CHAPTER 2

2. PROGRAMMING TECHNIQUES

The objective of this Chapter is to present examples of programs and techniques that have been
found useful in developing control programs for the MC6800 MPU. Much of the material in subsequent
Chapters also covers programming methods. I/O techniques are discussed in Chapter 3. Chapter 5 is devoted to
peripheral programming; Chapter 6 discusses system integration programming techniques. In this Chapter, the
empbhasis is on three programming areas: (1) arithmetic processing; (2) counter and delay operations; (3) use of

the indexed addressing mode. In addition, Section 2-3 presents techniques for determining if a given program is
usable and/or efficient for a particular application.

2-1 ARITHMETIC OPERATION
2-1.1 NUMBER SYSTEMS

The ALU always performs standard binary adition of two eight bit numbers with the numbers
represented in 2’s complement format. However, the MPU instruction set and hardware flags permit arithmetic
operation using any of four different representations for the numbers:

(1) Eachbyte can be interpreted as a signed 2’s complement number in the range — 127 to +127:
26 2% 24 23 22 21 20

be bs bs ba bz b1 be

(—127 in 2’s complement representation)
(—1in 2’s complement representation)

(0 in 2’s complement representation)

(+1 in 2’s complement representation)

c oo~ ~=F i
- o O = ©
—_ O =

(+127 in 2’s complement representation)

(2) Each byte can be interpreted as an unsigned binary number in the range 0 to 255:
27 28 28 24 28 2 21 Q0
b bs bs bs ba bz b1 bo
o 0 0 O O o0 o0 O (0 in unsigned binary)
1 1 1 1 1 I 1 1 (255 in unsigned binary)

(3) Each byte contains one 4-bit BCD number in the 4 LSBITS, the 4 MS bits are zeros. This is
referred to as unpacked BCD and can represent numbers in the range of 0-9:
27 28 25 24 28 22 Q1 20
br bs bs bs bz bz b1 bo

0 0 0 0 O O 0O O (BCDO
0O 0 0o o0 o0 1 o0 1 (BCD 5)
O 0 0 o 1 0 0 1 (BCD 9)

;_.___w—_l
Always must be 0
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(4) Eachbytecanbe thought of as containing two 4-bit binary coded decimal (BCD) numbers. With
this interpretation, each byte can represent numbers in the range O to 99:
23 22 21 20 23 22 21 20
br bs bs bs bz b2 br bo
o o 0 0o O o0 0 O (BCD 00)
o o 1 o0 o 1 1 1 (BCD 27)
i o o 1 1 0 0 1 (BCD 99)

Each of these number systems will be illustrated with programming examples after the condition
code flags and instruction set have been introduced in more detail .

2-1.2 THE CONDITION CODE REGISTER
During operation, the MPU sets (or clears) flags ina Condition Code Register as indicated in Table

bs bs bs bz b1 bo
Fl | l N l Z l v l Ll Condition Code Register

H = Half-carry; set whenever a carry from bs to bs of the result is generated; cleared otherwise.

Interrupt Mask; set by hardware interrupt or SEI instruction; cleared by CLI instruction. (Normally not

—
I

used in arithmetic operations).
= Negative; set if high order bit (b) of result is set; cleared otherwise.
= Zero; set if result = 0; cleared otherwise.
= oVerflow; set if there was arithmetic overflow as a result of the operation; cleared otherwise.

N < N Z
|

= Carry; set if there was a carry from the most significant bit (b7) of the result; cleared otherwise.

TABLE 2-1.2-1: Condition Code Register

2-13 OVERFLOW

The description of most of the condition code bits is straight forward. However, overflow requires
clarification. Arithmetic overflow is an indication that the last operation resulted in a number beyond the 127
range of an 8-bit byte. Overflow can be determined by examining the sign bits of the operands and the result as
indicated in Table 2 where the results for addition of A + B is shown.

Row az b 1|V
1 0 0 0|0
2 0 1 1
3 o 1 0]0
4 o 1 1160
5 1 0 0j0 (A+B= R
6 1 0o 1[0
7 1 1 011
8 1 1 110

TABLE 2-1.3-1: Overflow for Addition
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If the sign bits of the operands, a7 and b, are different (rows 3 through 6 of the Table) no overflow can occur
and the V flag is clear after the operation. If the operand sign bits are alike and the result exceeds the byte
capacity, the sign bit of the result (r7) will change and the overflow bit will be set. This is illustrated in the

following example. The example follows actual ALU operation in that the starting number A is initially in the

accumulator but is replaced by the result of the current operation.

v
0

7 6 5 4 3 2 1 0
0 o 1 1 0
1 0 0 0 O 1 1 1
1 0 1 1 1 1 0 1
1 0 1 1 1 1 0 1
1 1 0 1 1 1 1 1
1 0 O 1 1 1 0 O
7 6 5 4 3 2 1 0
1 0 0 1 1 1 0 o0
1 1 1 0 6 0 0 O
0 1 1 1 1 1 0 0

A=

B:

Ro=

Ro=
B =
Ri=

+54;

—121; (negative numbers are in 2’s complement
notation)

A+B = —67; (signs of A & B different; no
overflow)

—67;

—-33;

Roe + B = —100; (Signs alike but byte capacity
not exceeded; no overflow)

= —100;
= —=32;

+124 (Signs of R1 & B alike and sign of result
occurred)

Here the capacity of the register has been exceeded and the result is + 124 rather than — 132. Overflow is said to

have occurred.

In subtraction operations, the possibility of overflow exists whenever the operands differ in sign.

Overflow conditions For A — B are illustrated in Table 3.

Row

- BN B N L

ar br |V
0o 0 oO0f(O0
0 0 1 1
0 1 [
0 1 1 0
1 0 0[O0
1 0 1 0
1 1 0 1
1 1 1 0

(A—-B)=R

TABLE 2-1.3-2: Overflow for Subtraction

Note that Table 3 is identical to the addition table except that b7 has been replaced byb—7. This is explained by the
fact that the ALU performs subtraction by adding the negative of the subtrahend B to the minuend A. Hence, the
ALU first forms the 2’s complement of B and then adds. The subtraction table with bz negated then reflects the
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sign bits of two numbers that are to be added. If a7 and 7 are alike, overflow will occur if the byte capacity is
exceeded.

2-1.4 THE ARITHMETIC INSTRUCTIONS

Table 2-1.4-1 summarizes the instructions used primarily for arithmetic operations. The effect of
each operation on memory and the MPU’s Accumulators is shown along with how the result of each operation
effects the Condition Code Register.

The carry bit is used as a carry for addition and as a borrow for subtraction and is added to the
Accumulators with the Add With Carry Instructions and subtracted from the Accumulators in the Subtract With
Carry instructions.

The Decimal Adjust instruction, DAA, is used in BCD addition to adjust the binary results of the
ALU. Used following the operations, ABA, ADD, and ADC on BCD operands, DAA will adjust the contents
of the accumulator and the C bit to represent the correct BCD Sum.

Table 2-1.4-2 shows the details of the DAA instruction and how it affects and is effected by the
Condition Code Register bits.

