BITS 
DEX 
BNE TBIT ;COUNT BITS 
BRK 
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Note how easily we could change this program so that it would transfer a whole string 
of data. starting at the address in page-zero locations DPTR and DPTR + 1 and ending 
with an "03" character (ASCII ETX). Furthermore. let us make the terminal a 30 
character per second device with one stop bit (we will have to change subroutine 
BITDL Y). Try making the changes before looking at the listing. 

;STRING OUTPUT PROGRAM 

;THIS PROGRAM TRANSMITS A STRING OF CHARACTERS TO A 30 CPS TERMINAL. 
TRANSMISSION CEASES WHEN AN ASCII ETX (03 HEX) IS ENCOUNTERED 

INPUTS: LOCATIONS 0060 AND 0061 (HEX) CONTAIN ADDRESS OF 
STRING TO BE TRANSMITIED 

OUTPUTS: NONE 

DPTR 
ENDCH 
NBITS 
TRMVIA 

TCHAR 

TBIT 

DONE 

=$60 
=$03 
=10 
=$AOOO 
LDY 
LDA 
CMP 
BEQ 
ASL 
LDX 
STA 
JSR 
ROR 
SEC 
DEX 
BNE 
INY 
JMP 
BRK 

#0 
(DPTRI.Y 
#ENDCH 
DONE 
A 
#NBITS 
TRMVIA 
BITDLY 
A 

TBIT 

TCHAR 

;POINTER TO OUTPUT DATA BUFFER 
;ENDING CHARACTER = ASCII ETX 
;NUMBER OF BITS PER CHARACTER 
;TERMINAL OUTPUT DATA PORT 
;POINT TO START OF OUTPUT DATA BUFFER 
;GET A CHARACTER FROM BUFFER 
;IS IT ENDING CHARACTER? 
;YES. DONE 
;NO. SHIFT LEFT AND FORM START BIT 
;COUNT = NUMBER OF BITS PER CHARACTER 
;SEND NEXT BIT TO TERMINAL 
;WAIT 1 BIT TIME 
;GET NEXT BIT 
;SET CARRY TO FORM STOP BIT 

;COUNT BITS 
;PROCEED TO NEXT CHARACTER 

Good comments can make it easy for you to change a program to meet new require­
ments. For example. try changing the last program so that it: 

• Starts each message with ASCII STX (0216) followed by a three-digit identification 
code stored in memory locations IDCODE through IDCODE+2 

• Adds no start or stop bits 

• Waits 1 ms between bits 

• Transmits 40 characters. starting with the one located at the address in DPTR and 
DPTR+1 

• Ends each message with two consecutive ASCII ETXs (0316) 
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FLOWCHARTS AS DOCUMENTATION 
We have already described the use of flowcharts as a design tool 
in Chapter 13. Flowcharts are also usefu I in documentation. partic­
ularly if: 

• They are not so detailed as to be unreadable 

• Their decision points are clearly explained and marked 

• They include all branches 

• They correspond to the actual program listings 

HINTS FOR 
USING 
FLOWCHARTS 

Flowcharts are helpful if they give you an overall picture of the program. They are not 
helpful if they are just as difficult to read as an ordinary listing. 

STRUCTURED PROGRAMS AS DOCUMENTATION 
A structured program can serve as documentation for an assembly language program 
if: 

• You describe the purpose of each section in the comments 

• You make it clear which statements are included in each conditional or loop structure 
by using indentation and ending markers 

• You make the total structure as simple as possible 

• You use a consistent. well-defined language 

The structured program can help you to check the logic or improve it. Furthermore. 
since the structured program is machine-independent. it can also aid you in implement­
ing the same task on another computer. 

15-9 



MEMORY MAPS 
A memory map is simply a list of all the memory assignments in a program. The 
map allows you to determine the amount of memory needed. the locations of data 
or subroutines. and the parts of memory not allocated. The map is a handy reference 
for finding storage locations and entry points and for dividing memory between 
different routines or programmers. The map will also give you easy access to data and 
subroutines if you need them in later extensions or in maintenance. Sometimes a 
graphical map is more helpful than a listing. 

A typical map would be: TYPICAL 

Address Routine 

EOOO-E1 FF INTRPT 
E200-E240 BRKPT 
E241-E250 DELAY 
E251-E270 DSPLY 
E271-E3F9 MAIN 
E3FA-E3FF 

0000 NKEYS 
0001-0002 KPTR 
0003-0041 KBFR 
0042-0051 DBFR 
0051-006F TEMP 
0100-01 FF STACK 

Program Memory 

Purpose 

MEMORY 
MAP 

Interrupt Service Routine for Keyboard 
Service Routine for Break Instruction 
Delay Program 
Display Control Program 
Main Program 
Interrupt and Reset Vectors 

Data Memory 

Number of Keys 
Keyboard Buffer Pointer 
Keyboard Buffer 
Display Buffer 
Temporary Storage 
RAM Stack 

Remember that the 6502 RAM Stack is always on page 1 of memory. 
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PARAMETER AND DEFINITION LISTS 
Parameter and definition lists at the start of the program and each subroutine 
make understanding and changing the program far simpler. The following rules can 
help: 

1) Separate RAM locations. I/O units. parameters. defini­
tions. and memory system constants. 

RULES FOR 
DEFINITION 
LISTS 2) Arrange lists alphabetically when possible. with a descrip­

tion of each entry. 

3) Give each parameter that might change a name and include it in the lists. Such 
parameters may include timing constants. inputs or codes corresponding to partic­
ular keys or functions. control or masking patterns. starting or ending characters. 
thresholds. etc. 

4) Make the memory system constants into a separate list. These constants will 
include Reset and interrupt service addresses. the starting address of the program. 
RAM areas. Stack areas. etc. 

5) Give each port used by an I/O device a name. even though devices may share 
ports in the current system. The separation will make expansion or reconfiguration 
much simpler. 

A typical list of definitions will be: 

;MEMORY SYSTEM CONSTANTS 

INTRP 
RAMST 
RESET 
STPTR 

; I/O UNITS 

DSPLY 
KBDIN 
KBDOT 
TTYVIA 

=$E200 
=$0 
=$E300 
=$01FF 

=$AOOO 
=$A001 
=$AOOO 
=$A800 

;RAM LOCATIONS 

NKEYS 
KPTR 
KBFR 
DBFR 
TEMP 

·=RAMST 
·=·+1 
·=·+2 
·=·+$40 
·=·+$10 
·=·+$14 

;PARAMETERS 

BOUNCE 
GOKEY 
MSCNT 
OPEN 
TPULS 

=2 
=10 
=$C7 
=$OF 
=1 

;INTERRUPT ENTRY POINT 

TYPICAL 
DEFINITION 
LIST 

;START OF DATA STORAGE AREA 
;RESET ADDRESS 
;TOP ADDRESS IN RAM STACK (ON PAGE 1) 

;OUTPUT VIA FOR DISPLAYS 
;INPUT VIA FOR KEYBOARD 
;OUTPUT VIA FOR KEYBOARD 
;TTY DATA PORT 

;NUMBER OF KEYS 
;KEYBOARD BUFFER POINTER 
;KEYBOARD INPUT BUFFER 
;DISPLAY DATA BUFFER 
;TEMPORARY STORAGE 

.DEBOUNCING TIME IN MS 
;IDENTIFICATION OF 'GO' KEY 
;COUNT FOR 1 MS DELAY 
;PATTERN FOR OPEN KEYS 
;PULSE LENGTH FOR DISPLAYS IN MS 
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;DEFINITIONS 

ALLHI 
STCON 

=$FF 
=$80 

;ALL ONES PATIERN 
;PATIERN FOR START CONVERSION PULSE 

Of course. the RAM entries will usually not be in alphabetical order. since the designer 
must order these so as to minimize the number of address changes required in the pro­
gram. 
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LIBRARY ROUTINES 
Standard documentation of subroutines will allow you to build up a library of 
useful programs. The idea is to make these programs easily accessible. A standardfor­
mat will allow you or anyone else to see at a glance what the program does. The/best 
procedure is to make up a standard form and use it con~ently. Save these programs 
in a well-organized manner (for example. according to processor. language. and type of 
program). and you will soon have a useful set. BLJt remember that. without organiza­
tion and proper documentation. using the library may be more difficult than rewrit­
ing the program from scratch. Debugging a system requires a precise understanding 
of all the effects of each subroutine. 

Among the information that you will need in the standard form is: 

• Purpose of the program 

• Processor used 

• Language used 
• Parameters required and how they are passed to the subroutine 

• Results produced and how they are passed to the main program 

• Number of bytes of memory used 

STANDARD 
PROGRAM 
LIBRARY 
FORMS 

• Number of clock cycles required. This number may be an average or a typical figure. 
or it may vary widely. Actual execution time will. of course. depend on the processor 
clock rate and the memory cycle time . 

• Registers affected 

.Flags affected 

·A typical example 

·Error handling 
.Special cases 

·Documented program listing 

If the program is complex. the standard library form should also include a general 
flowchart or a structured program. As we have mentioned before. a library program is 
most likely to be useful if it performs a single distinct function in a reasonably general 
manner. 
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LIBRARY EXAMPLES 

Library Example 1: Sum of Data 
Purpose: The program SUM8 computes the sum of a set of 8-bit unsigned binary num­

bers. 

Language: 6502 Assembler. 

Initial Conditions: Address one less than the starting address of the set of numbers in 
memory locations 0040 and 0041. length of set in Index Register Y. 

Final Conditions: Sum in Accumulator. 

Requirements: 

Memory 
Time 

Registers 
RAM 

All flags affected. 

9 bytes. 
7+12n clock cycles. where n is the length of the set of, 
numbers. May be longer if page boundaries are crossed. 
A.Y 
locations 0040 and 0041. 

Typical Case: (all data in hexadecimal) 

Start: 
(0040 and 0041) 004F 

Y 03 
(0050) 27 
(0051) 3E 
(0052) 26 

End: 
A 8B 

Error Handling: Program ignores all carries. Carry bit reflects only the last operation. 

Listing: 

Initial contents of Index register Y must be 1 or more. Decimal Mode 
flag should be cleared. 

;SUM OF 8-BIT DATA 

SUM8 
ADD8 

LDA 
CLC 
ADC 
DEY 
BNE 
RTS 

#0 

($40).Y 

ADD8 

SUM =ZERO 
CLEAR CARRY EACH TIME 
SUM = SUM + DATA ENTRY 

15-14 



Library Example 2: Decimal-to-Seven Segment Conversion 
Purpose: The program SEVEN converts a decimal number to a seven-segment display 

code. 

Language: 6502 Assembler. 

Initial Conditions: Data in Index Register X. 

Final conditions: Seven-segment code in Accumulator. 

Requirements: 

Memory 

Time 

Registers 
All flags affected. 

19 bytes. including the seven-segment code table (10 
entries). 
16 clock cycles if the data is valid. 13 if it is not. 
May be longer if page boundaries are crossed. 
A.X 

Input data in Index Register X is unchanged. 

Typical Case: (data in hexadecimal! 

Start: 
X 05 

End: 
A 6D 

Error Handling: Program returns zero in the Accumulator if the data is not a decimal 
digit. 

Listing: 

;DECIMAL TO SEVEN-SEGMENT CONVERSION 

SEVEN 

DONE 
SSEG 

LDA 
CPX 
BCS 
LDA 

RTS 
. BYTE 
. BYTE 

#0 
#10 
DONE 
SSEG.X 

;GET ERROR CODE TO BLANK DISPLAY 
;IS DATA A DECIMAL DIGIT? 
; NO. KEEP ERROR CODE 
;YES. GET SEVEN-SEGMENT CODE FROM 
. TABLE 

$3F.$06.$5B.$4F.$66 
$6D.$7D.$07.$7F.$6F 
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library Example 3: Decimal Sum 
Purpose: The program DECSUM adds two multi-word decimal numbers. 

Language: 6502 Assembler. 

Initial Conditions: Address of MSBs of one number in memory locations 0040 and 
0041. address of MSBs of other number in memory locations 0042 
and 0043. Length of numbers (in bytes) in Index Register Y. Num­
bers arranged starting with most significant digits. 

Final Conditions: Sum replaces number with starting address in memory locations 
0040 and 0041. 

Requirements: 

Memory 
Time 

Registers 
RAM 

All flags affected 

14 bytes. 
11 + 22n clock cycles. where n is the number of 
bytes. May be longer if page boundaries are crossed. 
A. Y 
memory locations 0040 through 0043. 
Carry shows if sum produced a carry. Decimal Mode 
flag is cleared. 

Typical Case: (all data in hexadecimal) 

Start: 
(0040 and 0041) 0060 
(0042 and 0043) 0050 

(Y) 02 

(0060) 55 
(0061) 34 

(0050) 15 
(0051) 88 

End: 
(0060) 71 
(0061) 22 
Carry 0 

Error Handling: Program does not check the validity of decimal inputs. The contents of 
Index Register Y must be 1 or more. 

Listing: 

;MULTI-DIGIT DECIMAL (BCD) ADDITION 

DECSUM 

DECADD 

SED 
CLC 
DEY 
LDA 
ADC 
STA 
TYA 
BNE 
CLD 
RTS 

($401.Y 
($42).Y 
($40I.Y 

DECADD 

;MAKE ALL ARITHMETIC DECIMAL 
;CLEAR CARRY TO START 

;GET 2 DECIMAL DIGITS FROM STRING 1 
;ADD PAIR OF DIGITS FROM STRING 2 
;STORE RESULT IN STRING 1 

;RETURN TO BINARY ARITHEMETIC MODE 
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TOTAL DOCUMENTATION 
Complete documentation of microprocessor software will in­
clude all or most of the elements that we have mentioned. So, 
the total documentation package may involve: 

• General flowcharts 
• A written description of the program 

• A list of all parameters and definitions 

• A memory map 

• A documented listing of the program 

• A description of the test plan and test results 

The documentation may also include: 

• Programmers' flowcharts 

• Data flowcharts 

• Structured programs 

DOCUMENTATION 
PACKAGE 

The documentation procedures outlined above are the minimal acceptable set of 
documents for non-production software, Production software demands even 
greater documentation efforts, The following documents should also be produced: 

• Program Logic Manual 

• User's Guide 

• Maintenance Manual 

The program logic manual expands on the written explanation produced with the 
software. It should be written for a technically competent individual who may not 
possess the detailed knowledge assumed in the written explanation in the software. 
The program logic manual should explain the system's design goals, the algorithms 
used, and what tradeoffs were necessary. 

It should then explain in great detail what data structures were employed and how they 
are manipulated. It should provide a step-by-step guide to the operations of the pro­
gram. Finally, it should contain any special tables or graphs that help explain the pro­
gram. Code conversion charts, state diagrams, translation matrices, and flowcharts 
should be included. 

The User's guide is probably the most important and most overlooked piece of 
documentation. No matter how well a system is designed, it is useless if no one 
can take advantage of its features. The User's guide should introduce the system to 
all users, sophisticated and unsophisticated. It should then provide detailed explana­
tions of system features and their use. Frequent examples will help to clarify the points 
in the text. Step-by-step directions should be provided (and tested!). Programmers with 
detailed knowledge of a system often take shortcuts that the general reader cannot 
follow. Further discussion of the writing of User's guides is beyond the scope of this 
book. However, remember that you can never spend too much effort in preparing a 
User's guide, since it will be the most frequently referenced system document. 

The maintenance manual is designed for the programmer who has to modify the 
system. It should outline step-by-step procedures for those reconfigurations designed 
into the system. In addition, it should describe any provisions built into the program for 
future expansion. 

Documentation should not be taken lightly or postponed until the end of the soft­
ware development. Proper documentation, combined with proper programming 
practices, is not only an important part of the final product but can also make 
development simpler, faster, and more productive. The designer should make con­
sistent and thorough documentation part of every stage of software development, 
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REDESIGN 
Sometimes the designer may have to squeeze the last microsecond of speed or 
the last byte of extra memory out of a program. As larger single-chip memories have 
become available, the memory problem has become less serious. The time problem, of 
course, is serious only if the application is time-critical: in many applications the 
microprocessor spends most of its time waiting for external devices, and program speed 
is not a major factor. 

Squeezing the last bit of performance out of a program is 
seldom as important as some writers would have you believe. 
In the first place, the practice is expensive for the following 
reasons: 

1) It requires extra programmer time, which is often the single largest cost in software 
development 

2) It sacrifices structure and simplicity with a resulting increase in debugging and 
testing time. 

3) The programs require extra documentation. 

4) The resulting programs will be difficult to extend, maintain, or re-use. 

In the second place, the lower per-unit cost and higher performance may not really 
be important. Will the lower cost and higher performance really sell more units? Or 
would you do better with more user-oriented features? The only applications that 
would seem to justify the extra effort and time are very high-volume, low-cost 
and low-performance applications where the cost of an extra memory chip will far 
outweigh the cost of the extra software development. For other applications, you 
will find that you are playing an expensive game for no reason. 

However, if you must redesign a program, the following 
hints will help. First, determine how much more perfor­
mance or how much less memory usage is necessary. If 
the required improvement is 25% or less, you may be 
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MINOR 
REORGANIZATION 

able to achieve it by reorganizing the program. If it is more than 25%, you have 
made a basic design error; you will need to consider drastic changes in hardware 
or software. We will deal first with reorganization and later with drastic changes. 

Note particularly that saving memory can be critical if it allows a program to fit into the 
limited amount of ROM and RAM available in a simple one-chip or two-chip microcom­
puter. The hardware cost for small systems can thus be substantially reduced, if their 
requirements can be limited to the memory size and I/O limitations of that particular 
one-chip or two-chip system. 
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RIEORGANIZING 1"0 USIE llESS MEMORY 

The following procedures will reduce memory usage for 6502 
assembly language programs: 

11 Replace repetitious in-line code with subroutines. Be 
sure. however. that ti,e Call alld l'letulll instrLlctions do not offset most of the gain. 
~Iote that this rerlacernent usually results in sl(Jwer progral1ls because of the time 
spent in transferring control back and forth. 

21 Place the most frequently lIsed data 011 Pdge zero and access it with one­
byte addresses. You r','lay even want i(J place a few I/O addresses there 

31 Use the Stack when possible. The Stack 1"(Jlnier IS dutumatically updated after 
each use sn tll(-lt Ill) 8:.<pllcit UpcJcltlllg Instrur.tlcrlS are flecessary. Renleinber 
however. that the 6502 Stack can never be lunger ti,an une page. 

41 Eliminate Jump instructions. Try to reorganize the prugram instead 

51 Take advantage of addresses that you can manipulate as 8-bit quantities. 
These include page zero and addresses that are multiples of 10016 For example, 
you might try to place all ROM tables in one 1 0016-byte sectron of memory, ancl 
all RAM variables Into another 1 0016-byte section. 

61 Organize data and tables so that you can address them without worrying 
about address calculation carries or without any actual indelting. This will 
again allow you to manipulate 16-bit addresses as B-brt quantities. 

71 Use the Bit Test or Shift instructions to operate on bit positions at either end 
of a word. 

BI Use leftover results from previous sections of the program. 

91 Take advantage of such instructions as ASl, DEC, INC, lSR, ROl, and ROR, 
which operate directly on memory locations without using registers. 

101 Use INC or DEC to set or reset flag bits. 

111 Use relative jumps rather than jumps with direct addressing. 

121 Use BRK, RTS, and RTI to perform jumps and reach subroutines, if they are 
not already being used. These Instructions can act as one-byte CALL instructions 
if the required data and addresses are already In the Stack 

131 Watch for special short forms of instructions such as the Accumulator shifts 
(ASL A. LSR A, ROL A, and ROR AI and BIT 

141 Use algorithms rather than tables to calculate arithmetic or logical expressions 
and to perform code conversions. Note that thiS replacement may result in slower 
programs. 

151 Reduce the size of mathematical tables by interpolating between entries Here 
again. we are saving memory at the cost of executron time 

161 Take advantage of the CPX and CPY instructions to perform comparisons 
without involving the Accumulator. 

Although some of the methods that reduce memory usage also 
save time, you can generally save an appreciable amount of 
time only by concentrating on frequently 6ltecuted loops. Even 
completely eliminating an instruction that is executed only once 
can save at most a few microseconds. But a savings in a loop that 
quently will be multiplied many times over 
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So. if you must reduce execution time. proceed as follows: 

1) Determine how frequently each program loop is executed. You can do this by 
hand or by using the software simulator or another testing method. 

2) Examine the loops in the order determined by their frequency of execution. 
starting with the most frequent. Continue through the list until you achieve the re­
quired reduction. 

3) First. see if there are any operations that can be moved outside the loop. i.e .• 
repetitive calculations. data that can be stored in a register or on the Stack. data or 
addresses that can be stored on page zero. special cases or errors that can be 
handled elsewhere. etc. Note that this will require extra initialization and memory 
but will save time. 

4) Try to eliminate Jump statements. These are very time-consuming. 

5) Replace subroutines with in-line code. This will save at least a Call and a Return 
instruction. 

6) Use page zero for temporary data storage. 

7) Use any of the hints mentioned in saving memory that also decrease execu­
tion time. These include the use of 8-bit addresses. BRK. RTI. special short forms 
of instructions. etc. 

8) Do not even look at instructions that are executed only once. Any changes 
that you make in such instructions only invite errors for no appreciable gain. 

9) Avoid indexed and indirect addressing whenever possible because they take 
extra time. 

10) Use tables rather than algorithms; make the tables handle as much of the tasks 
as possible even if many entries must be repeated. 

15-20 



MAJOR REORGANIZATIONS 
If you need more than a 2&% increase in speed or decrease in memory usage. do 
not try reorganizing the code. Your chances of getting that much of an improve­
ment are small unless you call in an outside expert. You are generally better off 
making a major change. 

The most obvious change is a better algorithm. Particularly if 
you are doing sorts. searches. or mathematical calculations. you 
may be able to find a faster or shorter method in the literature. 

BETTER 
ALGORITHMS 

Libraries of algorithms are available in some journals and from professional groups. See. 
for example. the references at the end of this chapter. 

More hardware can replace some of the software. Counters. shift registers. 
arithmetic units. hardware multipliers. and other fast add-ons can save both time and 
memory. Calculators. UARTs. keyboards. encoders. and other slower add-ons may save 
memory even though they operate slowly. Compatible parallel and serial interfaces. and 
other devices specially designed for use with the 6502 or 6800. may save time by tak­
ing some of the burden off the CPU. 

Other changes may help as well: 

1) A CPU with a longer word will be faster if the data is long 
enough. Such a CPU will use less total memory. 16-bit pro­
cessors. for example. use memory more efficiently than 8-bit 
processors. since more of their instructions are one word long. 

OTHER 
MAJOR 
CHANGES 

2) Versions of the CPU may exist that operate at higher clock rates. But remem­
ber that you will need faster memory and I/O ports. and you will have to adjust any 
delay loops. 

3) Two CPUs may be able to do the job in parallel or separately if you can divide 
the job and solve the communications problem. 

4) A specially microprogrammed processor may be able to execute the same pro­
gram much faster. The cost. however. will be much higher even if you use an off­
the-shelf emu lation. 

5) You can make tradeoffs between time and memory. Lookup tables and function 
ROMs will be faster than algorithms. but will occupy more memory. 

This kind of problem. in which a large Improvement is neces­
sary. usually results from lack of adequate planning In the 
definition and design stages. In the problem definition stage 
you should determine which processor and methods will be 
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ON A MAJOR 
CHANGE 

adequate to handle the problem. If you misjudge. the cost later will be high. A 
cheap solution may result in an unwarranted expenditure of expensive develop­
ment time. Do not try to just get by; the best solution Is usually to do the proper 
design and chalk a failure up to experience. If you have followed such methods as 
flowcharting. modular programming. structured programming. top-down design. 
and proper documentation. you will be able to salvage a lot of your effort even if 
you have to make a major change. 
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Chapter 16 
SAMPLE PROJECTS 

PROJECT #1: A Digital Stopwatch 
Purpose: This project is a digital stopwatch. The operator enters STOPWATCH 

two digits (minutes and tenths of minutes) from a INPUT 
calculator-like keyboard and then presses the GO key. PROCEDURE 
The system counts down the remaining time on two 
seven-segment LED displays (see Chapter 11 for a description of unencoded 
keyboards and LED displays). 

Hardware: The project uses one input port and one output port (one 6522 Versatile In­
terface Adapter or VIA). two seven-segment displays. a 12-key keyboard. a 7404 in­
verter. and either a 7400 NAND gate or a 7408 AND gate. depending on the polarity of 
the seven-segment displays. The displays may require drivers. inverters. and resistors. 
depending on their polarity and configuration. 

The hardware is organized as shown in Figure 16-1. Output lines O. 1. and 2 are used to 
scan the keyboard. Input lines O. 1. 2. and 3 are used to determine whether any keys 
have been pressed. Output lines O. 1.2. and 3 are used to send BCD digits to the seven­
segment decoder/drivers. Output line 4 is used to activate the LED displays (if line 4 is 
T. the displays are lit). Output line 5 is used to select the left or right display. output 
line 5 is '1' if the left display is being used. '0' if the right display is being used. Thus. 
the common line on the left display should be active if line 4 is '1' and line 5 is T. while 
the common line on the right display should be active if line 4 is '1' and line 5 is '0'. 
Output line 6 controls the right hand decimal point on the left display. It may be driven 
with an inverter or simply left on. 

Keyboard Connections: The keyboard is a simple calculator keyboard available for 
50¢ from a local source. It consists of 12 unencoded key-switches arranged in four rows 
of three columns each. Since the wiring of the keyboard does not coincide with the ob­
served rows and columns. the program uses a table to identify the keys. Tables 16-1 
and 16-2 contain the input and output connections for the keyboard. The decimal point 
key is present for operator convenience and for future expansion; the current program 
does not actually use the key. 

In an actual application. the keyboard would require pullup resistors to ensure that the 
inputs would actually be read as logic Ts when the keys were not being pressed. It 
would also require current-limiting resistors or open-collector drivers on the output port 
to avoid damaging the VIA drivers in the case where two outputs were driving against 
each other. This could occur if two keys in the same row were pressed at the same time. 
thus connecting two different column outputs. 
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Figure 16-1. I/O Configuration for a Digital Stopwatch 

Table 16-1. Input Connections for Stopwatch Keyboard 

Input Bit Keys Connected 

0 '3', '5', 'S' 
1 '2', '6', '9' 
2 '0', '1', '7' 
3 4', ':, 'GO' 

Table 16-2. Output Connections for Stopwatch Keyboard 

Output Bit Keys Connected 

0 '0', '2', '3', '4' 
1 '1', 'S', '9', 'GO' 
2 '5', '6', '7', ': 
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General Program Flowchart: 

Initialization 

Identify 

key closure 

Save key value Count time on LEOs 

Display Connections: The displays are standard seven-segment displays with their 
own integral decoders. Clearly. undecoded seven-segment displays would be cheaper 
but would require some additional software {the seven-segment conversion routine 
shown in Chapter 7l. Data is entered into the display as a single binary coded decimal 
digit; the digits are represented as shown in Figure 11-22. The decimal point is a single 
LED that is turned on when the decimal point input is a logic T. You can find more in­
formation about displays in References 12 and 13 at the end of this chapter. 
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Program Description: 

The program is modular and uses several subroutines. The emphasis is on clarity and 
generality rather than efficiency: obviously. the program does not utilize the full 
capabilities of the 6502 processor. Each section of the listing will now be described in 
detail. 

1) Introductory Comments 

The introductory comments fully describe the program: these comments are a 
reference so that other users can easily apply. extend. and understand the pro­
gram. Standard formats. indentations. and spacings increase the readability of the 
program. 

2) Variable Definitions 

All variable definitions are placed at the start of the program so that they can easily 
be checked and changed. Each variable is placed in a list alphabetically with other 
variables of the same type: comments describe the meaning of each variable. The 
categories are: 

a) Memory system constants that may vary from system to system depending on 
the memory space allocated to different programs or types of memories 

b) Temporary storage (RAM) used for variables 

e) I/O (VIA) addresses 

d) Definitions 

The memory system constants are placed in the definitions so that the user may 
relocate the program. temporary storage. and memory stack without making any 
other changes. The memory constants can be changed to accommodate other 
programs or to coincide with a particular system's allocation of ROM and RAM ad­
dresses. 

Temporary storage is allocated by advancing the location counter as shown in 
Chapter 3. An = (Equate) pseudo-operation names the temporary storage 
locations. An ORG (origin) pseudo-operation places the temporary storage 
locations in a particular part of memory. No values are placed in these locations so 
that the program could eventually be placed in ROM or PROM and the system 
could be operated from power-on reset without reloading. 

Each memory address occupied by a VIA is named so that the addresses can 
easily be changed to handle varied configurations. The naming also serves to 
clearly distinguish control registers from data registers. 

The definitions clarify the meaning of certain constants and allow parameters to 
be changed easily. Each definition is given in the form (binary. hex. octal. ASCII. or 
decimal) in which its meaning is the clearest. Parameters (such as debounce time) 
are placed here so that they can be varied with system needs. 

3) Initialization 
Memory locations FFFC and FFFD (the 6502 RESET locations) contain the starting 
address of the main program. The main program can thus be placed anywhere in 
memory and reached via a "RESET" signal. 

The initialization consists of three steps: 

a) Place a starting value in the Stack Pointer. The Stack is used only to store 
subroutine return addresses. Note that the Stack Pointer is only 8 bits long 
since the 6502 Stack is always on page one of memory. 

b) Configure the VIA. 

e) Start the number of digit keys pressed at zero. 
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4) Look for Key Closure 

Flowchart: 

Ground .11 keyboard 

columns 

Key closures are identified by grounding all the keyboard columns and then 
checking for grounded rows (i.e .. column-to-row switch closures). Note that the 
program does not assume that the unused input bits are all high: instead. the bits 
attached to the keyboard are isolated with a logical AND instruction. 

5) Debounce Key 

The program debounces the key closure in software by waiting for two millise­
conds. This is usually long enough for a clean contact to be made. Subroutine 
DELAY counts with Index Register X for one millisecond. The number of milli­
seconds is in Index Register Y. DELAY would have to be adjusted if a slower clock 
or slower memories were being used. You could make the change simply by 
redefining the constant MSCNT. 
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6) Identify Key Closure 

Flowchart: 

Key Table Index = -1 
Keyboard Output = 

FE 16 = 11111102 

Key 10 = Error code 

Ves 

Key Table Index = 
Key Table Index + 1 

Shift keyboard input 

Key ID = (KTAB + 
Key Table Index) 

The particular key closed is identified by grounding single columns and observing 
whether a closure is found. Once a closure is found (so the key column is deter­
mined). the key row can be determined by shifting the input until a grounded bit 
is found. 

The output patterns required to ground single keyboard columns are obtained by 
shifting the original pattern left one bit after each column is examined. The high­
est numbered key in the keyboard is used as a marker to indicate that all the col­
umns have been grounded without a closure being found. When this value is 
reached. the error code FF is placed in the Accumulator to indicate to the main 
program that the closure could not be identified (i.e .. the key closure ended or a 
hardware error occurred). 

The key identifications are in table KTAB in memory. The 
keys in the first column (attached to the least significant out­
put bit) are followed by those in the second column. etc. 

rKEYl 
~ 

Within a colu mn. the key in the row attached to the least significant input bit is 
first. etc. Thus. each time a column is scanned without finding a closure. the num­
ber of keys in a column (NROWS) must be added to the key table index in order to 
move to the next column. The key table index is also incremented before each bit 
in the row inputs is examined: this process stops when a zero input is found. Note 
that the key table index is initialized to -1. since it is always incremented once in 
the search for the proper row. 

If we cannot identify the key closure. we simply ignore it and look for another 
closure. 
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7) Act on Key Identification 
If the program has enough digits {two in this simple easel. it looks only for the GO 
key and ignores all other keys. If it finds a digit key. it saves the value in the key ar­
ray. increments the number of digit keys pressed. and increments the key array 
pointer. 

If the entry is not complete. the program must wait for the key closure to end so 
that the system will not read the same closure again. The user must wait between 
key closures (i.e .. release one key before pressing another one). Note that the pro­
gram will identify double key closures as one key or the other. depending on 
which closure the identification routine finds first. An improved version of this 
program would display digits as they were entered and would allow the user to 
omit a leading or trailing zero. (i.e .. key in ...... "1". "GO" to get a count of seven­
tenths of a minute). 

8) Set Up Display Output 

The digits are placed in memory locations with bit 4 set so that the output is sent 
to the displays. Bits 5 and 6 are set for the most significant digit to direct the out­
put to the left display and to light the decimal point LED. 

9) Pulse the LED Displays 
Each display is turned on for two milliseconds. This process is repeated 1500 
times in order to get a total delay of 0.1 minutes. or 6 seconds. The pulses are fre­
quent enough so that the LED displays appear to be lit continuously. 
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10) Decrement Display Count 

Flowchart: 

RighI Display = RighI 

Display - 1 

Left Display = 

Left Display - 1 

RighI Display = 9 

Yes 

End of timer 
program 

The value of the less significant digit is reduced by one. If this affects bit 4 
(LEDON - used to turn the displays on), the digit has become negative. A borrow 
must then be obtained from the more significant digit. If the borrow from the more 
significant digit affects bit 4. the count has gone past zero and the countdown is 
finished. Otherwise. the program sets the value of the less significant digit to 9 
and continues. 

Note that comments describe both sections of the program and individual statements. 
The comments explain what the program is doing. not what specific instruction codes 
do. Spacing and indentation have been used to improve readability. 
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;PROGRAM NAME: STOPWATCH 
;DATE OF PROGRAM:4/28/79 
;PROGRAMMER: LANCE A. LEVENTHAL 
;PROGRAM REQUIREMENTS: DD(221) BYTES 
;RAM REQUIREMENTS: 5 BYTES 
;1/0 REQUIREMENTS: 1 INPUT PORT, 1 OUTPUT PORT (1 6522 VIA) 

;THIS PROGRAM IS A DIGITAL STOPWATCH THAT ACCEPTS INPUTS FROM A 
CALCULATOR-LIKE KEYBOARD AND THEN PROVIDES A COUNTDOWN 

; ON TWO 7-SEGMENT LED DISPLAYS IN MINUTES AND TENTHS 
; OF MINUTES 

;KEYBOARD 

;A 12-KEY KEYBOARD IS ASSUMED 
;THREE COLUMN CONNECTIONS ARE OUTPUTS FROM THE PROCESSOR 
; SO THAT A COLUMN OF KEYS CAN BE GROUNDED 
;FOUR ROW CONNECTIONS ARE INPUTS TO THE PROCESSOR SO THAT 
; COMPLETED CIRCUITS CAN BE IDENTIFIED 
;THE KEYBOARD IS DEBOUNCED BY WAITING FOR TWO MILLISECONDS 
; AFTER A KEY CLOSURE IS RECOGNIZED 
;A NEW KEY CLOSURE IS IDENTIFIED BY WAITING FOR THE OLD ONE 
; TO END SINCE NO STROBE IS USED 
;THE KEYBOARD COLUMNS ARE CONNECTED TO BITS 0 
; TO 2 OF THE VIA B PORT 
;THE KEYBOARD ROWS ARE CONNECTED TO BITS 0 
; TO 3 OF THE VIA A PORT 

;DISPLAYS 

;TWO 7-SEGMENT LED DISPLAYS ARE USED WITH SEPARATE DECODERS 
; (7447 OR 7448 DEPENDING ON THE TYPE OF DISPLAY) 
;THE DECODER DATA INPUTS ARE CONNECTED TO BITS 0 TO 3 
; OF THE VIA B PORT 
;BIT 4 OF THE VIA B PORT IS USED TO ACTIVATE THE LED 
; DISPLAYS (BIT 4 IS 1 TO SEND DATA TO LEDS) 
;BIT 5 OF THE VIA B PORT IS USED TO SELECT WHICH 
; LED IS BEING USED (BIT 5 IS 1 IF THE LEADING DISPLAY 
; IS BEING USED, 0 IF THE TRAILING DISPLAY IS BEING USED) 
;BIT 6 OF THE VIA B PORT IS USED TO LIGHT THE DECIMAL 
; POINT LED ON THE LEADING DISPLAY (BIT 6 IS 1 IF 
; THE DISPLAY IS TO BE LIT) 

;METHOD 

;STEP 1 -INITIALIZATION 
; THE MEMORY STACK POINTER (USED FOR SUBROUTINE RETURN 
; ADDRESSES) IS INITIALIZED. THE NUMBER OF DIGIT KEYS PRESSED IS SET 
; TO ZERO 