2.1.4.1 Useof Arithmetic Instructions

Typical use of the arithmetic instructions is illustrated in the following examples:

The ABA instruction adds the contents of ACCB to the contents of ACCA:

ACCA 10101010 ($AA)

ACCB 11001100 ($CO)

ACCA" 01110110 ($76) with a carty.
CARRY 1

The ADCA instruction adds the operand data and the carry bit to ACCA:

br bs bs ba bs bz b1 bo

ACCA 1 o 1 0 1 0 1 0 $AA
OPERAND DATA i 1 o O 1 1 o O CcC
CARRY 1
ACCA 0o 1 1 1 o 1 1 1 $77 with carry
CARRY 1

In both of these examples, the 2’s complement overflow bit, V, will be set as shown in T
2.1.4.1-1.
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ADDRESSING MODES COND. CODE REG.
BOOLEAN/ARITHMETIC OPERATION
ACCUMULATOR AND MEMORY IMMED DIRECT INGEX EXTND INHER (All register labels 514]3]|2(1]0
OPERATIONS MNEMONIC |OP | ~ } # JOP |~ [ # (OP |~ | # | 0P|~ | #|OP|~| # refer to contents) H{I]N vic
Add ADDA 88 | 2 2198 (3 2 {AB |5 2 (BB 4 3 A+M—-A tle| [t
ADDB cB | 2 21083 2 [EB |5 2 (FB | & 3 B+M—~B I EARARE R
Add Acmitrs ABA 18 | 2 1| A+8—A tlelt]|t|t]e
Add with Carry ADCA 89 2 2|99 3 2 |A3 |5 2|83 | 4 3 A+M+C—>A tlel |ttt
ADCB 9|2 |2 (D9 |3 |2 |E9 |5|2|F9 |4 3 B+M+C—B HEIEIRIEE R
Complement, 1's com 83 |7 [ 2|71 6]3 MM ool TI3|R|S
COMA 32| 1] A~a oleo|t|t[R]|S
COMB 3|2 1|B~8 eleit|t|R]|S
Complement, 2's NEG 60 |7 | 270|586 |3 0 -M->M ool 1|1 OO
( Negate NEGA 2] 1[00-A-A ele| OB
NEGB 56 | 2| 1]00-8-8 ele| 11O
Decimal Adjust, A DAA 1921 ﬁ::v;g; B;g::’a?dd’ of BCD Characters efejt|t|tI®
Rotate Left :gtA 69 |7 (2|71 })6 |3 wlal, r [D ) LU* ] : : : 1 g :
< b; =  bo
ROLB 59 |2 (1|8 eleof 1| 1|@®]?
Rotate Right ROR 66 [ 7| 2|76 |6 |3 My elelt|t|®]!?
RORA % | 2 IALQAUD:EEEDID—‘] olelt|t|®|t
RORB 62|18 7o ool t|1|®|1
Shift Left, Arithmetic ASL 68 7 2(718 [ 3 M - ole| 1 t[®]!
ASLA 48 |2 |1]aA %kbE?D:DIEE,#O elel t|t|®}?
ASLB 8 12|18 eje[tt|®}!?
Shift Right, Arithmetic ASR 87 | 7 2(717]16 (3 M - ole|t|t|®]t
ASRA a7 2 |1]aA %E] -0 eje[t|1|®|?
o7 oo <
ASRB 5112|118 siel 1| 1I®|!
Shift Right, Logic. (SR 64 |7 |2|7|6]3 ™ . elelr|t|®|!?
LSRA @12 |1|a u—oE[DID:ElO -8 olejr|1|®!
LSRB 54 |2 (1]8 ele|R|1[(®|!
Subtract SUBA 80 ) 2 (2 (9 (3|2 |A0|5|2|8B0 |4 )3 A-M—A el |2t
SUBB co| 2 2 D0 |3 2 [E0 | 5 2 | FO| 4 3 B-M—+B LR N A
Subract Acmitrs. SBA 0|21 1]A-B>A elel t Ittt
Subtr. with Carry SBCA 8212|219 312 |Aa|5]|2|82]4]3 A-M-C—A efelts|t]t
SBCB C2| 2 |2 |p2)3 (2 }E2|5|2|F2]4]3 B-M-C~B eoleo|t{t[t]t
LEGEND: 00  Byte= Zero; CONDITION CODE REGISTER NOTES:
OP  Dperation Code (Hexadecimal); H Half-carry from bit 3; {Bit set if test 45 true and cieared otherwise)
~  Number of MPU Cycles; ! Interrupt mask @ (Bit V} Test: Result = 100000007
#  Number of Program Bytes; N Negative (sign bit} (@ (BitC) Test: Result = 000000007
+ Arithmetic Plus; 4 Zero (byte) @ (BitC) Test: Decimal value of most significant BCD Character greater than nine?
- Arithmetic Minus; \ Overflow, 2's complement (Not cleared if previously set.)
+  Boolean AND; 4 Carry from bit 7 ® (BitV] Test: Set equal to result of N & C after shift has occurred
Mgp Contents of memory location R Reset Always
painted to be Stack Pointer; s Set Always
+ Boolean Inclusive OR; 3 Test and set if true, cleared otherwise
® Boolean Exclusive OR; 3 Not Affected
M Complement of M; CCR Condition Code Register
=+ Transfer Into; LS Least Significant
0 Bit = Zero; MS  Most Significant

TABLE 2-1.4-1. Arithmetic Instructions



Operation: Adds hexadecimal numbers 00, 06, 60, or 66 to ACCA, and may also set the carry
bit, as indicated in the following table:

State of Upper Initial Lower Number Added State of
C-Bit Half-Byte Half-Carry Half-Byte to ACCA C-Bit
Before DAA (Bits 4—7) H-Bit {Bits 0—3) by DAA After DAA
{Col. 1} (Col. 2) {Col. 3} {Col. 4) ___(&‘:L"_S)___ {Col. 6)

0 0-9 0 0-9 00 0

0 0-8 0 A—F 06 0

0 0-9 1 0-3 06 0

0 A—F 0 0-9 60 1

0 9-F 0 A—F 66 1

0 A-—-F 1 0-3 66 1

1 0-2 0 0-9 60 1

1 0-2 0 A-F 66 1

1 0-3 1 0-3 66 1

NOTE: Columns (1) to {4) of the above table represent all possible cases which can result from
any of the operations ABA, ADD, or ADC, with initial carry either set or clear, applied
1o two binary-coded-decimal operands. The table shows hexadecimal values.

Effect on Condition Code Register:
H Not affected.
Not affected.
Set if most significant bit of the result is set; cleared otherwise.
Set if all bits of the result are cleared; cleared otherwise.
Not defined.

Set or reset according to the same rule as if the DAA and an immediately preceding ABA,
ADD, or ADC were replaced by a hypothetical binary-coded-decimal addition.

O < N2 7

TABLE 2-1.4-2, Effect of DAA Instruction
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2’s complement bz bz bz

overflow carry ACC ACC OPERAND (OR ACCB)
after after after before before
0 0 0 0 0
1 0 1 0 0
0 0 1 0 1
0 1 0 0 1
0 0 1 1 0
0 1 0 1 0
1 1 0 1 1
0 1 1 1 1

TABLE 2-1.4.1-1 Truth Table for ‘‘Add with Carry’’

The SUBA instruction subtracts the operand data from ACCA:

br bs bs bs bs b2 b1 be

ACCA 0 1 1 0 o0 1 0 1 $65
OPERAND DATA 1 0 0 0 0 I 1 1 $87
ACCA 1 1 0 1 1 1 I 0 $DE with a borrow
BORROW 1

The SBCA instruction subtracts the operand and the borrow (carry) it from ACCA.

bz bse bs bs bz bz b1 bo

ACCA 1 0 1 1 1 1 0 0 $BC
OPERAND DATA 0 1 I 1 1 0 1 $7B
BORROW (carry) 1 C=1
0 1 0O 0 0O O 0 O $40 no borrow
BORROW 0

The 2’s complement overflow and carry bits are set in accordance with Table 2-1.4.1-2 as a result of
a subtraction operation.
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2’s b7 b7 b7
complement carry ACCA ACCA OPERAND
overflow after after before before
0 0 0 0 0
0 1 0 0
0 1 0 0 1
1 1 1 0 1
1 0 0 1 0
0 0 1 1 0
0 0 0 1 1
0 1 1 1 1
‘

TABLE 2-1.4.1-2: Truth Table for ‘Subtract with Borrow”’

2-1.5 ADDITION AND SUBTRACTION ROUTINES

Most MPU based systems will require that the arithmetic instruction set be combined into mOIe
complex routines that operate on numbers larger than one byte. 1f more than one number system is used
routines must be written for each, or conversion routines to some common base must be used. In many cases
however, it is more efficient to write a specialized routine for each system requirement, i.¢., hexadecima
(HEX) versus unpacked BCD multiplication, etc. In this section, several algorithms will be discussed wit
specific examples showing their implementation with the MC6800 instruction set.

The basic arithmetic operations are binary addition and subtraction:

ALPHA + BETA =GAMMA ALPHA — BETA =GAMMA

LDAA ALPHA LDAA ALPHA
ADDA BETA SUBA BETA
STAA GAMMA STAA GAMMA

These operations are so short that they are usually programmed in line with the main flow. Additi
of single packed BCD bytes requires only one more instruction. The DAA instruction is used immediately af
the ADD, ADC, or ABA instructions to adjust the binary generated in accumulator A (ACCA) to the cofr
BCD value:

LDAA ALPHA
ADDA BETA
DAA
STAA GAMMA
Carmry ACCA

X 67 0110 0111 = ACCA

X +79 carry 0111 1001 = MEMORY

o 146 0 1110 0000 = ACCA binary result

46 1 0100 0110 =ACCA after DAA; the carry bit will alsob

because of the BCD carry.
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Since no similar instruction is available for BCD subtraction, 10’s complement arithmetic may be
used to generate the difference. The follow routine performs a BCD subtraction of two digit BCD numbers:

LDAA  #$99

SUBA  BETA (99-BETA) = ACCA

SEC carry = 1

ADCA  ALPHA ACCA + ALPHA + C = ACCA
DAA DECIMAL ADJUST (—100)

STAA GAMMA ALPHA-BETA = GAMMA

The routine implements the algorithm defined by the following equations.

ALPHA — BETA = GAMMA
ALPHA + (99-BETA) —99 = GAMMA 9’s COMPLEMENT OF BETA
ALPHA + (99-BETA+1) —100 = GAMMA 10’s COMPLEMENT OF BETA

One is added to the 9°s complement of the subtrahend by setting the carry bit to find the 10’s complement of
BETA which is then added to the minuend ALPHA and saved in ACCA. The DAA instruction adjusts the result
in ACCA to the proper BCD values before storing the difference in GAMMA. Since 100 has been added (99 +
1) to the subtrahend by finding the 10’s complement, 100 must also be subtracted. This is accomplished by the
DAA instruction since the resulting carry is discarded.

Multiple precision operations mean that the data and results require more than one byte of memory.
The simplest multiple precision routines are addition and subtraction of 16 bit binary or 2’s complement
numbers. This is often called double precision since 2 consecutive bytes are required to store 16 binary bits of

information. The following routines illustrate these functions:

LDAA ALPHA +1

LDAB ALPHA

ADDA BETA +1 ADD LS BYTES

ADCB BETA ADD MS BYTES WITH CARRY FROM LS BYTES
STAA GAMMA +1

STAB GAMMA

LDAA ALPHA +1

LDAB ALPHA

SUBA BETA +1 SUBTRACT LS BYTES

SBCB BETA SUBTRACT MS BYTES WITH BORROW FROM LS BYTES
STAA GAMMA +1

STAB GAMMA

Four digit BCD addition can be accomplished in a similar fashion with the use of the DAA
instruction. The following routine has been expanded to a 2N digit addition where N is the max number of
packed BCD bytes used:

29



START CLC

LDX #N

LOOP LDAA ALPHA X
ADCA BETA X
DAA
STAA GAMMA X
DEX
BNE LOOP

NOTE: ALPHA, BETA, and GAMMA must be in the direct addressing range and adjusted for
offset for this example (See indexed addressing for further details).

This routine uses indexed address to select the bytes to be added, starting with the least significant.
The carry is cleared at the start and is affected only by the DAA and ADCA instructions. This allows the carry to
be included in the next byte addition.

Expanding subtraction to multiple precision is accomplished in a manner similar to the single byte
case; 10’s complement arithmetic is used. A suitable routine is shown in the Assembly Listing of Figure
2-1.5-1.

This routine first finds the 9’s complement of the subtrahend and stores it in the result buffer. The
carry is then setto add 1 to 9s complement, making it the 10’ complement which is then added to the minuend
and stored in the result buffer. Note that this routine has 2 loops, the first to calculate the 9°’s complement, the
second to add anddecimal adjust the result. The decimal add and subtract routines operate on 10’s complement
numbers as well as packed BCD numbers. A number is known to be negative in 10s complement form when
the most significant digit in the most significant byte is a 9. When in the 10’s complement form, this digit is
reserved for the sign and the actual number of magnitude digits is one less than 2 times the number of bytes. A
routine similar to the above subtract program will convert the 10’s complement number to decimal magnitude

with sign for display or output purposes:

DCONV CLR SINFLG CLEAR SIGN FLAG
LDAA RESULT+1 GET MSBYTE
BPL END POSITIVE:END
LDX #8 NEGATIVE:
LDAA #3$99
DCONV1 A RSLT X SUBTRACT RESULT FROM
STAA RSLT,X ALL 9’s INCLUDING
DEX SIGN DIGIT
BNE DCONV1
LDX #
CLRA
SEC
DCONV2 ADCA RSLT,X ADD 1 TO RESULT
DAA
STAA RSLT,X
DEX
BNE DCONV2
DEC SINFLG SET SIGN FLAG
END RTS RETURN

The sign flag would be used to indicate plus when clear and minus when not clear.
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FIGURE 2-1.5-1. Decimal Subtract Assembly Listing
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2-1.6 MULTIPLICATION

Multiplication increases programming complexity. In addition to the addition and subtraction
instructions, the use of the shift and rotate instructions is required. The general algorithm for binary

multiplication can be illustrated by a short example:

(1) Test the least significant multiplier bit for 1 or 0.
(a) If it is 1, add the multiplicand to the result, then 2.
(b) If it is O, then 2.

(2) Shift the multiplicand left one bit.

(3) Test the next more significant multiplier bit; then la or 1b.

DECIMAL BINARY
13 1101 MULTIPLICAND
1 1011 MULTIPLIER LSB=1; ADD MULTIPLICAND TO RESULT (A)
o 1101 (A)
13 1101 (B) SHIFT MULTIPLICAND LEFT ONE BIT (B)
100111 (C) LSB+1 = 1; ADD MULTIPLICAND TO RESULT (C)
13 1101 (D) SHIFT MULTIPLICAND LEFT ONE BIT (D)
_ 1101 (E) LSB+2 = 0; SHIFT MULTIPLICAND LEFT 1 (E)
143 10001111 (F) LSB+3 = 1; ADD MULTIPLICAND TO RESULT (F)
128 + 15 =143

Signed binary numbers in 2’s complement form cannot be multiplied without correcting for the cross
product terms which are introduced by the 2°s complement representation of negative numbers. There is an
algorithm which generates the correct 2’s complement product. Since positive binary numbers are correct 2s
complement notations, they also may be multiplied using this procedure. It is called Booth’s Algorithm.