;STEP 2 - LOOK FOR KEY CLOSURE 
ALL KEYBOARD COLUMNS ARE GROUNDED AND THE KEYBOARD ROWS 
ARE EXAMINED UNTIL A CLOSED CIRCUIT IS FOUND 
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;STEP 3 - DEBOUNCE KEY CLOSURE 
; A WAIT OF 2 MS IS INTRODUCED TO ELIMINATE KEY BOUNCE 
;STEP 4 - IDENTIFY KEY CLOSURES 
; THE KEY CLOSURE IS IDENTIFIED BY GROUNDING SINGLE KEYBOARD 

COLUMNS AND DETERMINING THE ROW AND COLUMN OF THE KEY 
CLOSURE. A TABLE IS USED TO ENCODE THE KEYS ACCORDING TO THEIR 

; ROW AND COLUMN NUMBER 
; IN THE KEY TABLE. THE DIGITS ARE IDENTIFIED BY THEIR VALUES. 
; THE DECIMAL POINT KEY IS NO.1 O. THE "GO" KEY IS NO. 11 
;STEP 5 - SAVE KEY CLOSURE 

DIGIT KEY CLOSURES ARE SAVED IN THE DIGIT KEY ARRAY UNTIL 
TWO DIGITS HAVE BEEN IDENTIFIED. DECIMAL POINTS. FURTHER DIGITS. 
AND CLOSURES OF THE "GO" KEY BEFORE TWO DIGITS HAVE BEEN 
IDENTIFIED ARE IGNORED 
AFTER TWO DIGITS HAVE BEEN FOUND. THE "GO" KEY IS USED TO 
START THE COUNTDOWN PROCESS 

;STEP 6 - COUNT DOWN TIMER INTERVAL ON LEDS 
A COUNTDOWN IS PERFORMED ON THE LEDS WITH THE LEADING DIGIT 
REPRESENTING THE REMAINING NUMBER OF MINUTES AND THE TRAILING 

; DIGIT REPRESENTING THE REMAINING NUMBER OF TENTHS OF MINUTES 

;STOPWATCH VARIABLE DEFINITIONS 

;MEMORY SYSTEM CONSTANTS 

BEGIN =$0400 
STKBGN =$FF 
TEMP =0 

;RAM TEMPORARY STORAGE 

*=TEMP 
DCTR *=*+2 
KEYNO *=*+2 

NKEYS *=*+1 

;1/0 UNITS AND VIA ADDRESSES 

VIAORB =$AOOO 
VIAORA =$A001 
VIADDRB =$A002 
VIADDRA =$A003 
VIAPCR =$AOOC 

;DEFINITIONS 

DECPT =%01000000 
ECODE =$FF 

GOKEY =11 
KLAST =11 

;STARTING ADDRESS FOR PROGRAM 
;STARTING STACK ADDRESS ON PAGE 1 
;STARTING ADDRESS FOR RAM STORAGE 

;16-BIT COUNTER FOR TIMING LOOP 
;DIGIT KEY ARRAY - HOLDS IDENTIFICA-
; TIONS OF DIGIT KEYS THAT HA' 'E BEEN 
; PRESSED 
;NUMBER OF DIGIT KEYS PRESSED 

;OUTPUT PORT FOR KEYBOARD AND DISPLAY 
;INPUT PORT FOR KEYBOARD 
;DATA DIRECTION REGISTER FOR PORT B 
;DATA DIRECTION REGISTER FOR PORT A 
;VIA PERIPHERAL CONTROL REGISTER 

;CODE TO LIGHT DECIMAL POINT LED 
;ERROR CODE IF ID ROUTINE DOES NOT FIND 
; KEY 
;IDENTIFICATION NUMBER FOR "GO" KEY 
;HIGHEST NUMBERED KEY 
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LEDON 
LEDSL 
MSCNT 
MXKEY 

NROWS 
OPEN 
TPULS 
TWAIT 

=%00010000 
=%00100000 
=$C7 
=2 

=4 
=%00001111 
=2 
=2 

'=$FFFC 

;CODE TO SEND OUTPUT TO LEOS 
;CODE TO SELECT LEADING DISPLAY 
;COUNT NEEDED TO GIVE 1 MS DELAY TIME 
;MAXIMUM NUMBER OF DIGIT KEY 
; CLOSURES USED 
;NUMBER OF ROWS IN KEYBOARD 
;INPUT FROM KEYBOARD IF NO KEY CLOSED 
;NUMBER OF MS BETWEEN DIGIT DISPLAYS 
;NUMBER OF MS TO DEBOUNCE KEYS 

;RESET ADDRESS TO REACH STOPWATCH PROGRAM 

WORD BEGIN ;VECTOR TO START OF STOPWATCH 
; PROGRAM 

;INITIALIZATION OF STOPWATCH PROGRAM 

'=BEGIN 
LOA 
STA 
STA 
LOA 
STA 
LOX 
TXS 

#0 
VIADDRA 
VIAPCR 
#$FF 
VIADDRB 
#STKBGN 

;INITIALIZE DIGIT KEY COUNTER 

INITL LOA 
STA 

#0 
NKEYS 

;MAKE PORT A LINES INPUTS 
;MAKE ALL CONTROL LINES INPUTS 

;MAKE PORT B LINES OUTPUTS 
;INITIALIZE STACK POINTER 

;NUMBER OF DIGIT KEYS = ZERO 

;SCAN KEYBOARD LOOKING FOR KEY CLOSURE 

SRCHK JSR SCANC 

WAIT FOR KEY TO BE DEBOUNCED 

LOY 
JSR 

#TWAIT 
DELAY 

IDENTIFY WHICH KEY WAS PRESSED 

JSR 
CMP 
BEQ 

IDKEY 
#ECODE 
SRCHK 

;WAIT FOR KEY CLOSURE 

;GET DEBOUNCE TIME IN MS 
;WAIT FOR KEY TO STOP BOUNCING 

IDENTIFY KEY CLOSURE 
WAS KEY CLOSURE IDENTIFIED? 
NO. WAIT FOR NEXT CLOSURE 
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START TIMING IF "GO" KEY PRESSED AND ENOUGH DIGITS ENTERED 

LDX 

CPX 
BNE 
CMP 
BEQ 
BNE 

NKEYS 

#MXKEY 
ENTDG 
#GOKEY 
SHIM 
WAITK 

;HAS MAXIMUM NUMBER OF DIGIT KEYS 
; BEEN ENTERED? 

;NO, GO ENTER DIGIT KEY 
;YES, IS KEY "GO"? 
;YES, START TIMING 
;NO, IGNORE KEY 

;ENTER DIGIT KEY INTO ARRAY, IGNORE DECIMAL POINT OR "GO" KEY 

ENTDG CMP 
BCS 
INC 

STA 

#10 
WAITK 
NKEYS 

KEYNO,X 

;IS KEY A DIGIT? 
;NO •. IGNORE IT 
;YES, INCREMENT NUMBER OF DIGIT KEYS 
; ENTERED 
;SAVE DIGIT KEY IN ARRAY 

;WAIT FOR CURRENT KEY CLOSURE TO END 

WAITK JSR SCANO 
BEQ SRCHK 

;PROCESS DIGITS FOR DISPLAY 

SHIM LDA KEYNO 
ORA #DECPT 

ORA #LEDON 
ORA #LEDSL 
STA KEYNO 
LDA KEYNO+1 
ORA #LEDON 
STA KEYNO+1 

;PULSE THE LED DISPLAYS 

LEDLP LDA #6 
STA DCTR+1 

TLOOP LDA #250 
STA DCTR 

DSPLY LDA KEYNO 
STA VIAORB 
LDY #TPULS 
JSR DELAY 
LDA KEYNO+1 
STA VIAORB 
LDY #TPULS 
JSR DELAY 
DEC DCTR 
BNE DSPLY 
DEC DCTR+1 
BNE TLOOP 

;WAIT FOR ALL KEYS TO BE RELEASED 
;LOOK FOR NEXT CLOSURE (SCANO ALWAYS 
; SETS Z) 

;GET LEADING DIGITS 
;TURN ON DECIMAL POINT FOR LEADING 
; DIGIT 
;SET OUTPUT TO LEDS 
;SELECT LEADING DISPLAY 

;GET TRAILING DIGIT 
;SET OUTPUT TO LEDS 

;SET COUNTERS FOR 1500 PULSES 

;SEND LEADING DIGIT TO LED 1 

;DELAY BETWEEN DIGITS 

;SEND TRAILING DIGIT TO LED 2 

;DELAY BETWEEN DIGITS 
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;DECREMENT COUNT ON LED DISPLAYS 

LDA 
DEC 
BIT 
BNE 
DEC 
BIT 
BEQ 
LDA 
ORA 
STA 
BNE 

#LEDON 
KEYNO+1 
KEYNO+1 
LEDLP 
KEYNO 
KEYNO 
INITL 
#9 
#LEDON 
KEYNO+1 
LEDLP 

;GET BIT PATTERN TO LOOK FOR CARRIES 
;COUNT DOWN TRAILING DIGIT 
;IS TRAILING DIGIT PAST ZERO? 
;NO, DISPLAY NEW TIME 
;YES, COUNT DOWN LEADING DIGIT 
;IS LEADING DIGIT PAST ZERO? 
;YES, WAIT FOR NEXT TIMING TASK 
;NO, MAKE TRAILING DIGIT 9 
;SET OUTPUT TO LEDS 

;RETURN TO PULSING DISPLAYS 

;SUBROUTINE SCANC SCANS THE KEYBOARD WAITING FOR A KEY CLOSURE 
; ALL KEYBOARD INPUTS ARE GROUNDED 

SCANC LDA 
STA 

KEYCLS LDA 
AND 
CMP 
BEQ 
RTS 

#0 
VIAORB 
VIAORA 
#OPEN 
#OPEN 
KEYCLS 

;GROUND ALL KEYBOARD COLUMNS 

;GET KEYBOARD ROW DATA 
;IGNORE UNUSED INPUTS 
;ARE ANY INPUTS GROUNDED? 
;NO, WAIT 

;SUBROUTINE DELAY WAITS FOR THE NUMBER OF MS SPECIFIED 
; IN INDEX REGISTER Y BY COUNTING WITH INDEX REGISTER X 

DELAY LDX #MSCNT ;COUNT FOR 1 MS DELAY 
WTLP DEX ;WAIT 1 MS 

BNE WTLP 
DEY ;COUNT MS 
BNE DELAY 
RTS 

;SUBROUTINE IDKEY DETERMINES THE ROW AND COLUMN NUMBER OF 
; THE KEY CLOSURE AND IDENTIFIES THE KEY FROM A TABLE 

IDKEY LDA #%11111110 ;GET PATTERN TO GROUND COLUMN ZERO 
STA VIAORB ;GROUND COLUMN ZERO 
LDX #$FF ;KEY TABLE INDEX = -1 

FCOL LDA VIAORA ;FETCH KEYBOARD ROW DATA 
AND #OPEN ;IGNORE UNUSED INPUTS 
CMP #OPEN ;ARE ANY INPUTS GROUNDED? 
BNE FROW ;YES, DETERMINE WHICH ONE 
ROL VIAORB ;NO, GROUND NEXT COLUMN 
TXA ;MOVE KEY TABLE INDEX TO NEXT COLUMN 
ADC #NROWS-1 
TAX 
CMP #KLAST ;HAVE ALL COLUMNS BEEN EXAMINED? 
BNE FCOL ;NO, EXAMINE NEXT COLUMN 
LDA #ECODE ;YES, RETURN WITH ERROR CODE IN A 
RTS 
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;DETERMINE ROW NUMBER OF CLOSURE 

FROW INX 
LSR A 

BCS FROW 

;IDENTIFY KEY FROM TABLE 

LDA 
RTS 

;KEYBOARD TABLE 

KTAB.X 

;INCREMENT KEY TABLE INDEX 
;SHIFT INPUTS LOOKING FOR GROUNDED 
; ROW 

;GET KEY NUMBER FROM TABLE 

;COLUMNS ARE PRIMARY INDEX. ROWS SECONDARY INDEX. 
;THE KEYS IN THE COLUMN ATTACHED TO OUTPUT BIT 0 ARE FOLLOWED 

BY THOSE IN THE COLUMN ATTACHED TO OUTPUT BIT 1 ETC. WITHIN 
; A COLUMN. THE KEY ATTACHED TO INPUT BIT 0 IS FIRST. FOLLOWED 
; BY THE ONE ATTACHED TO INPUT BIT 1. ETC. 

;THE DIGIT KEYS ARE 0 TO 9. THE DECIMAL POINT IS 10. AND "GO" IS 11 

KTAB .BYTE 3.2.0.4.8.9.1.11.5.6.7.10 

;SUBROUTINE SCANO WAITS FOR ALL KEYS TO BE RELEASED SO THAT THE 
; NEXT CLOSURE CAN BE FOUND 

SCANO LDA 
STA 

KEYOPN LDA 
AND 
CMP 
BNE 
RTS 
.END 

#0 
VIAORB 
VIAORA 
#OPEN 
#OPEN 
KEYOPN 

;GROUND ALL KEYBOARD COLUMNS 

;GET KEYBOARD ROW INPUTS 
;IGNORE UNUSED INPUTS 
;ARE ANY KEYS BEING PRESSED? 
;YES. WAIT UNTIL ALL RELEASED 
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PROJECT #2: A Digital Thermometer 
Purpose: This project is a digital thermometer which shows the temperature in 

degrees Celsius on two seven-segment displays. 

Hardware: The project uses one input port and one output port. two seven-segment 
displays. a 74LS04 inverter. a 74LSOO NAND gate or a 74LS08 AND gate depending on 
the polarity of the displays. an Analog Devices AD7570J 8-bit monolithic A/D con­
verter. an LM311 comparator. and various peripheral drivers. resistors. and capacitors 
as required by the displays and the converter. (See Chapter 11 and Reference 1 at the 
end of this chapter for discussions of AID converters.) 

Figure 16-2 shows the organization of the hardware. Control line CB2 from the VIA is 
used to send a Start Conversion signal to the A/D converter. Input lines 0 through 7 are 
attached directly to the eight digital data lines from the converter. Output lines 0 
through 3 are used to send BCD digits to the seven-segment decoder/drivers. Output 
line 4 activates the displays and output line 5 selects the left or right display (line 5 is '1' 
for the left display). Control line CA 1 is used to determine when the conversion is com­
plete (BUSY becomes one). 

The analog part of the hardware is shown in Figure 16-3. The 
thermistor simply provides a resistance that depends on tem­
perature. Figure 16-4 is a plot of the resistance and Figure 16-5 
shows the range of current villues over which the resistance is 

THERMOMETER 
ANALOG 
HARDWARE 

constant. The conversion to degrees Celsius in the program is performed with a calibra­
tion table. The two potentiometers can be adjusted to scale the data properly. A clock 
for the A/D converter is generated from an RC network. as shown in Figure 16-3. The 
values are R7=33 kG and C1 =1000 pF. so that the clock frequency is about 75 kHz. At 
this frequency. the maximum conversion time for eight bits is about 50 microseconds. 
When BUSY goes high. it sets bit 1 of the VIA Interrupt Flag register. The 8-bit version 
of the converter requires the following special connections. The eight data lines are 
DB2 through DB9 (DB1 is always high during conversion and DBO low). The Short Cycle 
8-bit input (pin 26-SC8) is tied low so that only an 8-bit conversion is performed. In the 
present case. High Byte Enable (pin 20-HBEN) and Low Byte Enable (pin 21-LBENl were 
both tied high so that the data outputs were always enabled. 

The A/D converter uses the successive approximation method to perform a conversion. 
The ADC's data register is connected to the inputs of an internal D/A converter whose 
output (available at OUT1 and OUT2) is compared to the analog input. When a conver­
sion is initiated. the ADC logic sets the data register to all zeroes with the exception of 
the most significant bit (MSB). which is set to one. If the analog input is less than the 
resulting internally generated analog value. then the MSB is reset to zero; otherwise it 
remains a one. The next most significant bit is then set to one and the process repeated 
until all eight bits have been "tested" in this way. After the eighth cycle. the value in the 
register is the value which most closely corresponds to the analog input. 

This method is fast. but it requires that the input be stable during the conversion 
process. Rapidly changing or noisy inputs would require additional signal conditioning. 
The references at the end of this chapter describe more accurate methods for handling 
analog I/O. 
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Figure 16-2. I/O Configuration for a Digital Thermometer 
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General Program Flowchart: 

Initialization 

Send Start 
Conversion signal 

to AID converter 

Read data from 

AID converter 

Convert data to 

degrees Celsius 

Display 

temperature on 

LEOs for six seconds 

16-19 



Program Description: 

1) Initialization 
Memory locations FFFC and FFFD (the 6502 Reset locations) contain the starting 
address of the program. The initialization configures the VIA and places a value in 
the Stack Pointer. The Stack is used only to store subroutine return addresses. 
Remember that Chapter 11 contains numerous examples of how to configure VIAs. 

2) Send Start Conversion Signal to A'D Converter 
The CPU pulses the Start Conversion line by first placing a one and then a zero on 
output line CB2. Each input from the converter requires a starting pulse. 

3) Wait for Conversion to be Completed. 
A '0' to '1' transition on the BUSY line sets bit 1 of the VIA Interrupt Flag Register. 
Actually, the converter only requires a maximum of 50 microseconds for an B-bit 
conversion, so a short delay would also be adequate, Note that reading the 
converter data clears bit 1 of the VIA Interrupt Flag Register so that the next 
operation can proceed correctly. 

4) Read Data from A'D Converter 
Reading the data involves a single input operation. We should note that the Analog 
Devices AD7570J has an enable input and tristate outputs, so that it could be tied 
directly to the Microprocessor Data Bus, The 7570 converter is, of course, 
underutilized in this particular application, particularly since we are interfacing it to 
the 6502 processor through a VIA. A simpler B-bit converter such as the National 
5357 described in Chapter 11 would do the job at lower cost. 
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5) Convert Data to Degrees Celsius 

Flowchart: 

received from 
AID converter 

Index =-1 

Index = Index + 1 

Temperature = Index 

The conversion uses a table that contains the largest in­
put value corresponding to a given temperature. The pro­
gram searches the table. looking for a value greater than 
or equal to the value received from the converter. The first 

USING A 
CALIBRATION 
TABLE 

such value it finds corresponds to the required temperature: that is. if the tenth 
entry is the first value larger than or equal to the data. the temperature is ten 
degrees. This .search method is inefficient but adequate for the present applica-
tion. 