Simply stated the algorithm says:

(1) Test the transition of the multiplier bits from right to left assuming an imaginary 0 bit to the

immediate right of the multiplier.
(2) If the bits in question are equal, then 5.
(3) If thereisa O to 1 transition, the multiplicand is subtracted from the product, then 5.
(4) If there is a 1 to O transition, the multiplicand is added to the product, then 5.

(5) Shift the product right one bit with the MSBit remaining the same. (This has the same effect as

~

shifting the multiplicand left in the previous example).

(6) Go to 1 to test the next transition of the multiplier.
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The following example (Figure 2-1.6-1) shows the typical steps involved in an actual calculation.

A Flowchart and Assembly Listing for a program using the MC6800 instruction set is shown in
Figures 2-1.6-2 and 2-1.6-3, respectively. The results of simulating this program, Figure 2-1.6-4, shows worst
case processing time to be approximately 1.662 msec. The worst case condition results when alternate
additions and subtraction are required in each of the 16 loops required to have the result in the proper location.

Sign Bits 5 Bits
111101 =-3

111011 = -5
\0000001111/ = +1b

10 Bits

—
—
—

Multiplicand

N
-
-
- QO
-
e

Multiplier

¢

0 to 1; subtract by adding the 2's

- O

complement of the multiplicand

PRODUCT

1 Shift PRODUCT

11 1 to 1shift PRODUCT
1 to 0 add

PRODUCT
0111 Shift PRODUCT
0 to 1 subtract

PRODUCT
Shift PRODUCT
1 to 1 shift
1 to 1 shift

- O O o |o o

- O O O o o

- O O o |o o

- O 0O O |O 0|0 =
- = 0O |00 O =

== O = = j.a O

—_
-
e

O 0O 00O |0 = =
O O 00 |0 = =
O O 0O 0O |0 = =
o O oo

O 0O O = |=

© O = =

[ Y

- 0 a4

- -

-

o oocoo|lo-
-

¢

v
Q
3
-
o

FIGURE 2-1.6-1. Multiplication Using Booth’s Algorithm
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Clear the Working Registers
This Includes the Previous LS Bit
of the Multiplier Test Byte
Initialize the Shift Count to 16

YES

Does the

LS Bit of the

Muitiplier = the

Previous LS Bit
?

Does
the LS Bit
of the Multiplier
=0?

Add the Muitiplicand
to the Product with
the MS Bytes Lines Up

N

Subtract the Multipticand
from the Product with
the MS Bytes Lined Up

Return
from
Subroutine

FIGURE 2-1.6-2. Flow Chart for Booth”

T )

Clear the Previous
LS Bit of the Multiplier Test Byte

shift the Multiplier Right One

Bit with the LS Bit Going into
the LS Bit of the
Multiplier Test Byte

l

Shift the Product Right One Bit,
the MS Bit Remaining the Same

\

Decrement the
Shift Counter

Does
the Shift
Counter
=0?

s Algorithm
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FIGURE 2-1.6-3: Assembly Listing for Booth’s Algorithm (Sheet 1 of 2)
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In the transaction terminal design described in Chapter 6, it is necessary to multiply price by
quantity, price by weight, and total price by tax. All these operations, as defined, require a 5 by 3 digit
unpacked BCD multiply, where unpacked means one BCD digit per byte. Decimal point poisition is
determined by the executive program’s use of the subroutine buffers. The main multiply loop XKMPLY (refer
to the flow chart of Figure 2-1.6-5 and the Assembly Listing of Figure 2-1.6-6) is similar to the basic multiply
algorithm shown in the first example of this Section except that it has been modified to test the shifted multiplier
byte for zero. This minimizes the number of shifts required to generate the correct result. This result or partial
product is generated in ACCA and then decimal adjusted to determine the number of tens and the number of
ones it contains. The number of ones results is in ACCA and the number of tens is in ACCB. ACCA is then
added to the result buffer for the present partial product, ACCB is added to the result buffer for the next more
significant partial product. The maximum number stored in any result buffer before it is added to the new partial
product is 18 (9 max from its previous decimal adjustment plus 9 max from number of tens from the adjustment

“of the next least significant partial product.) This value, when added to the maximum partial product of 81, is
less than 255, the maximum value in one byte so no carry or overflow will occur. This combined with the fact
that the multiplication progresses from the least to the most significant byte says that the last partial product to
be adjusted will be for the most significant result and that it and all previous result bytes will be in the proper
decimal format.

The simulation for XKMULT gave the following results:

99999
X 999
99899001 in 4.651 ms

00009
X 007

63 in 1.108ms

00079
X 700

55300 in 1.426 ms

00005
X 100

500 in 974 ms

From this, the worst case multiplication is approximately 4.7 milliseconds, most of which is used up
in determining the number of 10°s and 1’s in each partial product. The program is general in nature, i.e., it can
easily be expanded (or shortened) to any number of unpacked BCD digits by increasing or decreasing the

maximum value of the various address pointers and their corresponding memory buffers.

2-1.7 DIVISION

Another arithmetic routine developed for the transaction terminal demonstrator divides a timing
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FIGURE 2-1.7-1. XKDIVD Flow Chart
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count accumulated in the index register (up to 4 HEX digits) by the constant 7. This routine is used to determine
an average module width during a portion of the UPC label scan routine. (See the description of the UPC label

scanner in Chapter 5 for further details.) The routine permits division by a 2-digit Hex number as shown in

Figures 2-1.7-1 and 2-1.7-2; it calculates the displacement of the remainder left in the dividend and sets the

quotient to FFFF if division by zero is attempted.

The algorithm used for this straight forward binary division is as follows:

(1) Left justify the divisor byte.

(2) If the MS byte of the dividend is less than the divisor byte, shift quotient left one bit with the LS
bit = 0, then 4.

(3) Ifthe MS byte of the dividend is greater than or equal to the divisor, (2) shift the quotient left one
bit with the LS Bit = 1; (b) subtract the divisor from the MS byte of the dividend, the result
being stored in the MS byte of the dividend; then 4.

(4) Shift the dividend left one bit with the LS Bit = 0, and the MS Bit going into the carry.

(5) If the carry is set, go to 3a.

(6) If the carry is not set, go to 2a.

The process continues until the number of quotient shifts equals 8 + the number of shifts required to

left justify the divisor. A simulation (Figure 2-1.7-3) shows a typical divide takes approximately 1 millisecond.

This section is, by no means, comprehensive. It is intended to provide some examples that can be

used as is or that will suggest the direction for modifying them for other specialized applications.
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2-2 COUNTING DELAY MEASUREMENT/GENERATION

When microprocessor systems are initially considered as replacements for conventional logic
designs thereis a natural tendency to formulate such questions as: What is the program that replaces a flip-flop?
A counter? A shift register? A one-shot? Etc.? Such questions are better posed as: ‘What is the function that must
be performed? The answer to the question then often falls in one of two categories: (1) The number of times
something occurs must be determined (counted); QA particular time interval must be measured or generated
prior to taking some action.

These functions are also commonly used for controlling internal program flow; the MC6800
provides a variety of ways for performing them. Short (up to 8-bits or decimal 255) counter requirement can be
implemented using either of the two accumulators or any RAM location. The increment (INC) and decrement
(DEC) instructions apply to random access memory locations outside the MPU as well as the accumulators.
(The instruction set for the MC68001is discussed in Section 1-3) The data test instructions BITA,BITB, CMPA,
CMPS, CBA, TST (memory), TSTA, and TSTB that are available for updating the Condition Code Register
combined with the branch instructions permit complete control of counter operations.