The conversion subroutine returns a binary value which is then converted to BCD 
by repeatedly subtracting ten and counting operations until the remainder 
becomes negative. The final ten is then added back to produce the least signifi­
cant digit. 

The table could be obtained by calibration or by a mathematical approximation. 
The calibration method is simple. since the thermometer must be calibrated any­
way. The table occupies one memory location for each temperature value to be 
displayed.' Reference 2 describes a method that uses far less memory. To cali­
brate the thermometer. you must first adjust the potentiometers to produce the 
proper overall range and then determine the converter output values correspond­
ing to specific temperatures. 
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6) Prepare Data for Display 

Flowchart: 

Get least significant 

digit and set 

output to LEOs 

Get most 

significant digit 

Set output to LEOs 

For the least significant digit. we simply set the bit that turns 
on the displays. The result is saved in page zero address 
LSTEMP. 

The only difference for the most significant digit is that a lead-

BLANKING 
A LEADING 
ZERO 

ing zero is blanked (j.e .. the displays show "blank T' rather than "OT' for 7°C). This 
simply involves not setting the bit that turns on the displays if the digit is zero. The 
result is saved in page zero address MSTEMP. 
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7) Display Temperature for Six Seconds 

Flowchart: 

Count = TSAMP 

Send most 

significant digit 
to left display 

Wait 2 ms 

Send least 
significant digit 
to right display 

Wait 2 ms 

Count = Count - 1 

Each display is pulsed often enough so that it appears to be lit continuously. If 
TPULS were made longer (say 50 msl. the displays would appear to flash on and 
off. 

The program uses a 16-bit counter in two page-zero memory locations to count the 
time between temperature samples. 
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;PROGRAM NAME: THERMOMETER 
;DATE OF PROGRAM: 5/1/79 
;PROGRAMMER; LANCE A. LEVENTHAL 
;PROGRAM MEMORY REOUIREMENTS: 173 BYTES 
;RAM REQUIREMENTS: 5 BYTES 
;1/0 REQUIREMENTS: 1 INPUT PORT, 1 OUTPUT PORT (1 6522 VIA) 

;THIS PROGRAM IS A DIGITAL THERMOMETER THAT ACCEPTS INPUTS FROM 
AN AID CONVERTER ATTACHED TO A THERMISTOR, CONVERTS THE INPUT 

; TO DEGREES CELSIUS, AND DISPLAYS THE RESULTS ON TWO 
; SEVEN-SEGMENT LED DISPLAYS 

;A/D CONVERTER 

;THE AID CONVERTER IS AN ANALOG DEVICES 7570J MONOLITHIC CONVERTER 
; WHICH PRODUCES AN 8-BIT OUTPUT 
;THE CONVERSION PROCESS IS STARTED BY A PULSE ON THE START 
; CONVERSION LINE (CONTROL LINE 2 ON VIA PORT B) 
;THE CONVERSION IS COMPLETED IN 50 MICROSECONDS AND THE 
; DIGITAL DATA IS LATCHED 

;DISPLAYS 

;TWO SEVEN-SEGMENT LED DISPLAYS ARE USED WITH SEPARATE DECODERS 
; (7447 OR 7448 DEPENDING ON THE TYPE OF DISPLAY) 
;THE DECODER DATA INPUTS ARE CONNECTED TO BITS 0 TO 3 OF 
; VIA PORT B 
;BIT 4 OF VIA PORT B IS USED TO ACTIVATE THE LED DISPLAYS 
; (BIT 4 IS 1 TO SEND DATA TO LEDS) 
;BIT 5 OF VIA PORT B IS USED TO SELECT WHICH LED IS BEING 
; USED (BIT 5 IS 1 IF THE LEADING DISPLAY IS BEING USED, 
; 0 IF THE TRAILING DISPLAY IS BEING USED) 

;METHOD 

;STEP 1 - INITIALIZATION 
; THE MEMORY STACK (USED FOR SUBROUTINE RETURN ADDRESSES) IS 
; INITIALIZED 
;STEP 2 - PULSE START CONVERSION LINE 
; THE AID CONVERTER'S START C0" '<:qSION LINE (CONTROL LINE 2 OF VIA 
; PORT B) IS PULSED 
;STEP 3 - WAIT FOR AID OUTPUT TO SETTLE 

THE BUSY LINE FROM THE CONVERTER IS ATTACHED TO CONTROL 
; LINE 1 ON PORT A OF THE VIA. WHEN BUSY GOES HIGH TO SIGNAL 
; CONVERSION COMPLETED, IT SETS BIT 1 OF THE VIA INTERRUPT 
; FLAG REGISTER 
;STEP 4 - READ AID VALUE, CONVERT TO DEGREES CELSIUS 
; A TABLE IS USED FOR CONVERSION. IT CONTAINS THE MAXIMUM 
; INPUT VALUE FOR EACH TEMPERATURE READING 
;STEP 5 - DISPLAY TEMPERATURE ON LEDS 

THE TEMPERATURE IS DISPLAYED ON THE LEDS FOR SIX SECONDS 
BEFORE ANOTHER CONVERSION IS PERFORMED 
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;THERMOMETER VARIABLE DEFINITIONS 

;MEMORY SYSTEM CONSTANTS 

BEGIN =$0400 
STKBGN =$FF 
TEMP =0 

1/0 UNITS AND VIA ADDRESSES 

VIAORB =$AOOO 
VIAORA =$A001 
VIADDRB =$A002 
VIADDRA =$A003 
VIAPCR =$AOOC 
VIAIFR =$AOOD 

RAM TEMPORARY STORAGE 

'=TEMP 
DCTRC '='+2 
INPUT '='+1 

LSTEMP '='+1 

MSTEMP '='+1 

DEFINITIONS 

BUSYF 

LEDON 
LEDSL 
MSCNT 
TSAMPH 

=%00000010 

=%00010000 
=%00100000 
=$C7 
=6 

TSAMPL =250 

TPULS =2 

'=$FFFC 

;ST ARTING ADDRESS FOR PROGRAM 
;STARTING STACK ADDRESS ON PAGE 1 
;ST ARTING ADDRESS FOR RAM STORAGE 

;,'OUTPUT PORT DISPLAYS 
;INPUT PORT FOR CONVERTER 
;DATA DIRECTION REGISTER FOR PORT B 
;DATA DIRECTION REGISTER FOR PORT A 
;VIA PERIPHERAL CONTROL REGISTER 
;VIA INTERRUPT FLAG REGISTER 

;DISPLAY PULSE COUNTER 
;TEMPORARY STORAGE FOR CONVERTER 
; INPUT 
;LEAST SIGNIFICANT DIGIT OF 
; TEMPERATURE 
;MOST SIGNIFICANT DIGIT OF 
; TEMPERATURE 

;PATTERN FOR EXAMINING BUSY 
; STATUS 
;CODE TO SEND OUTPUT TO LEDS 
;CODE TO SELECT LEADING DISPLAY 
;COUNT NEEDED TO GIVE 1 MS DELAY 
;TSAMPH X TSAMPL IS THE NUMBER OF 
;TIMES THE DISPLAYS ARE PULSED IN A 

TEMPERATURE SAMPLING PERIOD. 
THE LENGTH OF A SAMPLING PERIOD 
IS THUS 2'TPULS'TSAMPWTSAMPL 
MILLISECONDS THE FACTOR OF 2'TPULS 
IS INTRODUCED BY THE FACT THAT 
EACH OF 2 DISPLAYS IS PULSED FOR 
TPULS MS 

;DISPLAY PULSE LENGTH IN MS 

RESET ADDRESS TO REACH THERMOMETER PROGRAM 

WORD BEGIN 
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INITIALIZATION OF THERMOMETER PROGRAM 

*=BEGIN 
LOX 
TXS 
LOA 
STA 
LOA 
STA 
LOA 

STA 
LOA 
STA 

#STKBGN 

#0 
VIADDRA 
#$FF 
VIADDRB 
#%11000001 

VIAPCR 
#BUSYF 
VIAIFR 

;INITIALIZE STACK POINTER 

;MAKE PORT A LINES INPUTS 

;MAKE PORT B LINES OUTPUTS 

;START CONVERSION LOW. BUSY 
; ACTIVE LOW-TO-HIGH 
;CONFIGURE VIA PERIPHERAL CONTROL 
;CLEAR BUSY FLAG INITIALLY 

;PULSE START CONVERSION LINE 

START LOA 
STA 
LOA 
STA 

#%11100001 ;SEND START CONVERSION HIGH 
VIAPCR 
#%11000001 ;SEND START CONVERSION LOW 
VIAPCR 

;WAIT FOR BUSY TO GO HIGH AND READ DATA 

LOA 
WTBSY BIT 

BEQ 
LOA 

#BUSYF 
VIAIFR 
WTBSY 
VIAORA 

;HAS CONVERSION BEEN COMPLETED? 
;NO. WAIT 
;YES. READ DATA FROM CONVERTER 

;CONVERT DATA TO TEMPERATURE IN DECIMAL 

JSR CONVR 

JSR BINBCD 

;CONFIGURE DIGITS FOR DISPLAY 

ORA 
STA 
TXA 
BEQ 
ORA 
ORA 

SVMSD STA 

#LEDON 
LSTEMP 

SVMSD 
#LEDON 
#LEDSL 
MSTEMP 

;PULSE THE LED DISPLAYS 

PULSE LOA 
STA 

TLOOP LOA 
STA 

#TSAMPH 
DCTR+1 
#TSAMPL 
DCTR 

;CONVERT DATA TO TEMPERATURE 
; IN BINARY 
;CONVERT BINARY TO BCD 

;SET OUTPUT TO LEOS (LSD IN A) 
;SAVE LEAST SIGNIFICANT DIGIT 
;GET MOST SIGNIFICANT DIGIT 
;LEAVE DISPLAY OFF IF MSD IS ZERO 
;SET OUTPUT TO LEOS 
;SELECT LEADING DISPLAY 
;SAVE MOST SIGNIFICANT DIGIT 

; 16-BIT COUNTER FOR DISPLAY PULSES 
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DSPLY LOA MSTEMP ;OUTPUT TO LEADING DISPLAY 
STA VIAORB 
LOY #TPULS ;DELAY DISPLAY PULSE LENGTH 
JSR DELAY 
LOA LSTEMP ;OUTPUT TO TRAILING DISPLAY 
STA VIAORB 
LOY #TPULS ;DELAY DISPLAY PULSE LENGTH 
JSR DELAY 
DEC DCTR 
BNE DSPLY 
DEC DCTR+1 ;HAS COUNT REACHED ZERO? 
BNE TLOOP ;NO. KEEP PULSING DISPLAYS 
BEQ START ;YES. GO SAMPLE TEMPERATURE AGAIN 

;SUBROUTINE DELAY WAITS FOR THE NUMBER OF MS SPECIFIED IN 
; INDEX REGISTER Y BY COUNTING WITH INDEX REGISTER X 

DELAY LDX #MSCNT ;COUNT FOR 1 MS DELAY 
WTLP DEX ;WAIT 1 MS 

BNE WTLP 
DEY 
BNE DELAY ;COUNT MS 
RTS 

;SUBROUTINE CONVR CONVERTS INPUT FROM AID CONVERTER TO 
DEGREES CELSIUS BY USING A TABLE. INPUT DATA IS IN 

; THE ACCUMULATOR AND THE RESULT IS A BINARY NUMBER IN 
; THE ACCUMULATOR 

;REGISTERS USED: A.X 
;MEMORY LOCATION USED: INPUT 

CONVR STA 
LOX 

CHVAL INX 
LDA 
CMP 
BCC 
TXA 
RTS 

INPUT 
#$FF 

DEGTB.X 
INPUT 
CHVAL 

;SAVE INPUT READING 
;START TABLE INDEX AT-1 
;INCREMENT TABLE INDEX 
;GET ENTRY FROM TABLE 
;IS AID INPUT BELOW ENTRY? 
;NO. KEEP LOOKING 
;YES. RETURN WITH T IN ACCUMULATOR 

;TABLE DEGTB WAS FOUND BY CALIBRATION. 
;DEGTB CONTAINS THE LARGEST INPUT VALUE WHICH CORRESPONDS 

TO A PARTICULAR TEMPERATURE READING !I.E .. THE FIRST ENTRY 
IS DECIMAL 58 SO AN INPUT VALUE OF 58 IS THE LARGEST 

; VALUE GIVING A ZERO TEMPERATURE READING - VALUES 
; BELOW ZERO ARE NOT ALLOWED 

DEGTB .BYTE 
.BYTE 
.BYTE 
.BYTE 
.BYTE 
.BYTE 
.BYTE 

58.61.63.66.69.71.74.77.80.84 
87.90.93.97.101.104.108 
112.116.120.124.128.132.136 
141.145.149.154.158.163.167 
172.177.181.186.191.195.200 
204.209.214.218.223.227.232 
236.241.245.249.253.255 
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;SUBROUTINE BIN BCD CONVERTS A BINARY NUMBER LESS THAN 100 INTO 
TWO BCD DIGITS. THE INPUT DATA IS IN THE ACCUMULATOR AND THE 

; RESULT IS IN INDEX REGISTER X (MOST SIGNIFICANT DIGIT) AND THE 
; ACCUMULATOR (LEAST SIGNIFICANT DIGIT) 

;REGISTERS USED: A.X 

BINBCD LOX 
SEC 

SUBTEN INX 
SBC 
BCS 
ADC 
RTS 
.END 

#$FF 

#10 
SUBTEN 
#10 

;TENS COUNT = -1 
;SET CARRY INITIALLY 
;INCREMENT TENS COUNT 
;CAN TEN STILL BE SUBTRACTED? 
;YES. CONTINUE 
;NO. ADD BACK LAST TEN 
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Chapter 17 
65C02 PROGRAMMING 

The 65C02 microprocessor is an advanced version of the 6502 processor. In addition 
to the hardware advantages of low-power CMOS technology. it has the following 
major software enhancements: 

1) Bit manipulation instructions. The 65C02 has instructions that set and clear 
(reset) single bits or several bits at once and branch on bit conditions. 

2) True indirect addressing for arithmetic. logical. and Accumulator/memory 
transfer instructions. This is in addition to the indexed indirect (preindexed) and 
indirect indexed (postindexed) modes available on the 6502. 

3) Jump instruction with indexed absolute indirect addressing. This simplifies the 
implementation of jump tables. 

Minor enhancements include 

1) Specific instructions for unconditional relative branch. transferring index regis­
ters to and from the Stack. clearing memory locations. and incrementing and 
decrementing the Accumulator (by 1). All these operations require sequences of 
instructions on the 6502. 

2) Valid Negative (N or S). Overflow (V or 0). and Zero flags after decimal opera­
tions. Furthermore. reset and interrupts now clear the 0 (Decimal Mode) flag. 
giving it a known initial state (binary). 

3) Correction of the erroneous indirect jump on ·a page boundary. 

4) Indexed and immediate addressing with the BIT (Bit Test) instruction. 

The 65COO microprocessor (used in industrial applications) also has an B-bit by B-bit 
multiplication instruction. 

Because of all these enhancements and corrections. the 65C02 has largely super­
seded the 6502. It is. for example. the CPU in the Apple IIc computer. the enhanced 
Apple lie computer (as well as the enhancement kit for older lie models!. and many 
other recent prod ucts. 

This chapter describes the new 65C02 addressing modes and instructions. discusses 
the minor enhancements. and presents a series of programming examples. The pro­
cessor's fundamental architecture (e.g .. registers. flags. common addressing modes. 
and basic instruction set). as well as the notation used in describing it and its software. 
is the same as described in Chapter 3 for the 6502. 

NEW 65C02 MEMORY ADDRESSING MODES 

The 65C02 has the following addressing modes besides those described in Chapter 3: 

1. True indirect addressing with arithmetic. logical. and Accumulator/memory 
transfer (e.g .. LOA and STA) instructions. 
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2. Indexed absolute Indirect addressing with JMP. 

As In the 6502. different instructions have different sets of modes. Table 17-1 lists the 
addressing options available with each Instruction. 

INDIRECT ADDRESSING 
Indirect addressing is now available for all logical. arithmetic. and Accumulator/mem­
ory transfer instructions (see Table 17 -1). In this mode. the second byte of the instruc­
tion contains an Indirect address on page zero. The effective address IS then the con­
tents of that address and the next higher address. Note that JMP is stili the only 
instruction with absolute indirect addressing. 

A tYPical example is: 

AND ($40) 

This instruction ANDs the Accumulator with the data from the address in locations 
004016 and 004116 (more significant byte in 004116) If. for example. (A) = 6716 
(011001112). (0040) = 1C16. (0041) = 0716. and (07C1) = F316 (111100112). then 

(A) = (A) A ((0041 )(0040)) 
= (A) A (07C 1) 
= 6716 ' F316 
= 6316 = 01100011 16 

As usual. addresses are 16 bits long but the data located at them IS 8 bits long. Note 
that address 004016 contains part of the data's address. not the data itself. This mode 
allows programmers to use all pairs of memory locations on page zero as address 
registers. 

SVBDIZC 

piX! I I I IX! i 

A xx 

X 
y 

SP 

PC mm mm 

Data 

Memory 

qq 0040 
pp 0041 

YY ppqq 

Program 

Memory 

32 mmmm 

40 mmmm + 1 

iNDEXED ABSOLUTE INDIRECT ADDRESSING 
Indexed absolute indirect addressing applies only to the JMP (Jump to New Location) 
instruction. In this mode. the second and third bytes of the instruction contain a base 
address. The processor adds the base address to the X register to obtain the Indirect 
address. The effective address IS. in turn. the contents of the Indirect address (and the 
next higher address). Indexed absolute indirect addressing is thus a special case of 
indexed Indirect addressing (prelndexing) that allows the base address to be anywhere 
in memory. not just on page zero. 
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A typical example is: 

JMP ($1 C80.X) 

This instruction loads the Program Counter from the address obtained by adding Index 
Register X to 1 C8016. If. for example. Index Register X contains 5E16. it loads the 
Program Counter from addresses 1 CDEl6 and 1 CDFl6 (more significant byte in 
1CDF I6). 

s V B 0 I Z C 
Data 

p, I I I I ,.( , Memory 

qq FE31 +rr 
pp FE31 +rr+1 

A 

X rr 
y Program 

SP Memory 

PC mm mm 

7C mmmm 
31 mmmm+ 1 

FE mmmm + 2 

The final value of the program counter is ppqq. 

For example. the following program transfers control to an entry obtained from a jump 
table starting at address JT8L. We assume that the index (less than 128) is originally in 
the Accumulator. 