For applications requiring long counters (up to 16-bits o decimal 65,535) the Index Register and its
full complement of instructions are available. When more than one long counter is required simultaneously, 2

short program can be written that permits two adjacent RAM locations to be used as a 16-bit counter:

INC N+1 Increment mem. log. (N+ 1)

BNE CNTNUE if result not = 0 continue
INC N
CNTNUE XXX XXXXXX Next program instruction

This sequence effectively increments a 16-bit word located in memory locations N and N+1. A similar

procedure is available for decrementing a 16-bit word:

TST N+1 Mem. loc. N+1 = 0?

BNE NEXT No, go decr. N+1
DEC N Yes, first decr. N
NEXT DEC N+1 Decr. N=1
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In addition to their use for long counters, these instruction sequences can be used for modifying return
addresses. During execution of subroutines and interrupt service routines the program counter containing the
return address is stored on the stack, a designated area in RAM. The increment or decrement sequences can be
used to change the program counter value on the stack and thus cause the return from subroutine or interrupt to
be to a different location in the main program.

It is possible in some cases to use the index Register and Accumulators for two functions
simultaneously when one is a counting function. As an example, assume that data from a peripheral device is to
be entered into the MPU’s memory via an MC6820 PIA!. The peripheral is to indicate the presence of data by
setting a flag, bit 7 of the PIA’s Control Register. Each time the flag is set the MPU is to retrieve the data from
the PIA Data Register and store it in an internal memory location until a total of 8 bytes have been accumulated.
Since the PIA’s Data Register and Control Register look like memory to the MPU, a program is required that
will cause the MPU to monitor one memory location for a change in a flag bit and then fetch the data from
another location. This operation is to be repeated the specified number (8) of times.

The following sequence of instructions uses a single register, Accumulator B, for both the
monitoring and counting functions:

LDAB  #08 Put 2’s Compl. of byte count in ACCB.
LOOP1 BITB PIACRA  Byte Available flag set?

BPL LOOP1 Not yet; loop back, chk. again.

LDAA PIADRA Yes; Fetch byte.

PSHA Put byte on stack.

INCB Eight bytes yet?

BNE LOOP1 No, go wait for next bype.
XXX XXXXXX Yes, continue with program.

This program takes advantage of the fact that incrementing an accumulator containing FF cause it to “‘roll
over’” to 00. The two’s complement of the required count is entered as the byte count. Since this will cause the
sign bit (bit 7) of ACCB to be positive and since the BIT test does not affect ACCB but does update the
Condition Code Register, the Bit test followed by the Branch on Plus instruction can be used to monitor the flag
bit. As soon as bit 7 of the Control Register is set to one, the BPL test fails and the MPU fetches the current data
byte by reading the Data Register (PIADRA) and then pushes the byte onto a stack location in RAM. The design
of the PIA is such that the flag is automatically cleared by the LDAA PIADRA operation. The byte count is then
“‘reduced’’ by incrementing ACCB and tested by the Branch on Not Equal Zero instruction. Unless the eighth
byte has just been transferred the program loops back to wait on the next data byte. 1f the current byte was the
eighth, the INC B instruction cause the count to roll over to zero, the branch test fails, and program flow falls
through to the next instruction. The other test instructions (TST, CMP, and CBA) can also be used in a similar

'Operation of the PIA is described in detail in Section 3-4.
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fashion since they 100 update the condition Code bits but do not affect register contents. Note also that it was not
necessary to bring the contents of the Control Register into the MPU in order to examine the flag.

Delays can be generated in a variety of ways. A typical procedure is shown in the following

sequence:
LDAA  #32 Takes 4 cycles t© execute.
LOOP1 DECA (2 cycles)
BNE (4 cycles)

In this example, the MPU will go through LOOP1 32 times SO that the total delay introduced by these

instructions is, for a 1.0 psec cycle time:
4 +NQHH = 196 psec

The number of times through the loop i calculated as the program is developed. If, for instance, the required
delay is 200 psec, the value to be loaded into ACCA is determined from:

(200 — 4)/6 = 32.6 =~ 32

Note that since the nearest smaller integer is selected, the actual delay generated in only 196 psec. If greater
accuracy is required, the sequence above couldbe followed by two NOP instructions, since each NOP advances
the program counter and takes up two cycles. Delays beyond the capacity of an 8.-bit Register and a single loop
can be generated by using the Index Register and/or multiple loops. It is also sometimes desirable to write the
delay sequence as a callable subroutine that can be used to generate variable delays. This is illustrated by the
following routine. This sequence assumes that the amount of delay, in milliseconds, is loaded into 2 RAM
location identified as «pLYBFR”’ prior 10 calling the routine.

DELGEN LDAA DLYBFR (@) 4 cycles

LOOP1 LDAB  #165 (b) 4 cycles
LOOP2 DECB (c) 2 cycles
BNE LOOP2 (d) 4 cycles
DECA (e) 42cycles
BNE LOOP1 (f) 4 cycles
RTS () 5 cycles
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The MPU will go through LOOP2 165 times each time it is entered: 165 (c+d) = (165)(6) + 990 cycles. For
every time through LOOP1 there will be a total LOOP2 time plus the b, e, and f cycle times, or the total time,
including the RTS cycle time, is:

Total delay = DLYBFR (990+4+2+4) + 5
= DLYBER(1000) + 5

I, for example, DLYBFR had been loaded with 17, indicating that a 17 msec delay was required, then fora 1.0
usec cycle time. The total delay is 17,005 usec = 17 msec with small error. The value 165 that is loaded into
ACCB was of course selected to provide the desired scale factor, i.e., so that the delay could be entered as an
integral number of milliseconds. Variation on these procedures can be used to generate virtually any amount of
delay. Note that if for some reason it is undesirable to disturb the contents of the Accumulators or Index Register

while generating a delay, RAM memory registers may be used. The INC and DEC instructions also operate
directly on memory.
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2-3 EVALUATING PERIPHERAL CONTROL ROUTINES

Data handling often involves the transfer of data between a microprocessor’s memory and a time
dependent peripheral. 1t is necessary o synchronize the data transfer program to the peripheral because the
peripheral data clock is asynchronous with respect to the program clock. The 1/O controller which handles the
data transfer consists of both hardware and software. An implicit assumption is that the best trade-off occurs by
minimizing the hardware in the controller.

In a microprocessor based /O controller, it is necessary 10 determine:

(1) How fast can the microcomputer transfer program move data (as contrasted with a direct

memory access scheme)?
(2) Will a given data transfer program work successfully in the system?
(3) Is there any processing time remaining after handling the data movement?
(4) Can any additional time dependent functions be performed?
(5) What is the maximum length routine that can be performed in addition to the data transfer?

An analysis is required that will provide a technique for testing the operation of a proposed program. In
addition, if there is unused processing time in the system, it may be possible t0 eliminate additional hardware
(e.g., buffer registers). If a given program does not work in the system, the analysis should enable the user to
modify the program or add additional hardware to allow the system to work.

Specific examples of the word transfer problem for a floppy disk and the bit transfer problem for a
cassette system will be used to illustrate the typical problems. The cassette data transfer example also illustrates
the technique for increasing the amount of usable spare time by borrowing it from adjacent data cells. In this
case, the spare time is used to refresh a display.