ASLA 

TAX 
JMP (JTBL.X) 

;DOUBLE INDEX TO HANDLE 
; 2-BYTE ADDRESS ENTRIES 

;TRANSFER CONTROL TO ADDRESS 
; FROM JUMP TABLE 

This routine is much shorter and simpler than the comparable routine using indirect 
addressing (see the description of the JMP instruction in Chapter 3). 

NEW 65C02 INSTRUCTIONS 

Tables 17-1 and 17-2 summarize the 65C02 instruction set. The alphabetic listing in 
Table 17-2 is annotated to indicate changes from the 6502. Tables 17-3 and 17-4 
single out the changes. dividing them into new instructions and instructions with new 
addressing modes. Table 17-5 contains an operation code matrix with an emphasis on 
the new instructions. 

Note the following additions to the notation introduced in Chapter 3: 

1) ((ND) to indicate a true indirect address. This address is always on page zero 
except when used with JMP. 

2) The use of a bit number as the first operand in the bit manipulation instructions 
BBR. BBS. RMB. and 5MB. These can operate on any bit position (0 through 7). 
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Table 17-2 Alphabetic Listing of 65C02 Instruction Set 
(Reprinted courtesy of Rockwell International. 

Semiconductor Products D,v,s,on. Newport Beach. California) 

MnemonIc FuncUon Mnemonic Function 

(2) 

(2) 

(1) 
(1) 

(2) 

(1) 

(2) 

(2) 

(2) 

(2) 

(2) 

(2) 

ADC 
AND 
ASl 

BBR 
BBS 
BCC 
BCS 
BEQ 
BIT 
BMI 
BNE 
BPl 
BRA 
BRK 
BVC 
BVS 

ClC 
CLD 
CLI 
ClV 
CMP 
CPX 
CPY 

DEC 
DEX 
DEY 

EOA 

INC 
INX 
INY 

JMP 
JSR 

lDA 
lDX 
lDY 
LSR 

Add Memory to Accumulator with Carry NOP I No OperallOn 
HAND" Memory with Accumulator 
Shift Left One Bit (Memory or Accumulator) (2) ORA i 'OR" Memory with Accumlator 

Branch on Bit Reset PHA I Push Accumulalor on Slack 
Branch on Bit Sel PHP Push Processor Status on Stack 
Branch on Carry Clear (1) PHX I Push X Register on Stack 
Branch on CarrY Set (1) PHY ! Push Y Register on Stack 
Branch on Result Zero PLA I Pull Accumulator from Stack 
Test Bits in Memory with Accumulator PLP Pull Processor S:atus from Stack 
Branch on Resull Mmus (1) PLX Pull X Register from Stack 
Branch on Result nol Zero (11 PLY Pull Y Register from Stack 
Branch on Result Plus 
Branch Always (II RMB Reset Memory Bit 
Force Break ROl Rotate One Bit Left (Memory or Accumulator) 
Branch on Overflow Clear ROA Rotate One Bit Righi (Memory or Accumulator) 
Branch on Overflow Set RTI Return from Interrupt 

RTS I Relurn I,om Sub'ouline , 
Clear Carry Flag 
Clear Decimal Mode SBC Subtract Memory from ACCumulalor with Borrow 
Clear Interrupt Disable Bit SEC Set Carry Flag 
Clear Overflow Flag SED Set DeCimal Mode 
Compare Memory and Accumulator SEI Set Interrupt Disable Status 
Compare Memory and Index X (1) 5MB Set Memory BII 
Compare Memory and Index Y (2) STA Store Accumulator In Memory 

STX Store Index X in Memory 
Decrement Memory by One STY Store Index Y in Memory 
Decrement Index X by One (I) STZ Store Zero 
Decrement Index Y by One 

TAX Transfer Accumulator to Index X 
"Exclusive·OR" Memory with Accumulator TAY Transfer Accumulator to Index Y 

(1) TRB : Test and Reset Bits 
Incremenl Memory by One (1) TSB I Test and Set Bits 
Increment Index X by One TSX Transfer Stack POlnler 10 Index X 
Increment Index Y by One TXA Transfer Index X to Accumulator 

TXS Transfer Index X 10 Stack Register 
Jump to New Location TYA Transfer index Y to Accumulator 
Jump to New Location Saving Return Address 

Load Accumulator with Memory 
Load Index X with Memory 
Load Index Y with Memory 
Shift One Bil Right (Memory or ACClJmulator) 

Notes: 
(1) Instruction not available on the NMOS family. 
(2) R6502 instruclion with additional addressing mode(s) 

------- ----

Table 17-3. New 65C02 Instructions 
(Reprinted courtesy of Rockwell International. 

Selniconductor Products D,v,s,on. Newport Beach. California) 

He> Mnemonic 

80 BAA 
3A DEC 
1A INC 
DA PHX 
5A PHY 
FA PLX 
7A PLY 
9C STl 
9E STl 
64 STl 
74 STl 
1C TAB 
14 TAB 
OC TSB 
04 TSB 
89 BIT 
OF-7F' BBA 
8F-FF' BBS 
07-77" AMB 
B7-F7 ' 5MB 

Nole: 
1. Most significant digit change only 
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Description 

Branch relative always [Relative] 
Decrement accumulator [Accum] 
Increment accumulator [Accum] 
Push X on stack [Implied] 
Push Y on stack [Imphed] 
Pull X from slack [Implied] 
Pull Y from stack [Imphed] 
Store zero [Absolute] 
Store zero lABS. X) 
Siore zero [ZP] 
Store zero [ZP, X] 
Test and reset memory bits with accumulator (ABS) 
Test and reset memory bits with accumulator (ZP) 
Test and set memory bits with accumulator lABS) 
Test and set memory bits with accumulator [ZPJ 
Test Immediate with accumulator JIMM] 
Branch on bit reset (Bit Manipulation, ZP, RELJ 
Branch on bit sel (Bit Manipulation, ZP, RElJ 
Reset memory bit [Bit Manipulation, ZPj 
Sel memory bit (Bi! Manipulation, ZPj 
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Table 17 -4, 65C02 Instructions With New AddreSSing Modes 
(Reprinted courtesy of Rockwell International, 

Semiconductor Products DivIsion, Newport Beach. California) 

He. 

72 
32 
3C 

3' 
02 
52 
7C 
B2 
12 
F2 
92 

Mnemonic Descrtptlon 

ADC Add memory to accumulator with carry j(lNOli 
AND AND memory with aceumulator (IND») 
BIT Test memory bits with accumulator lABS. XI 
BIT Test memory bits with accumulator IZP, Xl 
CMP Compare memory and accumulator ((INDlJ 
EOR Exclusive Or memory with accumulator «IND)J 
JMP Jump (New addressing mode) (ABS, Xli 
LOA Load accumulator with memory (IND» 
ORA OR memory with accumulator (INO» 
SBC Subtract Memory from accumulator with borrow (INO») 
STA Store accumulator in memory (INOll 

Table 17-5, 65C02 Operation Code MatriX 
(Reprinted courtesy of Rockwell International. 

Semiconductor Products DIVISion. Newport Beach. California) 

LSD 

BRK 'ORA I r--rss ORA-r ASl RMBO PHP • -ORA .-~-- . """'Ts"B"" OR~"""B"8"H"O 

(~plt~ '(I~D'6xl 2lPS 2lP3 i 2ZPS 2lPS I~PI'~d I ~M~ A~cu; ~B; ~B~ ~B; 3 Z~ •• 

I 
BPL lORA ORA -~ ORA -ACCS:--L+R-M-B-' 1-"C-CLCc-T1 -CO~RA~r=aNC - - --I--;:'R'B ORA I ASL BBRI 

Rolat,veljlNOJ.Y (INO) ZP ZP.X ZP.X ZP Implied ASS Y Accum ASS A,BS"XIA,BS,X ZP 

,-I_'.,-':--"-+!_'---:-"-+_'_'--l~_~_~ 2 4 2 6 2 5 , 2 ~ 1 2 ) 6 ) 5"" 
,-

1
-1 'w.~ __ ~I __ , wl_,_ ~ 

ASS I (IND. X) , I ZP ZP ZP ZP Implied 1 IMM I Accum I 1 ASS ;S~ I ;S~ ZP 

--:-M~:~'~:~N~:-+I_AN-o-"--Jr1' , '~':~'-r=~O~:-r~:M~~~~~~EC~'~:~N~;-r~~E~~-+~---r~:~IT~'~A~N~O-r=RO~L-r'=BB~~~"~ 
Aelatove (IND). Y (IND) Z~1TX ~N~ ZP. X ZP Implied ASS Y Aceum ASS X ASS. X I ASS. X ZP 
22"" 25" 25 24 201 26 25 , 2 34" 12 ) 4" ) 4" ) 7 ) 5"" 

I EOA LSA AMS4 PHA EOR LSR! JMP EOR LSR ~ 
i ImplIed . liND. X) ZP ZP ZP Implied IMM Accum I ASS I ASS i ASS ZP 

'--:-Vc-' --':~O~:-r-EO-R--r--~~ ;O~ : :S: :M:S ~L~ ;O~ ~H~ 3 ) I. :0: ~S: :B;~ 

RT! EOA 

Aelat've liND). Y (IND) I ZP X I ZP.X ZP Implied lABS. Y Impl,ed I' !: A,BS,'"X A,BS,X ,zp, .. 
r--'=":--' __ '-::5.,-'-+-_' _'-,-~~ --::-::-' 2 4 i 2 6 Z 5 t 2 3 4" t) 

I RTS ADC I STl ADC I ROR RMBO PLA ADC I ROR 
: Impll6d ! (IND. X) ZP ZP 1 ZP ZP Implied IMM Accum 

, 6"i 2 6t 2) Z)1 Z 5 25 t 4 Z Zt 12 

8VS I ADC ADC STZ ADC ROA AMB7 SEI ADC PLY 
Aelal<vel (IND). Y (IND) ZP. X ZP. x ZP. X ZP Implied ABS. Y Implied 
22"' 2S"t 251 Z 4 241 26 25 , 2 ) 4"t '4 

BAA STA 5MBO DEY BIT TXA 
ZP Implied IMM ImplIed 

JMP ADC 
(ASS) lABS 
) 6 ) 4t 

ROA BBR6 
ABS ZP 
) 6 ) 5"" 

JMP ADC ROA BBR7 
ABS, X ASS, X ASS. X ZP 

3 6 3 4"t ) 7 ) 5"" 

STY STA STX 
ASS ABS ABS AeJal"'e (IND. Xl 

2)' 2 6 

STA ! STX 

ZP i ZP 
Z) 23 

STA I STX 
ZPX ZP,Y 
24 ,24 

Z 5 , Z Z 2 

5MB! TYA SrA 
ZP Implied ABS. Y 

Z 5 12 ) 5 

:X: I Implied , , 
) 4 ) 4 ) 4 

STZ STA STl 
ASS ABS. X ASS. X 
) 4 ) 5 ) 5 

BBSO 
ZP 

) 5"" 

BBSI 
ZP 

) 5"" 

! BeS LOA 
Aelatove (IND). Y 

122" Z 5" 

CPY CMP 
IMM (IND. Xl 
2 2 2 6 

BNE CMP 
Relabv6 (IND). Y 
22'" 25" 

CPX SBC 
IMM (IND, X) 
22 26t 

LOA 
(IND) , , 

eMP 
(IND) 
, 5 

SEQ SSC SBC 
RelatIve (IND). Y (IND) 
22" 2 S·t 2 St 

: lOY 

I 
ZP. X , , 
epy 

I ,ZP, 

CPX 

'P , , 

LOA LOX 
ZP ZP 
2) 2) 

LOA 'I LOX 
ZP. X ZP. Y 
Z 4 24 

CMP I DEC 

ZZP) I zZPs 

;:~ I ~:,~ 
24 i z 6 

SBe 
ZP 

, 3t 

INC 
ZP , , 

5MB2 TAY LOA TAX 
ZP Implied IMM Imphed 
25 , 2 22 12 

5MB3 
ZP , , 

CLV LOA I TSX.! 

'~Ph~d ~BS/ '~pll~: 

5MBA INY CMP DEX 
ZP ImphlKl IMM Imphed 

Z 5 12 22 12 

SMSS CLD CMP PHX 
ZP Implied ASS. Y Implied 
25 12 34" 13 

5MBO INX SBC NOP 
ZP Impl",d IMM Implied 

2 5 1 2 22t 12 

SBC INC 5MB7 SED SSC PLX 
ZP, X ZP, X ZP Implied ASS. Y Implloo 
24t 26 25 12 34"t 14 

BRK -OP Code 
o Imphed -Addressing Mode 

1 7 -Instruction Bytes. Machine CyCles 

17-6 

LOY LOA lOX 6BS2 
ASS ABS ASS ZP 
) 4 ) 4 ) 4 ) 5" 

A~~~ X' A~~\ i A~~~ Y 8;~ 
) 4'1 3 4"; 34' ) 5" 

epy I CMP DEC ~ 
ASS ASS: ASS ZP 
) 41) 4 I) 6 ) 5" 

epx 
ABS , , 

CMP DEC SSSS 
ASS. X ASS. X ZP 
) 4" ) 7 ) 5" 

SBC 
ABS 

3 " 

INC 
ABS , , 

BB56 
'P 

35" 

SSC INC BBS7 
ASS, X ABS. X . ZP 
34"t 37 35'" 

tAdd 1 to N If In doomsl mode 

• Add 1 to N If page brundary IS crossed 
'"Add I to N If brsnch 0CClIr5 to same page. 

Add 2 to N d branch oc:c:urs to dlftClfltllt page 



The bit number IS separated from the address on page zero by a comma. BBR 
and BBS thus require three operands separated by commas: bit number. 
memory address. and branch destination. 

BBR - BRANCH ON BIT RESET (BIT = 0) 
BBR is a relative branch conditional on whether a specified bit in a memory location 
on page zero IS O. If the bit IS O. the branch occurs; If It IS 1. the processor continues 
its usual consecutive sequence. 

BBR O-BBR 7 --....--
OF-7F 

The first digit of the operation code IS the specified bit position. 

A BBR instruction occupies three memory bytes containing: 

1) Operation code 

2) Memory address on page zero 

3) Relative offset for branching If the condition holds 

The assembly form requires three operands in the following order: bit number. 
address on page zero. and relative offset or destination. 

In the following instruction sequence: 

._------!'HIlR 5.$50.NEXT 
It 5 of location 005016 = 
D #$7F 

Bit 5 of location 005 16 = 0 

--~OO'--I>ADC $40 

the processor executes ADC $40 after BBR If bit 5 of memory location 005016 IS 0 It 
executes AND #$ 7F next If bit 5 of memory location 005016 IS 1 The relative address­
ing works exactly as shown In Chapter 3 for BCC and other branches. BBR does not 
affect any flags or any registers other than the Program Counter. 

BBS-BRANCIH ON BIT SET (BIll" = 1) 
BBS IS a relative branch conditional on whether a specified bit In a memory location 
on page zero IS 1 If the bit IS 1. the branch occurs; If it IS O. the processor continues 
ItS usual consecutive sequence. 

BBS O-BBS 7 
~ 

SF-FF 

The first digit of the operation code IS the specified bit POSition plus S. 

A BBS instruction occupies three memory bytes containing: 

1) Operation code 

2) Memory address on page zero 

3) Relative offset for branching if the condition holds 
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The assembly form requires three operands in the following order: bit number (0 to 7). 

address on page zero, and relative offset or destination. 

In the following instruction sequence: 

._----fmS ;3,$50,NEXT 
it 3 of location 005016 = 0 

D #$7F 

the processor executes ADC $40 after BBS if bit 3 of memory location 005016 is 1. It 
executes AND #$7F next if bit 3 of memory location 005016 is O. The relative address­
ing works exactly as shown in Chapter 3 for BCC and other branches. BBS does not 
affect any flags or any registers other than the Program Counter. 

BRA-BRANCH ALWAYS 
BRA 

"'-v-" 

80 

BRA IS a relative branch that is always taken. In the following instruction sequence: 

C BRANEXT 
AND #$7F 

ADC $40 

the processor always executes ADC $40 after BRA. It will never reach the AND #$7F 
Instruction unless there is another path to it. The relative addressing works exactly as 
shown in Chapter 3 for BCC and other branches. BRA does not affect any flags or any 
registers other than the Program Counter. It has exactly the same effect as JMP; the 
only difference is the addressing mode. 

MUL- MULTIPLY (65COO ONLY) 
This Instruction multiplies the Accumulator times Index Register Y to compute a 16-bit 
product. The more Significant byte of the product ends up in the Accumulator, and the 
less significant byte in register Y. All numbers are assumed to be unsigned binary. 
MUL does not affect any flags. 

MUL 
"'-v-" 

02 
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Da'a 

S V B 0 I Z C 

~ PI I I I I I I I 

A xx Program 
X Memory 
y VV 

SP 
PC mm mm 02 mmmm 

mmmm+ 1 

Multiply the Accumulator times Index Register Y and place the product in A (more 
significant byte) and Y (less significant byte). Suppose that the Accumulator contains 
3C16 (6010) and that Index Register Y contains A 116 (16110). After the instruction 

MUL 

has executed. the Accumulator will contain 25,6 and Index Register Y will contain 
BC,6. That is. the product is 25BC'6 (966010). No flags are affected. 

PHX-PUSH INDEX REGISTER X ONTO STACK 
This instruction stores the contents of Index Register X at the top of the Stack. The 
Stack Pointer is then reduced by 1. No other registers or flags are affected. Note that 
PHX stores Index Register X in the Stack before decrementing the Stack Pointer. 

SVBDIZC 

pi I I I I I I I 

A 
X xx 
y 

SP ss 
PC 

PHX 
~ 

DA 
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Data 

Memory 

""1----::::--1 01 ss-1 
t---",xx'---I 01 ss 

Program 

Memorv 

DA 
mmmm+ 1 



Suppose that Index Register X contains 6016 and the Stack Pointer contains E016. 
After the processor executes PHX. memory location 01 E016 will contain 6016 and the 
Stack Pointer will contain EC16. 

The most common use of PHX is to save Index Register X's contents before servicing 
an interrupt or calling a subroutine. PHX replaces the 6502 sequence 

TXA 

PHA 

It allows register X to be saved before or after the Accumulator. whereas it had to be 
saved after the Accumulator on the 6502 (since saving X destroyed the Accumulator's 
previous contents). As a friendly hint to teachers of 65C02 programming. we suggest 
you not pronounce the operation code in class. 