When a peripheral signals the MPU requesting processing time, it will be referred to as a Service
Request, (SR). When the service request is periodic, as in the above mentioned examples, it is called a time
dependent service request. Read or Write Data Transfers are both examples of such service requests and where
the examples show programs or terms referring to a Read Data Transfer, they are meant to be illustrative of both

Read and Write Data Transfers.

2-3.1 NOTATION USED SERVICE REQUESTS AND PROGRAMS AS WAVEFORMS ON A
TIMING DIAGRAM

The process of synchronizing a data transfer program to 2 peripheral can be visualized more easily
when the SR’s and the program are both represented as waveforms on 2 timing diagram. The peripheral SR
waveform is developed from the specifications of the peripheral which identify the maximum time, Timit takes
to load the data buffer (the period during which data is invalid), and the minimum period, Tom between service
requests. The subscript m refers to the parameters of the mth peripheral.

The data transfer waveform is developed by writing the actual data transfer program and then

calculating the time it takes to:

(1) Capture the data (Tam)
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(2) Process the data (Tem — includes period T4m)

(3) Loop in a synchronization delay loop until a SR is active. (nTs — where Ts is the single loop
time and n is the number of times the program loops).

These values are calculated by counting the number of processor clock cycles required to execute
each function, and multiplying the numbers by the MPU clock rate. The waveforms and notation for a typical
situation are illustrated in Figure 2-3.1-1. Figure 2-3.1-2 shows a flow chart for a data transfer program for a
single peripheral. Figure 2-3.1-3 details the ‘technique for calculating the program parameters and Figure
2-3.1-4 illustrates the relation between the peripheral word ready service request and the program timing. The
values of the SR parameters are for a floppy disk data transfer.

The period To1 is the worst case (fastest) peripheral data word rate, and it is calculated taking into
consideration floppy disk motor speed variations. The SR update time T11, is the time during which a new word
is being loaded into the data buffer, and at the end of which there exists an active SR.

The timing diagram of Figure 2-3.1-4 shows a processor clock running at a 1 usec cycle time and
shows how the word capture time is developed from a knowledge of the point in the instruction cycle when the
word capture begins and ends. In this case, the program begins the word transfer at the positive edge of the
fourth processor clock cycle during the LDAA RDCTL instruction and completes it at the negative edge of the
fourth clock cycle during the LDAA RDDATA instruction which moves the data. Therefore, Ta1 is equal to the
number of clock periods between initiation and the end of transfer, 8.5 cycles = 8.5us. The first two
instructions form the sync loop (T3) and the total program represents the program processing time (T21).

le————— Tom ————p)
T
PERIPHERAL SRm —'I [¢— "1m

{word ready) L l_'
_ﬂ T4m F.__
PROGRAM DATA l I l I |
TRANSFER -
{word fetch) AJ l
Ym +—Tom T3 pg——Tom—

Tom = Period of service request of mth peripheral (word ready period).
Tym = Service request update time {Data Invalid) for mth peripheral.
Tym = Program Processing Time of the mth SR, Includes

time to capture data.

T3 = Synchronization Loop time when the program has checked
and found no active service requests.

T4m = Data Capture Time of the mth SR,

t1y = Initial offset between the SR and Program Data
Transfer Waveforms.

n = number of times the program goes through the
synchronization delay loop.

FIGURE 2-3.1-1. Peripheral Service Request (SR} and Data
Transfer Program Waveforms and Notation
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2-3.2 DEVELOPMENT OF EQUATIONS AND INEQUALITIES USED TO TEST SUCCESSFUL
SYSTEM OPERATION

A successful data transfer means that each time the peripheral indicates, via an SR, that a data word
is available, the program is able to capture the data before it is replaced by the next data word. It is implied that
the program is able to proces the data between data word transfers. (In the floppy disk data transfer program,
processing involves storing the data in Random Access Memory (RAM) and checking whether it was the last
word that needed to be transferred.) Similarly for data transfers to the peripheral, the program must make the
data word requested available before the succeeding request arrives. In other words, a successful data transfer
consists of avoiding an overrun (during READ) and underflow (during WRITE).

If the SR is not ative at the time that the program checks fora SR, (i.e., the data word is not ready),
then the program goes into a synchronization (sync) loop, which causes a delay (Ts). At the end of a sync loop,
the program again checks for an active SR.

In the following analysis, it is assumed that the values of the parameters detailed in Figure 2-3.1-1
are at their worst case limits and are constant for simplicity, the single SR model (where m = 1) will be used
initially.

For the system to transfer data successfully the average word processing time TAVG must be
approximately equal to the peripheral data word SR period Tos.

TAVG = Tos ey

More precisely stated, in the limit as the number of words transferred, p, approaches infinity, the
average word processing time, TAVG, is exactly equal to the byte cell period To:.

WORD
READY?

STORE
WORD

|

1‘3
H

.

DECREMENT
WORD COUNTER

FIGURE 2-3.1-2. Flow Chart for a Typical Data Transfer Program
for a Single Service Request
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LABEL MNEMONIC OPERAND COMMENT

PROCESSOR CYCLES

RDLOOP LDAA RDCTL  LOAD CONTROL woan_—] SYNC 4
BPL ROLOOP LOOP IF SR IS INACTIVE :.;)())P 4
3
LDAA RDDATA LOAD READ DATA DATA
PSHA STORE ON STACK C(#PT)URE PROGRAM
a1 PROCESSING
I TIME
DEX DECREMENT WORD COUNT T} a
BNE RDLOOP  IF WORD COUNT IS NOT
ZERO RETURN FOR NEXT WORD
— 4
EXIT 4
TOTAL 24 CYCLES
IF THE MPU CLOCK PERIOD IS 1us THEN SYNC LOOP TIME T3 = Bus
PROGRAM PROCESSING TIME TZ1 = 24145
DATA CAPTURE TIME T4q = 8.5us (See Text)
FIGURE 2-3.1-3. Data Transfer Program Indicating Method Used to
Calculate Program Parameters
PERIPHERAL ¢ To To1————b‘
WORD READY SR
~fe—Tqy —slle 14, "ol
WORD IN READ SRR I U N S
BUFFER
PRocesson TR AL
d
cLocK romp o | —»le—os.n
INSTRUCTION - EPTHRARE 8 laf| Blar| 8.5 5
< -
1,8 155l Slagils 1y 131251 BI5E 1.2 15808 | g 148
EXECUTION 22 SE! B2 92 & 52 S &2 S2 B2 92 ¥ 8 IB
PROGRAM RECOGNIZES fle : il il
:
WORD 05 4
1958 —{— It
PROGRAM TRANSFERS ] '
WORD resr Ll "
PROGRAM — T ple— s
WORD FETCH Tor = 297 us.fg = 33.6K WORDS/SEC  (FLOPPY DISK FASTEST DATA RATE)
Ty = O.75us {BUFFER PROPAGATION DELAY)
T21 = 24us
T3 = gus
Tg41 = 85us

FIGURE 2-3.1-4. Relationship of Peripheral Data Stream to

Program Timing
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TAVG = Tot (2

The time TAVG consists of the program word processing time T21 and a time T3 while the program

loops until the next word is ready. Stated mathematically,

1 (&
TaVG = Ta1 + —F (ZDPT:;) B )

p=1

Where np is the aumber of sync loops taken while waiting for the pth SR, and whose value may vary
from O to n (n = 0P maximum).
The program byte processing time, Tz1, must be equal to Of less than the SR pertod Tot, OF else the

program could not keep up with the word rate of the peripheral. Therefore,
T2y = Tos *)

If the program loops n times in the sync delay loop before the next data word is ready, then equation

(4) can be modified to read:
Tor + (n—1) Ty < Tor (5)

Also, the time T21 + nTs must be greater than Tor so that the program may begin the transfer of the
next word even if the offset T111s equal to zero. This is true simply because the program loops until the next

word SR is active. Hence,
Tor < Tar + nTs (6)

Therefore, the peripheral word ready period is bounded by Tz1 + (n—1 Ta and Tz1 + T3 for

successful operation:
Toy + (=1 Ts < To < Tor =Ts @)

If Tor = T2 then the program and peripheral are said tobe synchronous. 1f Tor > T2 (equation 4),
then the offset T11 gets smaller and smaller until it is negative Of zero, which means that after the program has
processed one word, the next word will not be ready. At this time, the program goes into the synchronization
loop, and samles the peripheral word Ready line until the SR is again active.

The maximum value of the synchronization loop for which the system will work may be determined
from the following argument. Since the peripheral SR and the program are independent, it is entirely possible
that the SR occurs immediately after the program has initiated a sync loop. Since the data capturé time is Ta

and the data is invalid for a period T out of every To1, it is necessary that:
Ts < Tor — Ty - Ta it

This is the inequality used to calculate the maximum permissible value of Ts.

233 Floppy Disk Data Transfer Routine

The parameters of the Floppy Disk Data transfer routine are listed in Figure 2-3.1-4.The parameté!
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can now be tested with equations (7) and (8):

From Equation (7)

T21 =< To < T2 + Ts n=1 9
24 < 29.7 < 32us

and from Equation (8)

Ts <Tor — T11 — Tax (8
8=297-0.75-28.5

Both requirements are met and the program will transfer data successfully, (at a maximum rate when Te1 =
Ta1).

1 1
T21  24us

Max Data Rate = = 41.6K Bytes/sec.

Note that in this example, the time left over in each data byte after processing is:

Tor — T21 = 29.7 — 24 = 5.7us (10

This time is too small to be usable for other tasks by the M6800.

2-34 CASSETTE DATA TRANSFER ROUTINE

The data transfer routine of Figure 2-3.1-3 is equally valid for'the case of word data transfer between
the cassette and an MPU. The significant difference is the slower data rate, i.e., the SR period for word transfer

is much longer. For the cassette with a worst case data transfer rate of 1.85 KBytes/sec (15KBits/sec):

1
To1 = —— = 540.5
' 71850 ms

All other parameters remain essentially the same.

T = lus
T21 = 24us
Ts = 8us
Ta1 = 8.5us

It may be verified that both Equation 7 and 8 are satisfied by the above parameters for n=65. The time available
after processing the word is:

Tor — Ter = 540.5 — 24 = 516.5us

This time is normally used up in synchronization delay loops. Since so much additional time is

available, it may be possible to transfer cassette data in serial form (bit transfer), and eliminate the hardware
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associated with the serial to parallel conversion. The Serial Data Transfer Flow Chart and Program are shown in
Figures 2-3.4-1 and 2-3.4-2 respectively. Equation 7 and 8 are both satisfied for n=4. The unused processing
time per bit cell is:

Tor — Ter = 66.6 — 40 = 26.6u8 an

235 UTILIZATION OF MPU PROCESSING TIME

Assume thatitis required thata program must service a cassette for serial data transfers, as described
carlier, and simultaneously refresh a dynamic display (display without memory)- Let the subscripts 1 and 2 be
used to refer to parameters of the cassette and displays respectively. Assume that the program processing time

Tas, to refresh the display, is longer than the available processing time in a single bit cell, i.e.
Tee > 26.6 s (From Equation 11)

However, if the period of the display SR is Jonger than that of the Cassette (Toz = To1) an interesting question
arises. Is it possible to borrow time from adjacent data cells and process SR2 without losing SR1 data? The
following analysis shows that it is, if the parameters meet certain requirements.

To maximize the utilization of an MPU’s processing time the extra time spent in synchronization
delay loops can be used for doing other routines. This is similar t0 adding a time equal to the additional delay
loops to the program processing time T11. The condition that must nOW be satisfied by the program and the

peripheral SR period may be stated as:

Tray < Tor < T21 + Ts an
where

Tor =T + (a= D Ts (12)

and (n—) Tz is the additional time now used for processing. The length of the program processing time has been
extended; however, there is still only one independent service request being serviced as illustrated in the flow
chart in Figure 2A.

It is often required that the unused processing time be used to process SR’s from another time
dependent peripheral . Assume that it is required that the unused processing time be used to process SR’s froms
display,i.c.,t0 refresh the display. will the system be able to successfully handle the two SR’s? This question
leads to considering the program model for handling multiple SR’s, and the conditions that must be satisfied for

successful operation.
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DECREMENT
WORD
COUNT

TRANSFER
DONE?

FIGURE 2-3.4-1. Flow Chart for Serial Data Transfer

LABEL MNEMONIC
LOOPC LDAA

LDA B
DEC
BNE

EXIT

OPERAND
CLKDAT

LOOPC

LOOPC

COUNT
LooPC

COMMENT

LOAD CLOCK & DATA WORD
{CLOCK IN BIT 7, DATA IN

BIT 1)

LOOP (F SR IS INACTIVE
TRANSFER DATA BIT TO CARRY

ASSEMBLE WORD IN
ACCUMULATOR B

IF WORD IS NOT ASSEMBLED
RETURN FOR NEXT BIT

STORE ASSEMBLED WORD ON
STACK

RESET BIT COUNTER
DECREMENT WORD COUNT

If WORD COUNT NOT ZERO
RETURN FOR NEXT WORD

TOTAL
At MPU clock rate of 1 MHZ
T3 = 8us
Ty = 40us
T4y = 05us
and Tor = _1 = €886us
15000

PROCESSOR CYCLES
4

& o N B

40 CYCLES

FIGURE 2-3.4-2. Casette Bit Serial Data Transfer Program
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2-3.6 PROGRAM MODEL FOR TWO PRIORITIZED SERVICE REQUESTS

When two independent periodic SR’s are allowed, the program model for servicing them may be
prioritized. The prioritizing is done such that the SR with the shorter period (hgher frequency) has the higher
priority. Figure 2-3.6-1 indicates the programming model for two SR’s where SR #1 (SR1) has higher priority.
Notice that SR1 is tested first, regardless of which SR was last processed.

The parameters of the SR1, SR2 waveforms are derived as before, from specifications of the two
peripherals. The parameters for the program are derived in conjunction with the prioritized model. For
example, the synchronization loop time T3, is now the time it takes the program to test for an active SR1, and

T22

PROCESS PROCESS
SR1 SR2

EXIT #1 EXIT #2

FIGURE 2-3.6-1. Program Model for Two Prioritized Time Dependent
Service Requests
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then test for an active SR2, and find them both inactive. Similarly, Tz, the program processing time for SR2,
includes the time to test for SR1, (which is inactive) and then test for SR2 (active), process SR2, and test if it is
the end of SR2 processing.

2-3.7 REQUIREMENTS THAT MUST BE SATISFIED WHEN AN MPU SERVICES MULTIPLE
SR’s

The following requirements were developed by studying the failure mechanisms using the program
model for two prioritized time-dependent service requests. A failure was defined as an overflow or underflow,
and the program was run to process a very large number of consecutive SR’s (up to 100,000 service requests).
Each time there was a failure, the timing relationships between the two SR waveforms and the program
processing waveform was studied to give a clue to the failure mechanism. The results are listed in Figure
2-3.7-1. Of the requirements listed in Figure 2-3.7-1, Equations 7 and 8 have already been discussed. Equation
12 is really implied by the program flowchart model for a single SR where the data capture time is included in
the SR processing time.