PHY - PUSH INDEX REGISTER Y ONTO STACK 
This Instruction stores the contents of Index Register Y at the top of the Stack. The 
Stack Pointer is then reduced by 1. No other registers or flags are affected. Note that 
PHY stores Index Register Y in the Stack before decrementing the Stack POinter. 

SVBDIZC 

P I I I I I I I I 

A 

X 
y YV 

SP Ss 
PC mm 

PHY -...--
5A 

Data 
Memory 

...... J--:-:.,--i 01 55·1 
..... -'-YV'---i Olss 

Program 

MemQry 

5A mrnmm 

mmmm + 1 

Suppose that Index Register Y contains F 116 and the Stack Pointer contains 7 B16 
After the processor executes PHX. memory location 017B16 will contain F116 and the 
Stack Pointer will contain 7 A16. 

The most common use of PHY is to save Index Register Y's contents before servIcing 
an interrupt or calling a subroutine. PHY replaces the 6502 sequence 

TYA 

PHA 

It allows register Y to be saved before or after the Accumulator. whereas it had to be 
saved after the Accumulator on the 6502 (since saving Y destroyed the Accumulator's 
previous contents). 
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PLX-PULL CONTENTS OF INDEX REGISTER X 
FROM STACK 
This instruction increments the Stack Pointer by 1 and then loads Index Register X 
from the top of the stack. Note that PLX increments the Stack Pointer before loading 
Index Register X. 

SVBDIZC 

P rxI I I I Ixl I 

A 

xx 
y 

SP ss 
PC mm 

PLX 
-..-' 

FA 

Data 
Memory 

01ss 
-...J!---x-x-~ 01 ss+l 

Program 

MemQry 

FA 
mmmm + 1 

Suppose that the Stack Pointer contains Ee16 and that memory location 01 ED16 con­
tains 6A16. After the processor executes PLX. Index Register X will contain 6A16 and 
the Stack Pointer will contain ED16. 

6A = 0 1 1 0 1 0 1 0 
Sets S to 0 Nonzero result sets Z to 0 

The most common use of PLX is to restore Index Register X's contents after servicing 
an Interrupt or completing a subroutine. PLX replaces the 6502 sequence 

PLA 

TAX 

It allows register X to be restored before or after the Accumulator. whereas it had to be 
restored before the Accumulator on the 6502 (since restoring X destroyed the 
Accumulator's previous contents). 

PLY - PULL CONTENTS OF INDEX REGISTER Y 
FROM STACK 
This instruction increments the Stack Pointer by 1 and then loads Index Register Y 
from the top of the Stack. Note that PLY increments the Stack Pointer before loading 
Index Register Y. 

PLY ---7A 
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Data 

S V B 0 I Z C Memory 

pix! ! ! ! Ixl I 

Dis. 
yy Olso + 1 

" Ie 

Y yy Program 
SP ss Memory 
PC mm 

7A mmmm 

mmmm+ 1 

Suppose that the Stack Pointer contains E5l6 and memory location 01 E6l6 contains 
FC16. After the processor executes PLY. Index Register X will contain FC16 and the 
Stack Pointer will contain E6l6. 

FC = 1 1 1 1 1 1 0 0 
Sets S to 1 Nonzero result sets Z to 0 

The most common use of PLY is to restore Index Register Y's contents after servicing 
an interrupt or completing a subroutine. This instruction replaces the 6502 sequence 

PLA 
TAY 

It allows register Y to be restored before or after the Accumulator. whereas it had to be 
restored before the Accumulator on the 6502 (since restoring Y destroyed the 
Accumulator's previous contents). 

RMB-RESET (CLEAR) MEMORY BIT 
RMB resets (clears) a specified bit position of a memory location on page zero. 

RMB O-RMB 7 ---07-77 

The first digit of the operation code is the specified bit position. The assembly version 
requires two operands: bit position (0 through 7), followed by an address on page 
zero. 

RMB allows only zero page (direct) addressing. It does not affect any flags. 
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SVBDIZC 

P I I I I I I I I 

Data 
Memory 

xx 0063 

Program 
Memory 

67 mmmm 
63 mmmm + 1 

Suppose memory location 006316 contains F116 (11110002). After the processor 
executes 

RMB 6,$63 

bit 6 of memory location 006316 will be O. That location will therefore contain Bl 16 
(101100012). 

RMB is useful for clearing flags saved in memory. It can clear any bit on page zero in a 
single instruction cycle without affecting any registers. This enables the programmer 
to readily use all bit positions for flags, thus eliminating the previous preference for bit 
o (which could be complemented with INC or DEC). 

5MB-SET MEMORY BIT 
5MB sets a specified bit position of a memory location on page zero. 

5MB O-SMB 7 
-.,.-

87-F7 

The first digit of the operation code is the specified bit position plus 8. The assembly 
version requires two operands: bit position (0 through 7). followed by an address on 
page zero. 

SM8 allows only zero page (direct) addressing. It does not affect any flags. 

SVBDIZC 

pi I I I I I I I 

JI:==mm==: __ m_m~~mmm+~ 
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Data 

Memorv 

xx 0084 

Program 

Memor .. 

97 mmmm 
84 mmmm + 1 



Suppose memory location 00B416 contains 3C16 (001111002). After the processor 
executes 

5MB l.$B4 

bit 1 of location 00B414 will be 1. That location will therefore contain 3E16 
(0011111 02). 

5MB is useful for setting flags saved in memory. It can set any bit on page zero in a 
single instruction cycle without affecting any registers. This enables the programmer 
to readily use all bit po'sitions for flags, thus eliminating the previous preference for bit 
o (which could be complemented with INC or DEC). 

STZ-STORE ZERO IN MEMORY (CLEAR MEMORY) 
Store zero in the selected memory location (that is, clear it). The addressing modes 
allowed are: 

1) Zero page (direct) - STZ addr 

2) Absolute (direct) - STZ addr16 

3) Zero page indexed with X - STZ addr,X 

4) Absolute indexed with X - STZ addr16,X 

STZ has no indexed modes using Index Register Y and no indirect modes. It does not 
affect any registers or flags. In particular, note that it does not affect the Zero flag even 
though it stores zero in a memory location. 

The first byte of object code selects the addressing mode as follows: 

Hexadecimal 
Object Code 

64 
9C 
74 
9E 

Addressing Mode 

Zero page (direct) 
Absolute (direct) 
Zero page indexed with X 
Absolute indexed with X 

Number 
of Bytes 

2 
3 
2 
3 

We will illustrate the STZ instruction using absolute direct addressing. See Chapter 3's 
discussions of addressing methods and other arithmetic and logical instructions for 
examples of the other addressing modes. 

SVBDllC 

p I I I I I I I I 

A 

X 
y 

SP 
PC 
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Memory 

Program 

Memory 

9C 
qq 
pp 

ppqq 

mmmm 
mmmm+ 1 
minmm + 2 
mmmm+3 



Store zero in the selected memory byte. Suppose that ppqq = 8A5416. After the pro­
cessor executes the instruction 

STZ $8A54 

memory location 8A5416 will contain 0016. No registers or flags are affected. 

TRB-TEST AND RESET (MEMORY) BITS 
TRB resets (clears) all bit positions in a memory location that are set (1) in the Accu­
mulator. This operation is sometimes called reset (clear) under mask. since the 
Accumulator contains a mask that specifies which bits are affected. TRB does not 
affect the Accumulator. any flags except the Zero flag. or any bits in the memory loca­
tion that are cleared (0) in the Accumulator. We can describe this operation mathema­
tically by saying that the memory location ends up containing the logical AND of its 
old contents with the complemented contents of the Accumulator. that is. 

(M) = (M) A (A) 

The first byte of object code determines the addressing mode as follows: 

7 6 5 4 3 2 1 0 Bit Number 
0 0 0 1 X 1 0 0 Object Code 

Bit Value Hexadecimal Addressing Mode Numbe 
for X Object Code of Bytes 

0 14 Zero page (direct) 2 
1 lC Absolute (direct) 3 

We will illustrate TRB using absolute (direct) addressing. For the zero page mode. see 
the AND instruction and the discussion of addressing modes in Chapter 3. 

SVBO'ZC 

p I I I I I I x I I 

A xx 
X 
y 

SP 

PC mm mm 

Data 
Memory 

vy ppqq 

Program 

Memory 

lC mmmm 
qq mmmm+ 1 

pp mmmm + 2 
mmmm + 3 

Reset (clear) the bit positions in the specified memory location that contain 1 s in the 
ACCumulator. Suppose xx = 8C16 (100011002). yy = FE16 (111111102). and ppqq = 
81 E 116. After the processor executes the instruction 

TRB$81El 

bits 2. 3. and 7 of memory location 81 E 116 will all contain O. That is. memory location 
81 E116 will contain 7216 (011100102). 
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8C = 10001100 

8C= 01110011 
FE = 11 i 11110 

72 = 01110010 
Nonzero result sets Z to 0 

TRB allows the programmer to clear several bit positions in a memory location at 
once. For example. to clear bits O. 5. and 6 of memory location 1 E07,6 simultane­
ously. use 

LDA #%01100001 

TRB$lE07 

This approach can be used to clear a bit field or to bring several output bits to 0 logic 
levels simultaneously. 

TSB-TEST AND SET (MEMORY) BITS 
TSB sets (to 1) all bit positions in a memory location that are set (1) in the Accumulator. 
This operation is sometimes called set under mask. since the Accumulator contains a 
mask that specifies which bits are affected. TSB does not affect the Accumulator. any 
flags except the Zero flag. Of any bits in the memory location that are cleared (0) in the 
Accumulator. We can describe this operation logically by saying that the memory loca­
tion ends up containing the logical OR of its old contents with the contents of the 
Accumulator. that is. 

(M) = (M) V (A) 

The first byte of object code determines the addressing mode as follows: 

7 6 5 4 3 2 1 0 Bit Number 
0 0 0 0 X 0 0 Object Code 

Bit Value Hexadecimal Addressing Mode Number 
for X Object Code of Bytes 

0 04 Zero page (direct) 2 
OC Absolute (direct) 3 

We will illustrate TSB using absolute (direct) addressing. For the zero page mode. see 
the AND instruction and the discussion of addressing modes in Chapter 3. 

SVBDllC 
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Set (to 1) the bit positions in the specified memory location that contain 1 s in the 
Accumulator. Suppose xx = 38,6 (001110002). yy = 82,6 (100000102). and ppqq = 
C3 50 16. After the processor executes the instruction 

TSB $C350 

bits 3. 4. and 5 of memory location C350'6 will all contain 1. That is. memory location 
C350'6 will contain BA16 (101110102). 

38 00111000 
82 10000010 

BA 10111010 
Nonzero result sets Z to 0 

TSB allows the programmer to set several bit positions in a memory location at once. 
For example. to set bits 1. 4. and 7 of memory location 359F16 simultaneously. use 

LOA #%100100105 

TSB S359F 

This approach can be used to set all the bits in a field or to bring several output bits to 
1 logic levels simultaneously. 

OTHER 65C02 ENHANCEMENTS 
Other enhancements of the 65C02 include the following: 

1) Invalid operation codes are treated as Naps. 

2) Indirect jumps work correctly on page boundaries. 

3) The 0 (Decimal Mode) flag is initialized to 0 (binary mode) by reset and inter-
rupts. 

4) The N. V. and Z flags are val;d after decimal operations. 

5) The BIT instruction allows irnmediate and indexed addressing. 

6) An interrupt recognized aft3r the fetching of a BRK instruction is executed cor­
rectly. That is. the processor executes BRK and then responds to the mterrupt. 
The 6502 simply ignores ':le BRK vector. 

Invalid Operation Codes 
The 65C02 treates all invalid operation codes as Naps. This is not the case on the 
6502. where some invalid codes not only produce undefined results. but may not 
terminate without a reset. This treatment avoids debugging and system operation 
problems caused by execution of incorrect memory locations. memory read errors. or 
erroneous signals or noise on the address or data buses. 

Indirect Jump Correction 
The 65C02's JMP indirect instruction works correctly on page boundaries. For exam­
ple. the instruction JMP ($1 CFF) correctly obtains its address from memory locations 
1 CFF16 and 100016. By contrast. the 6502 obtains its address from memory locations 
1 CFF16 and 1 C0016: that is. it does not increment the high byte of the memory 
address when incrementing the low byte produces a carry. 

D (Decimal Mode) Flag Initialization 
The 65C02 initializes the 0 (Decimal Mode) flag to 0 (binary mode) on reset and on 
accepting an interrupt. This makes it unnecessary to establish this flag's value in either 
a startup routine or in an interrupt service routine. 
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It is still necessary to preserve the D flag's value in many subroutines. The sequence 

PHP 
CLD 

preserves the entire Status register before clearing the D flag. The instruction 

PLP 
at the end of the subroutine then restores the original values of all fla?s. 

V.lid Flags After Decimal Operations 
On the 65C02, the Negative. Zero. and Overflow flags all reflect the decimal result. not 
the binary result. after arithmetic operations in the Decimal Mode. These flags reflect 
only the binary result on the 6502. For example: 

1) Adding 50,6 and 50,6 produces a binary result of AO'6 and a decimal result of 
00,6. Whenexecuted in the Decimal Mode. this operation clears the Negative (N 
or S) flag and sets the Zero flag on the 65C02, renecting the decimal result. On 
the 6502. it sets the Negative flag and clears the Zero flag. reflecting the binary 
result. 

2) Subtracting 50,6 from 10,6 produces a binary result of CO,s and a decimal 
result of 60,6. When executed in the Decimal Mode. this operation clears the 
Negative flag on the 65C02: reflecting the decimal result. On the 6502. it sets 
the Negative flag, reflecting the binary result. 

Additional Addressing Modes For BIT 
On the 65C02. the BIT (Bit Test) instruction allows immediate. zero page indexed (with 
X). and absolute indexed (with X) addressing, in addition to the absolute and zero page 
direct modes allowed on the 6502. This results in more situations in which the pro­
grammer can use BIT instead of AND. thus performing the logical operation and set-
ting the flags without affecting the Accumulator. • 

For example. to test whether bit 5 of address A400'6 is 1. we can now use 

instead of 

LDA $A400 
BIT #%00100000 

LDA 
·SIT· . 

#%00100000 
, $A400 . 

This is advantageous when the program needs the data in the Accumulator for later 
tests or other processing. The following sequence forces a branch to address SERV5 if 
bit 5 of location A400,s is 0 and to SERV2 if bit 2 of A400'6 is O. 

LDA 
BIT 
BEQ 
BIT 
BEQ 

$A400 
#"A,00100000 
SERV5 
#%00000100 
SERV2 

;GET DATA 
;TEST BIT 5 
;BRANCH IF BIT 5 IS 0 
;TEST BIT 2 
;BRANCf-!, IF BIT 2 IS 0 

Note. however. that only the Zero flag is meaningful after BIT with immediate address­
ing. The Negative (N or S) and Overflow (0 or V) flags are undefined. 
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65C02 PROGRAMMING EXAMPLES 

The following programs illustrate important new 65C02 instructions and addressing 
modes. 

CLEAR A MEMORY LOCATION 
Purpose: Clear memory location 004016. 

Source Program: 

STZ 
BRK 

$40 ;CLEAR LOCATION 40 

STZ replaces the two instruction sequence 

LDA #0 
STA $40 

required on the 6502. Furthermore. it does not affect any registers or flags. 

CLEAR A BLOCK OF MEMORY 
Purpose: Clear memory locations 030016 through 030716. 

Source Program: 

CLR1 
LDX 
STZ 
DEX 

#B ;NUMBER OF BYTES = 8 
$02FF.X ;CLEAR A BYTE 

;COUNT BYTES 
BNE CLR1 

This routine does not use the Accumulator at all. 

Purpose: Clear memory locations starting at the address in 004016 and 
004116 and ending just before the address in 004216 and 004316. 

Source Program: 

LDX 
LDY 
LDA 

CLR1 STA 
INC 
BNE 
INC 

CHLST CPX 
BNE 
CPY 
BNE 
BRK 

$42 
$43 
#0 
($40) 
$40 
CHLST 
$41 
$40 
CLR1 
$41 
CLR1 

;GET ENDING ADDRESS 

;GET ZERO TO FILL 
;CLEAR A BYTE 
;INCREMENT INDIRECT ADDRESS 

;CARRY TO MORE SIGNIFICANT BYTE 
;CHECK IF ENDING ADDRESS REACHED 

Indirect addressing allows the programmer to treat pairs of memory locations on page 
zero as 16-bit registers. This simplifies operations extending over several pages. 

PATTERN MATCH (STRING COMPARE) 
Purpose: Compare two strings of ASCII characters to see if they are the same. 

The length of the strings is in location 0041. one string starts in 
location 0042. and the other starts in location 0052. If the two 
strings match. clear bit 0 of location 0040; otherwise. set bit 0 of 
location 0040. 
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Source Program: 

5MB 
LDX 

CHCAR LDA 
CMP 
BNE 
INX 
CPX 
BNE 
RMB 

DONE BRK 

0.$40 
#0 
$42.X 
$52.X 
DONE 

$41 
CHCAR 
0.$40 

;ASSUME NO MATCH BY DEFAULT 
;START WITH FIRST ELEMENT 
;GET CHARACTER FROM STRING 1 
;IS THERE A MATCH WITH STRING 2? 

;CHECK NEXT PAIR IF ANY LEFT 
;IF NONE LEFT. MARK MATCH 

RMB and 5MB allow us to clear and set any bit on page zero without using a register. 

BUBBLE SORT 
Purpose: Sort an array of unsigned binary numbers into descending order. The 

length of the array is in location 0041. and the array itself begins in 
location 0042. Use bit 0 of location 0040 to indicate whether the 
array has been sorted (0 means sorted; 1 means not sorted). 

Source Program: 

SORT RMB 0.$40 ;ASSUME ARRAY SORTED 
LDX $41 ;GET LENGTH OF ARRAY 
DEX ;ADJUST ARRAY LENGTH TO NUMBER 

; OF PAIRS 
PASS LDA $41.X ;IS PAIR OF ELEMENTS IN ORDER? 

CMP $42.X 
BCS COUNT ;YES. TRY NEXT PAIR 
5MB 0.$40 ;NO. SET SORTED FLAG 
LDY $42.X ;INTERCHANGE ELEMENTS 
STA $42.X 
STY $41.X 

COUNT DEX ;CHECK FOR COMPLETED PASS 
BNE PASS 
BBS 0.$40.S0RT ;TRY AGAIN IF ELEMENTS NOT SORTED 
BRK 

BBR and BBS allow us to test any bit on page 0 without using any registers or per­
forming any arithmetic or logical operations. Note that these are the only instructions 
that require three operands. 

INPUT FROM LOGICAL DEVICE 
Purpose: Given a logical device number (less than 128) in the Accumulator. 

read the data at the address obtained from a device table. The device 
table starts at address DEVTBL and consists of 16-bit physical 
addresses. 
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Source Program: 

INLOG ASL 

TAX 
LDA 
STA 
LDA 
STA 
LOA 
BRK 

A 

DEVTBLX 
$40 
DEVTBL+1.X 
$41 
($40) 

:DOUBLE INDEX TO HANDLE TWO-BYTE 
: ADDRESS ENTRIES 

:GET LSB OF DEVICE ADDRESS 
:SAVE LSB ON PAGE ZERO 
:GET MSB OF DEVICE ADDRESS 
:SAVE MSB ON PAGE ZERO 
;READ DATA FROM PHYSICAL DEVICE 

This approach allows the device table to be anywhere in memory. We could use prein­
dexing to access a device table if it were entirely on page zero. 

QUEUE STORAGE 
Purpose: Given a data byte in the Accumulator. store it in a queue. The queue 

header (in locations 0040 through 0049) contains the following 
information: 

1) Head pointer (address of oldest element in queue) 

2) Tail pointer (address at which next data item will be placed) 

3) Queue length (number of elements currently in the queue) 

4) Length of data area in bytes (maximum number of elements queue can hold) 

5) Base pointer (lowest address in data area) 

6) End pointer (address just beyond the end of the data area) 

The queue has fewer than 256 elements. so the lengths are single bytes. The occupied 
part of the data buffer can lie anywhere. When either the head pointer or the tail 
pointer reaches the end pointer. it is set back to the base pointer. thus permitting 
wraparound. The queue could. for example. occupy the last few bytes of the buffer 
area as well as the first few bytes. The Carry flag indicates whether there was room in 
the queue for the new element; it is cleared if there was and set if there was not. 

Source Program: 

QST 

CHEND 

EXCC 
EXQS 

LOX 
CPX 
SEC 
BEQ 
STA 

INC 
INC 
BNE 
INC 
LOA 
CMP 
BNE 
LOA 
CMP 
BNE 
LOA 
STA 
LDA 
STA 
CLC 
BRK 

$44 
$45 

EXQS 
($42) 

$44 
$42 
CHEND 
$43 
$42 
$48 
EXCC 
$43 
$49 
EXCC 
$46 
$42 
$47 
$43 

;GET QUEUE LENGTH 
:COMPARE TO SIZE OF DATA AREA 
:INDICATE DATA AREA FULL 
:EXIT IF DATA AREA IS FULL 
:DATA AREA NOT FULL. SO INSERT ELEMENT 
: AT TAIL 
;ADD 1 TO QUEUE LENGTH 
;ADD 1 TO TAIL POINTER 

;WITH CARRY TO MORE SIGNIFICANT BYTE 
;COMPARE TAIL POINTER. END POINTER 

:EXIT IF NOT THE SAME 

: IN BOTH BYTES 
;TAIL POINTER AT END POINTER. SO SET 
: IT BACK TO BASE POINTER 

;INDICATE DATA AREA NOT FULL 
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CHANGE FILE SECURITY BITS 
Purpose: Given a file security level in 0040. set bits in it according to a mask in 

0041. Bits 0-5 of 0040 control access to a file as follows (1 means 
access is permitted): 

Bit 5 - read access for file creator 
Bit 4-execute access for file creator 
Bit 3 -write access for file creator 
Bit 2 - read access for other users 
Bit 1 -execute access for other users 
Bit O-write access for other users 

A file with a security level of 3F,e is open to anyone for any purpose. whereas a file 
with a security level of 00 is completely closed (even its creator cannot read it!). 

Source Program: 

LOA $41 ;GET MASK 
TSB $40 ;SET SECURITY LEVEL 
BRK 

Note that TSB and TRB return their results directly to memory. We can also specify the 
mask directly. For example. to ensure read access to a file for everyone. use 

LDA #%00100100 ;ALLOW READING BY ALL 
TSB $40 
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Absolute (direct) addressing, 3-7 
Absolute indexed addressing, 3-11 to 3-12 
Absolute loader, 2-17 
Accumulator, 3-3, 4-2 

complementing, 3-64 
use, 4-2 

Accumulator addressing, 3-8 
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6850 device, 11-111 to 11-117 
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10-21 to 10-25 
multiple-precision decimal, 8-4 to 8-6 
16-bit, 4-12 

Address addition, 3-9 
preindexing, 3-9 

Addressldata distinction, 2-10,14-11 
Addresses, storage of, 3-7 
Address field, 2 -1, 2 -1 0 to 2 -11 

MOS Technology assembler options, 
3-111 

Addressing modes, 3-5 to 3-14 
assembler notation, 3-111 
default, 3-111 
list, 3-5 
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Address registers on page zero, 10-9, 
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AND, 3-40,4-7 
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3-111,6-8 
Apple IIc computer, 17-1 
Apple lie computer, 17-1 
Architecture of 6502 CPU, 3-3 
Arithmetic, 8-1 to 8-26 
Arithmetic and logical expressions, 2-11, 

3-111 
Arithmetic with tables, 4-15 
ASCII characters, 2-11, 6-1 to 6-2 

binary conversion, 7-11 to 7-12 
decimal conversion, 7-7 to 7-8 

gap between 9 and A, 7-3 
hexadecimal to ASCII conversion, 7-2 

to 7-4 
symbol (apostrophe), 3 -111, 6 -8 
table, 6-2 
TEXT pseudo-operation, 3 -1 09 to 

3-110,6-12 
ASL, 3-41, 4-6,5-16 
Assembler, 1-5 to 1-7, 2-1 to 2-18 

conventions, 3-109 to 3-112 
delimiters, 2-2, 3-109 
errors, 2 -17 
features, 1-6 
fields, 2-1 
field structure, 3 -1 09 
fprmat, 2-2 
fussiness, 2-2 
portability, 1-6 
pseudo-operations, 2-1, 2-4 to 2-9, 

3-109 to 3-111 
selection, 1-5 
types, 2-16 

Assembly language, 1-4 to 1-7 
applications, 1-10 
disadvantages, 1-6 to 1-7 
trends, 1-11 

*= (SET ORIGIN) pseudo-operation, 3-110, 
4-14 

B 

B (break) flag, 3-3, 3-4, 3-49, 12-4 
Base (zero) page, 3-7 
BBR, 17-7 
BBS, 17-7 to 17-8, 17-20 
BCC, 3-43 
BCD storage requirements, 7-10 
BCD to binary conversion, 7-9 to 7-10 
BCS, 3-44, 4-11 
BEQ,3-44 
Binary conversion table, 1-4 
Binary masks, 4-7 
Binary numbers, 2-10 
Binary rounding, 8-21 to 8-22 
Binary search, 9-6 
Binary to ASCII conversion, 7-11 
BIT, 3-45 to 3-46 

1/0,11-21,11-79 



PIA. use with. 11-21 
65C02 cha nges. 17 -18 

Bit manipulation: 
clearing bits. 4-7. 17-12 to 17-13. 

17-15 to 17-16 
complementing bits. 4-16 
setting bits. 3-80. 17-13 to 17-14. 

17-16 to 17-17 
testing bits. 3-45.-17-7 to 17-8. 17-20 

Bit number operand. 17-4. 17-7 
Blank character. 6-7 
BMI.3-47 
BNE.3-47 
Boldface type. 1-1 
Bootstrap loader. 2 -17 
Borrow. 3-4. 3-57 
Bounce (switch). 11-47 
BPL. 3-48. 5-13 
BRA. 17-8 
Branches. calculation of. 3-14. 4-11. 5-5 

to 5-6. 5-10 
Branch instructions. 4-11 
Break flag. 3-3. 3-4. 3-49. 12-4 
Breakpoints. 14-2 to 14-3 
BRK. 3-49 to 3-50. 4-4.12-3.12-4 

interrupt after fetch. 17-17 
use as breakpoint. 14-2 

Bubble sort. 9-12 to 9-15.17-20 
Buffered interrupts. 12-19. 12-22 
BVC. 3-51 
BVS. 3-51 
BYTE pseudo-operation. 3-109 to 3-110. 

4-14. 7-6 

c 
C (carry) flag. 3-3. 3-4 

CMP. effect of. 4-11. 5-15 
error indicator. 8 -16 
inverted meaning in subtraction. 3-4. 

3-57 
C02 version of processor. 17-1 to 17-22 

changes. 17-5. 17-6 
Carriage return character. 6-1. 6-4 
Carry flag. 3-3. 3-4. 4-5 
Centering data reception. 11-5. 11-78 
Character-coded data. 6-1 to 6-22 
Checklists for debugging. 14-10 
Checksum. 5-23. 8-17 
CLC. 3-52 
CLD. 3-53 
Clearing bits. 4-7.17-12 to 17-13. 17-15 

to 17-16 
Clearing memory. 4-8. 17-19 
Clear instruction. 4-8. 17-14 to 17-15. 

17-19 

Clear under mask. 17-15 
CLI. 3-54. 12-3 
CLV. 3-55 
CMP. 3-56 to 3-57 

flags. effect on. 4-10 to 4-11 
input instruction. 11-21 

Code conversion. 7 -1 to 7 -15 
debugging. 14-15 to 14-18 

Coding. 13-1. 13-2 
Coding rates. 1-7. 13-1 
Comment field. 2-1 
Comments. 2-15. 15-3 to 15-8 

examples. 15-5 to 15-8 
guidelines. 2-15. 4-2. 15-3 to 15-4 

Common-anode display. 11-65 
Common-cathode display. 11-65 
Comparing signed numbers. 5-16 
Compiler. 1-7 

cost. 1-8 
optimizing. 1-8 

Complementing the accumulator. 3-64 
Complementing bits. 4-16 
Computer program. 1-2 
Conditional assembly. 2 -12 
Control information (in I/O). 11-78 to 

11-79 
Converter interfaces. 11-93 to 11-102 

A/D converter. 11-98 to 11-102 
D/A converter. 11-93 to 11-97 

CPX.3-58 
CPY.3-59 
Cross-assembler. 2 -16 

D 

D (decimal mode) flag. 3-3. 3-4 
initialization on 65C02. 17-17 to 17-18 

D/A converter interface. 11-93 to 11-97 
Darlington transistor. 11- 61 
Data/address distinction. 2-10. 14-11 
DATA pseUdo-operation. 2-5 to 2-6 
Data structures. 9-1 to 9-21 
DBYTE pseudo-operation. 3 -1 09 to 3 -11 0 
Debouncing (switches). 11-47. 11-50 
Debugging. 13-3. 14-1 to 14-24 

checkl ists. 14 -1 0 
common errors. 14-11 to 14-13 
examples. 14-15 to 14-24 
interrupt-driven programs. 14-13 to 

14-14 
NOP. use of. 3 -78 
tools. 14-1 to 14-9 

DEC. 3-60 
decimal mode. 8-6 

Decimal accuracy in binary. 8-3 
Decimal addition. 8-4 to 8-6 



Decimal default, 2-10 
Decimal division by 2, 8-21 
Decimal increment by 1, 8-6 
Decimal mode, 8-5 to 8-6 

example cases, 8-5 
flags, 17-18 
limitations, 8-6 

Decimal mode (D) flag, 3-3, 3-4, 3-53, 
3-94,17-17 to 17-18 

Decimal multiplication by 2, 8-21 
Decimal numbers, 2-11 
Decimal rounding, 8-22 
Decimal strings, editing of, 6-10 to 6-12 
Decimal to seven-segment conversion, 7-4 

to 7-6, 14-15 to 14-17 
DEFINE pseudo-operation, 2-6 to 2-7 
Definition lists, 15-11 to 15-12 
Definitions, placement of, 2-7, 16-4 
Delay routines, 11-8 to 11-11 
Demultiplexer, 11-2, 11-3 
Device-independent 1/0, 11-123 
DEX, 3-61 
DEY, 3-63 
Direct addressing, 3-7 
Directives. See pseudo-operations 
Direct memory access, 11- 5 
DISABLE INTERRUPTS instruction, 3-95 
Disabling interrupts, 12-31 
Division, 8-12 to 8-16 

by 2,8-1,8-21 
DMA. 11-5 
Documentation, 10-2, 13-3, 15-1 to 

15-17 
comments, 15-3 to 15-8 
definition lists, 15-11 to 15-12 
flowcharts, 15-9 
library forms, 15-13 to 15-16 
memory maps, 15-10 
names, 15-2 
package, 15-17 
parameter lists, 15-11 to 15-12 
self-documenting programs, 15-1 
structured programs, 15-9 
subroutines, 10-8, 10-12, 10-18, 

10-23 
Double Add Double Mod 10 algorithm, 

8-17 
Double buffering, 12 -19 
Doubling a binary number, 8-21 
Dummy read of PIA, 11-22 
Dump, 14-4 to 14-7 

E 

Effective address, 4 -14 
ENABLE INTERRUPTS instruction, 3-54 

Encoded switch, 11-56 to 11-60 
Encoder, 11-56 
END pseudo-operation, 3-109, 3-111 
Endless loop instruction, 12-17 
ENTRY pseudo-operation, 2-8 
EOR, 3-63 to 3-64, 4-16 

switches, 11-54 
EQUATE pseudo-operation, 2 - 6 to 2 -7 
Error detection, 6 -15, 11-5 
Error handling, 13-5, 13-7 to 13-8,13-9, 

13-11, 13-14 to 13-15 
Error messages, 2 -17 
Errors, common programming, 14-11 to 

14-14 
Even parity, 6-13 
Exa mple format, 4-1 
Example guidelines, 4-1 
Execution time, saving, 15-19 to 15-20 
Expressions (in operand field), 2-11, 3-111 
External references, 2-8 
EXTERNAL pseudo-operation, 2-9 

F 

FIFO. See Queue 
File security bits, 17-22 
Fixed format, 2 -2 
Flowcharting, 13-18 to 13-28 

advantages, 13-18 
disadvantages, 13 -18 
documentation, 15-9 
examples, 13-20 to 13-28 
symbols, 13-19 . 

FORTRAN, 1-7, 1-8 
Framing, 11-78 
Framing error, 11-103 
Free format, 2 -2 
Fusible-link PROMs, 3-49 

G 

Global variables, 2-14 

H 

Halving a decimal number, 8-21 
Hand assembly, 1-5 
Handshake, 11-2 to 11-7 

diagrams, 11-6 to 11-7 
6522 VIA. 11-34 

Hashing, 9-4 
Hexadecimal conversion table, 1-4 
Hexadecimal instructions, 1- 3 
Hexadecimal loader, 1-3 
Hexadecimal numbers, 2-10 

initial digit, 2-10 
Hexadecimal to ASCII subroutine, 10-4 to 

10-6 



High-level languages, 1-7 to 1-11 
advantages, 1-7 to 1-8 
applications, 1-11 
disadvantages, 1-8 to 1-9 
inefficiency, 1-8 
microprocessor versions, 1-9 to 1-11 
trends, 1 -11 

Human factors, 13-6, 13-11, 13-14 to 
13-15 

I (interrupt disable) flag, 3-3, 3-4 
Immediate addressing, 3-6, 4-7 

symbol (#), 3 -111 
Implied addressing, 3-8 
INC, 3-65 to 3-66 

decimal mode, 8-6, 8-22 
Indexed absolute indirect addressing 

(65C02), 17-2 to 17-4 
Indexed addressing, 3 -11 to 3 -12, 4-14 

loops, 5-1 
Indexed indirect (preindexed) addressing, 

3-9, 5-22 
Indexed jump, 3-69, 9-16 to 9-17 

65C02, 17-2 to 17-4 
Index registers, 3-3 

differences, 3 -1 0, 3 -11 
instructions, 4-15 
stack transfers, 10-10, 12-18, 17-9 

to 17-12 
Indirect addressing, 3-13, 9-17, 17-2 to 

17-4 
65C02, 17-2 to 17-4, 17-17, 17-19, 

17-21 
Indirect indexed (postindexed) addressing, 

3-10, 5-20 to 5-21, 9-
10 

Indirect jump, 3-13, 3-69, 9-16 
page boundary error, 3-13, 17-17 
65C02 implementation, 17-17 

Information-hiding principle, 13-32 
Inherent addressing, 3-8 
Input/Output, 11-1 to 11-129 

categories, 11-1 
handshake, 11-2 
high-speed devices, 11-5 
instructions, 11-21 
medium-speed devices, 11-2 
memory, differences from, 11-1 
slow devices, 11-2 

Instruction set, 1-1,3-1 to 3-104 
binary form, 1-1 
C02 version, 17-3, 17-5, 17-6 
frequently used, 3-2 

notation, 3-15 to 3-18 
numerical order, 3-31 to 3-32, 17-6 
occasiona lIy used, 3 -2 
operation code matrix, 17-6 
seldom used, 3-3 
65C02, 17-3, 17-5, 17-6 
summary, 3-19 to 3-30, 17-3 

Interchanging elements, 9-15 
Interface chips, 11-12 
Interfaces, standard, 11-124 
Interrupt disable flag, 3-3, 3-4, 3-54, 

3-95 
RTI instruction, 3-89, 12-18 
sense, 3-4 

INTERRUPT MASK flag. See Interrupt 
disable flag 

Interrupt response, 12-3, 17-1 
Interrupt return address, changing of, 

12-18 
Interrupts, 12 -1 to 12 -40 

ACIA. 12-9 
buffering, 12-18, 12-22 
characteristics, 12-1 
debugging, 14-13 to 14-14 
decimal mode (0) flag, effect on 

65C02, 17-1 
disabling, 12-31 
enabling, 3-54, 12-2 
general service routines, 12-37 
keyboard, 12-16 to 12-19 
memory map, 12-4 
monitor handling, 12-15 
PIA, 12-5 
polling, 12-2, 12-11 
printer, 12-20 to 12-22 
real-time clock, 12-23 to 12-31 
reasoning, 12-1 
reenabling, 12 -18 
response, 12 -3 
return address, changing of, 12-18 
RIOT, 12-9 
6502 system, 12-3 to 12-4 
startup, 12-13 to 12-15 
teletypewriter, 12-32 to 12-36 
types, 12-2 
vectored, 12 -12 
VIA. 12-6 to 12-8 

Interrupt vectors, 12-4 
Invalid operation codes, 17-17 
Inverted borrow, 3-4, 3-57 
Inverting bits, 4-16 
INX, 3-67 
INY, 3-68 
I/O device table, 11-123, 17-20 to 17-21 
IRQ input, 12-3 



J 

JMP, 3-69, 5-11, 5-18 
long branches, 5 -11 

JSR, 3 -70, 10-1 
address saved (third byte of instruc­

tion), 3-70, 10-6 
example, 10-6 

Jump and branch terminology, 9-17 
Jump table, 3-69, 9-16 to 9-17 

65C02, 17-4 
Jump-to-self instruction, 4-1 
Justifying a fraction, 5-17 to 5-19 

K 

Keyboard interrupts, 12 -16 to 12 -19 
Keyboard interface, 11-81 to 11-92 

encoded keyboard, 11-90 to 11-92 
unencoded keyboard, 11-81 to 11-89 

Keyboard scan, 11- 81 
KIM microcomputer, 4-2, 4-5 

L 

Label, 2-2 to 2-4, 4-11 
choice, 2-3 
delimiter (space), 3-109 
jump instructions, 2 -2 

MOS Technology assembler rules, 3-109, 
3-111 

pseudo-operations, 2 -9 
reasons for use, 2-3, 4-11 
rules, 2-4 

Label field, 2-1, 2-2 
Language levels, 1-3 to 1-11 
Language trends, 1-11 
Larger number, 4-10 
Latching of 1/0 data, 11-2 
LOA, 3-71, 4-4 
LOX, 3-72 to 3-73 
LOY, 3-74 to 3-75 
LEO interface, 11- 61 to 11-75 

seven-segment displays, 11-64 to 
11-75 

single devices, 11-61 to 11-64 
Left shift, 4-6 
Library forms, 15-13 to 15-16 

examples, 15-14 to 15-16 
Library routines, 15 -13 to 15 -16 
Lightface type, 1-1 
Line feed character, 6-1 
Link editor, 2 -17 
Linking loader, 2-17 
Linking pseudo-operations, 2-8 
Lists, 9-1 to 9-7 

adding an entry, 9-2 to 9-4 
searching, 9-5 to 9-7 

Loader, hexadecimal, 1-3 
Loaders, 2 -17 
Local variables, 2-14 
Location counter, 2-7 

current value, 2-11, 3-111 
Logical devices, 11-123, 17-20 to 17-21 
Logical shift, 4-9 
Logical sum, 5-23 
Logic analyzer, 14-9 
Long branches, 5 -11 
Lookup tables, 4-13 to 4-15,7-1,7-4 to 

7-6 
Loops, 5-1 to 5-24 

flowcharts, 5 -2, 5 -3 
sections, 5-1 

LSI interface chips, 11-12 
LSR, 3-76 to 3-77, 4-9 

M 

Machine-independent programming, 1-7 
Machine language, 1-2 
Macroassembler, 2 -16 
Macros, 2-13 to 2-14 
Maintenance, 13-3 
Maintenance manual, 15 -17 
Majority logic, 11-5 
Manual output mode (of 6522 VIA), 11-97 
Masking, 4-7 
Matrix keyboard, 11-81, 11-82 
Maximum value, 5-14 to 5-16, 10-11 to 

10-14 
Memory dump, 14-6 to 14-7 
Memory maps, 15-10 
Memory, saving of, 15-19 
Memoryltime tradeoffs, 4-15, 15 -19 to 

15-20 
Meta-assembler, 2 -16 
Microassembler, 2 -16 
Mnemonic field, 2-1 
Mnemonic labels, 2-3 
Mnemonic names, 2-6 
Mnemonics, 1-4, 2-4 
Modular programming, 13-29 to 13-34 

advantages, 13-29 
disadvantages, 13-29 
examples, 13-31 to 13-33 
information-hiding principle, 13 -32 
principles, 13-30 
review, 13-34 

Monitor, interrupt handling by, 12 -15 
Monitor, returning control to, 4-1,4-2,4-4 
Motorola 6800, differences from, 3 -1 05 

to 3-108 
object code summary, 3-34 to 3-37 

MUL (65COO only), 17-8 to 17-9 



Multiple-position switch interface, 11-55 
to 11-60 

Multiplication, 8-7 to 8-11 
by 10, 7-9, 7-10 

N 

by 2, 3-42, 4-6, 8-21 
execution time, 8 -11 

N (negative) flag. See Sign flag 
Names, 2-6 

choice, 2-6, 15-2 
use, 2-6, 2-10 

Negative flag. See Sign flag 
Negative signed numbers, 5-13 
NMI input, 12-3, 12-4 
Nonmaskable interrupt, 12-2, 12-4 
NOP, 3-78 
Notation, differences from 6502 literature, 

3-5 

o 
o (overflow) flag. See Overflow flag 
Object code, 1-2 
Object codes in numerical order, 3-31 to 

3-32 
Object program, 1-5 
Offsets, calculation of, 3-14, 4-11, 5-5 

to 5-6, 5-10 
One-pass assembler, 2-16 
Ones complement. 4-16 
Operand field, 2-1 

form, choice of, 2 -1 0, 2 -11 
options, 2-10 to 2-11,3-111 

Operation code field, 2-1 
Operation code matrix, 17-6 
ORA, 3-79 to 3-80,11-33 
ORIGIN (ORG) pseudo-operation, 2 -7, 

3-110 
Origins, multiple, 3-110 
Overflow (V or 0) flag, 3-3, 3-5 

BIT instruction, 3-45 
control input, 3 - 5 

Overrun error, 11-110 

P 

P (status) register, 3-3, 3-4 to 3-5 
organization, 3-17 

Page boundary error (in indirect jump), 
3-11,17-17 

Page 1, assignment to stack, 3-4 
Page zero, use of, 4-3 
Parameter lists, 15-11 to 15-12 
Parameter passing, 10-1 to 10-2,10-10 

via program memory, 10-10 
Parameters, 10-1 

Parentheses in operand field, 3-9, 3-10, 
3-111 

Parity, 6-13 to 6-16,11-103 
Pattern match, 6-17 to 6-19, 10-15 to 

10-20 
65C02 version, 17-19 to 17-20 

PHA, 3-81 
PHP, 3-82 
PHX, 17-9 to 17-10 
PHY, 17-10 
Physical devices, 11-123 
PIA (6520 Peripheral Interface Adapter), 

11-12 to 11-22 
addresses, 11-13 
BIT instruction, 11-21 
block diagram, 11-14 
clearing status bits, 11-22 
configuration, 11-18 to 11-20 
control lines, 11-13 
control register, 11-15 to 11-18 
data direction register, 11-13 
data transfers, 11-21 
interrupts, 12 -5 
registers, 11-13 
reset, 11-13 
status bits, 11-21 to 11-22 

PLA, 3-83 
PLP, 3-84 
PLX, 17-11 
PLY, 17-11 to 17-12 
Polling, 11-5 
Polling interrupts, 12-2, 12-11 
Portability of programs, 1-6, 1-7 
Postindexed (indirect) addressing, 3-10, 

5-20 to 5-21,9-10 
Power fail interrupt, 12-4 
Preindexed (indirect) addressing, 3-9, 5-22 
Printer interrupt, 12-20 to 12-22 
Priority interrupts, 12 -2 
Problem definition, 13-3 to 13-16 

error handling, 13-5 
examples, 13-7 to 13-15 
human factors, 13-6 
inputs, 13-4 
outputs, 13-4 
processing, 13-4 
review, 13-16 

Procedure-oriented languages, 1-7 
Program, 1-2 
Program counter, 3-3, 3-4 
Program design, 13-3, 13-17 to 13-58 

flowcharting, 13-18 to 13-28 
modular programming, 13-29 to 

13-34 
principles, 13-17 



structured programming, 13-35 to 
13-49 

top-down design, 13-50 to 13-55 
Program logic manual, 15-17 
Programmable interface chips, 11-12 
Programmable timer, 11-8 
Programming guidelines, 4-2 
Program stubs, 13-50 
Projects, sample, 16-1 to 16-29 
Pseudo-operations, 2-1,2-4 to 2-9, 3-109 

to 3-111 
DATA, 2-5 to 2-6 
EQUATE, 2-6 to 2-7 
housekeeping, 2-9 
labels, 2-9 
linking, 2-8 
MOS Technology assembler, 3-109 to 

3-111 
ORIGIN,2-7 
RESERVE, 2-7 to 2-8 

Pushbutton interface, 11-43 to 11-49 

Q 

Queue, 9-8 to 9-10, 17-21 

R 

RAM, initialization of, 2-8 
Recursive subroutine, 10-2 
Real-time clock interrupt, 12-23 to 12-31 

definition, 12-23 
priority, 12 -23 
synchronization, 12 -23 

Redesign, 13-3, 15-18 to 15-21 
cost, 15-18 
major changes, 15-21 
saving time, 15-19 to 15-20 
saving memory, 15-19 

Reenabling interrupts, 12-18 
Reentrant subroutine, 10-2 
Register dump, 14-4 to 14-5 
Registers, 3-3 

stack transfers, 10-10, 10-13, 17-9 to 
17-12 

Relative addressing, 3-14, 4-11 
Relative offsets, 3 -14, 5 -5 

distance limitation, 5-11 
Relocatability, 6-5, 10-2 
Relocating loader, 2-17 
Relocation constant, 2-3 
Reorganizing programs, 15-21 
RESERVE pseudo-operation, 2-7 to 2-8, 

3-110 
Reset's effect on D flag (65C02 only), 17-1 
Resetting (clearing) bits, 4-7, 17-12 to 

17-13, 17-15 to 17-16 

Reset under mask, 17-15 
Reset vector, 12 -4 
Resident assembler, 2-16 
RIOTs (ROM/RAM/IOltimer chips), 11-39 

to 11-42 
RMB, 17-12 to 17-13, 17-20 
ROL, 3-85 to 3-86, 8-15 
Rollover, 11 -90 
ROR, 3-87 to 3-88 
Rounding, 8-21 to 8-22 
RTI, 3-89,12-3,12-18 
RTS, 3-90, 10-1 

example, 10-6 

s 
S (sign) flag, 3-3, 3-4, 3-5 
S (stack pointer) register, 3-3, 3-4. See 

also Stack pointer. 
SBC, 3-4, 3-91 to 3-92 

decimal mode, 3-4 
without carry, 3-92 

Searching, 9-5 to 9-7 
SEC, 3-93 
Security bits, 17 -22 
SED, 3-94 
SEI, 3-95, 12-3 
Self-assembler, 2-16 
Self-checking numbers, 8-17 to 8-20 
Self-documenting programs, 15-1 
Semicolon before comments, 3-109 
Sequential execution of instructions, 1-2 
Service routines, 12-37 
SET ORIGIN pseudo-operation, 2-7, 3-110 
SET OVERFLOW instruction, lack of, 3-55 
Setting bits (to 1), 3-80, 17-13 to 17-14, 

17-16 to 17-17 
Set under mask, 17-16 
Seven-segment conversion, 7-4 to 7-6 
Seven-segment display interface, 11-65 

to 11-75 
Seven-segment displays, 7-4, 11-65 
Seven-segment representations, 11-68 to 

11-69 
Shift, 16-bit, 8-15 
Sign flag, 3-3, 3-4, 3-5, 5-13 

BIT instruction, 3-45 
decimal mode, 8-6, 17-18 

Signed numbers, 5-13, 5-16 
Simulator, 14-8 
Single-step mode, 14-1 to 14-2 
16-bit addresses, storage of, 3-7 
16-bit left shift, 8-15 
65C02 programming, 17-1 to 17-22 
6520 Peripheral Interface tldapter, 11-12 

to 11-22, 12-5 



6522 Versatile Interface Adapter, 11-23 
to 11-38, 12-6 to 12-8 

6530 Multifunction Device (RIOT), 11-39 
to 11-41, 12-9 

6532 Multifunction Device (RIOT), 11-39, 
11-42,12-9 

6551 Asynchronous Communications 
Interface Adapter, 11-118 to 11-122 

addresses, 11 -119 
block dia9ram, 11-119 
command re9ister, 11-121 
configuration examples, 11-118 
control register, 11-120 
registers, 11-118 
status register, 11-122 

6800 comparison, 3-105 to 3-108 
6800 mnemonics, 3-34 to 3-37 
6850 Asynchronous Communications 

Interface Adapter, 11-111 to 11-117 
block diagram, 11-114 
control reg ister, 11 -113 
features, 11-111 
interrupts, 12-9, 12-32 to 12-33 
receive routine, 11-115 to 11-116 
registers, 11-111, 11-112 
reset. 11-111, 11-115 
transmit routine, 11-117 

5MB, 17-13 to 17-14, 17-20 
Software delay, 11-8 to 11-11 
Software development stages, 13 -1 to 

13-2 
Software interrupt. See BRK 
Software simulator, 14-8 
Sorting, 9-12 to 9-15 

debugging, 14-19 to 14-24 
65C02 program, 17-20 

Source program, 1-5 
Space character, 6 -7 
Spaces in strings, 6-8 
SP (stack pointer) register, 3-3, 3-5 
Square table, 4-13 
STA, 3-96, 4-4, 11-21 
Stack, 3-4 

assignment to page 1,3-4 
register transfers, 10-10, 10-13, 17-9 

to 17-12 
subroutine use, 10-2 

Stack pointer, 3-3, 3-4 
loading, 3-103, 10-3 
next empty location, 10 -5 
storing, 3-101,10-3 

Standard interfaces, 11-124 
Start bit, 11-103 
Start bit interrupt, 12-34 
Startup interrupt, 12-13 to 12-15 

Status information, 11-78 to 11-80 
Status (P) register, 3-3, 3-4 

BRK instruction, 3-49 
interrupt response, 12-3 
organization, 3-17 
RTI instruction, 3-89 

Stop bit, 11-103 
Stopwatch project, 16-1 to 16-14 
String comparison, 6-17 to 6-19, 17-19 

to 17-20 
String length, 6-3 to 6-5 
String manipulation, 6-1 to 6-22, 10-7 

to 10-10 
Strobe, 11-5 
Structured programming, 13-35 to 

13-49 
advantages, 13-39 
basic structures, 13-35 to 13-38 
disadvantages, 13-39 to 13-40 
documentation, 15-9 
examples, 13-41 to 13-48 
review, 13-49 
rules, 13-49 
terminators for structures, 13-49 
use, 13-40 

Structured testing, 14-27 
Stubs, 13-50 
STX, 3-97 
STY, 3-98, 6-11 
STZ, 17-14 to 17-15, 17-19 
Subroutine instructions, 10-1 
Subroutine library, 10-1, 15-13 to 15-16 
Subroutines, 10-1 to 10-28 

documentation, 10-2 
execution time, 10-6 

Subtraction, 3-92 
Summation, 54 
Switch bounce, 11-47 
Switch interface, 11-43 to 11-60 

multiple-position, 11-55 to 11-60 
pushbutton, 11-43 to 11-49 
toggle, 11-50 to 11-54 

Symbol table, 2-6 
Synchronous 1/0, 11-5 
Syntax, 1-8 

T 

Table lookup, 3-69, 4-13 to 4-15, 7-1, 
7-4 to 7-6 

TAX, 3-99 
TAY, 3-100 
Teletypewriter data format, 11-103 
Teletypewriter interrupt, 12-32 to 12-36 
Teletypewriter interface, 11-103 to 11-117 

character format, 11-103 



receive mode, 11-103 to 11-107 
6522 VIA, 11-103 to 11-110 
6850 ACIA, 11-111 to 11-117 
transmit mode, 11-108 to 11-110 

Testing, 14-25 to 14-29 
aids, 14-25 
examples, 14-28 
rules, 14-29 
selecting data, 14-27 

TEXT pseudo-operation, 3-109 to 3-110, 
6-12 

Thermometer project, 16-15 to 16-28 
Three-operand instructions (88R, 88S), 

17-7 
Time budget for delay program, 11-11 
Time/memory tradeoffs, 4-1~, 15-19 to 

15-20 
Time intervals, production of, 11-8 to 

11-11 L' 

methods, 11-8 
6522 timers. 11-36 to 11-38 

Timers. 11-8, 11-36 to 11-38 
Toggle switch interface. 11-50 to 11-54 
Top-down design, 13-50 to 13-55 

advantages, 13-50 
disadvantages, 13-50 
examples. 13-51 to 13-54 
format, 13 -55 
methods, 13-50 
review. 13 - 55 

Transfer, 8-bit, 4-4 
Transmission errors, 11-5, 13 -15 
Transparent delay routine. 11-9 
Trap. See 8RK 
TRB, 17-15 to 17-16 
TSB, 17-16 to 17-17. 17-22 
TSX, 3-101 
Two-pass assembler. 2 -16 
TXA,3-102 
TXS,3-103 
TVA,3-104 

U 

UART. 11-10, See elsa ACIA 
Unconditional relative branch, 17-8 
User's guide, 15-17 

V 

VIA, 11-23 to 11-38 

W 

addresses. 11-23, 11-25 
auxiliary control register, 11-26 
block diagram, 11-24 
configuration, 11-26 to 11-33 
control lines, 11-23. 11-28 to 11-29 
control registers, 11-26 
data direction registers, 11-27 
data transfers, 11-35 
dummy operations, 11-31, 11-35 
functions, 11-23 
input latches, 11-31 
interrupt enable register, 12-7 
interrupt flag register, 11-30, 11-35, 

12-7 
interrupts, 12-6 to 12-8. 12-13 to 

12-31, 12-34 to 12-36 
peripheral control register. 11-26, 

11-27 
port differences. 11-23, 11-27 
registers. 11-23, 11-25 
reset, 11-27 
timers, 11-36 to 11-38 

IMlrd disassembly, 4-9 
WORD pseudo-operation. 3-109 to 3-110 
Wraparound on page zero, 3-9, 4-14 

x 
X index register, 3-3, 3-9, 3-11 

y 

Y index register, 3-3,3-10, 3-11 

Z 

Z (zero) flag, 3-3. 3-4 
Zero flag, 3-3, 3-4 

CMP. effect of, 4-10. 6-4 
load instructions. 9-4 
logic. 4-8 

Zero operation code. 3-49 
Zero page, 4-3 
Zero page (direct) addressing, 3-7, 4-4 
Zero page indexed addressing. 3-11 