Equation 13 states that the sum of the processing times expressed as a fraction of the SR frequency is
no greater than unity. This is true because of the periodic nature of each SR and the fact that each SR uses
Tem/Tom of the MPU’s processing time. As an example, if the cassette serial data transfer routine uses 40us
every 66.6us then it uses 40/66.6 = 60% (approx.) of the MPU’s capability. Hence, 40% of the remaining
MPU capability may be used by another SR. This result is used shortly to test the cassette-display service
program.

For each SR it is required that:

A Tom < Tom < Tom + nT3 {7)
B. T3 < Tom = Tim - Tam 8
[o Tam < Tom (12)
For the system it is required that:
T Tom) > o
D. 1 - == -
m (TOm (13)

The equality is the synchronous case where no synchronization loops are taken.
E. For each peripheral when compared to the fastest peripheral k,
Tok - T - Ta = Ty for all n#k (14)

n

Where k is the peripheral with the highest frequency of operation, and the
SR's are prioritized by frequency with the highest frequency SR being first.

ForTom ~Tim ~Tam = Ty + T3 (15)

FIGURE 2-3.7-1. Timing Constraints for Successful System Operation
for Prioritized Multiple Service Requests
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Equation 14 is best illustrated by the timing diagram in Figure 2-3.7-2 where SR2 and SR1 occur
almost simultaneously, but SR2 is active first. This implies that just prior to this occurrence, the last SR from
both SR1 and SR2 has already been processed and SR1 has been tested first, according to the prioritized model,
and found to be inactive. SR2 must be processed in a time Tzz; then data from SR1 must be captured in time T4,
before it becomes invalid. The data becomes invalid a time T11 prior to the next SR1. Therefore, the condition

that must be satisfied is:
Tor — T11 — Tar = Taz (m=2) (14)

Equation 15 implies that the program should be able to synchronize, then process SR1, and capture
data from SR2 before it becomes invalid. This situation occurs after the last SR1 has just been processed, and
then neither SR1 nor SR2 are active (see Figure 2-3.7-3). After the sync loop, SR11is processed, and SR2 data

must be captured:
Toz — Tiz — Taz = Tar + T3 (m=2) (15)

Equations 14 and 15 are stated in a general form for m SR’s in Figure 2-3.7-1 but they have been verified only
for the case of two SR’s. Equations 7, 8 and 13 of that Figure, however, must be satisfied by any set of mSR’s.

SR Lr r

I‘—/TOZ ”—‘1
Tastarts just E : —» - T12
before SR2 is ' ! 1o
active H ! Vol
H : :
: | | i
PROGRAM H T

PROCESSING — T21 —ié—T3 e Tn—Ta2 " 2

Toz > Tiz * T2t T * T8

T2 - Tz -T2 * T * T3 (m=2 (15

FIGURE 2-3.7-2. Timing Di Sh Requi of

Equation 15 for Two SR'-s'

T
Ay
T
SR1 n
SR2 is active | l
L-l before SR1 by &

| nominal time \
1
i

,,r—’ Tor
Te— ¥ -

E‘

Program :

[l
Processing. —.'I :‘—T” !
L—— T2 T—

T » Tz * Tt T

o T — Tnn— Ta > Tz {m =2} a4

FIGURE 2-3.7-3. Timing Diagram Showing Requirements of
Equation 15 for Two SR's
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2-3.8 SERIAL DATA TRANSFER AND DYNAMIC DISPLAY REFRESH PROCESSING

The cassette serial data transfer program is now modified and extended to service both the cassette
data SR and the Display Refresh SR. The combined program, listed in Figure 2-3.8-1 follows the model of two
prioritized SR’s of Figure 2-3.6-1. SR2 is generated by a 16 character dynamic display, and the characters are
refreshed cyclically. Figure 2-3.8-2 lists the parameters of the two SR’s and verifies that all requirements are
met for the two SR’s to be successfully serviced. Note that use of Equation 13 provides a measure of the
efficiency of usage of the MPU processing time. In this case:

1 (io—+50—1 0.985 = 0.015
66.6 130/ -

which implies that 98.5% of the total processing time is being used.
The amount of spare time remaining is calculated by multiplying the left-hand side of Equation 13 by
the period of the highest frequency SR. Thus,

Unused processing time = 0.015 x 66.6 = 1.00us every SR1 period.

LABEL  MNEMONIC  QPERAND COMMENT PROCESSOR CYCLE!
LOOPC  LDAA CLKDAT LOAD CLOCK & DATA WORD T
BPL LOOPD BRANCH TO DISPLAY IF SR1 Tp
1S INACTIVE i
~N 1
RORA T
]
ROLB ' s
T. i
BCC LOOPC >  SEE FIG. 38 s
PSH B i a
LDA B #01 i 2
DEC COUNT _—
BNE Loorc i e
EXIT U TOTAL | 40
LOOPD  LDAA DSPCTL LOAD DISPLAY CONTROL WORD 7 " 4
BPL LooPC BRANCH TO CASSETTE IF SR2 s
1S INACTIVE
BSR DSP2 BRANCH TO DISPLAY
! SUBROUTINE IF SR2 IS ACTIVE
DSP2 LDAA DATA,X LOAD DISPLAY CHARACTER Ta2
(INDEXED ADDRESSING)
STAA DISPLY REFRESH DISPLAY ] 5
T.
DEX DECREMENT INDEX REG 2 .
BNE DSPEND 16 CHARACTERS REFRESHED? 4
LOX #16 LOAD THE NUMBER 16 IN INDEX 3
REGISTER
DSPEND RTS RETURN FROM SUBROUTINE 1
EXIT2 ... TOTAL 4.4

FIGURE 2-3.8-1. Sprial Data Transfer and Dynamic Display Refresh Routine
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PARAMETERS OF SR1_(SERIAL DATA)

Ty = s 40 < 666 <40 + 2x16
AND T3 < Tg1 - T11 - Taq

Ty = 40us 16 <' 666 - 1 - 05

T41 0.5us

Tor < To2
PARAMETERS OF SR2 (DISPLAY REFRESH)

Tgp = 130us Ty < Tgg < Ty +0T3
Tz = s 50 < 130 < 50 + 5x16
Ty = 42 + 8 = b5Ous AND

Tap = 26us T, < Top - T2 - Taz

16 < 130 - 1 - 26

T3 = 16us

FROM EQU. 13

T > 0
1 -z 2m
1 —(QQ_ +_§0_) = 0015 > O
66.6 130

FROM EQU. 14

Tor - Tin - Tar = T2
666 - 1-05 > 50

FROM EQU. 15

Toz - T2 = Taz 2Tn * T3
130 - 1 - 26 > 40 + 16

FIGURE 2-3.8-2. Serial Data Display SR Parameters and
System Requirement Test

2-3.9 INCREASING MPU PROCESSING EFFICIENCY WITH THE FLIP-FLOP MODEL FOR
TWO “EQUAL” PERIOD SR’S

When the SR’s have approximately equal SR periods, as in Read/Write, or bi-directional data flow,
the processing time for SR2 may be reduced if a flip-flop model is used in place of the prioritized model. Figure
2.3.9-1 shows the Flip-Flop model in which, after completion of SR1 processing, the program checks SR2 firs

and vice versa.
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‘ ENTER '
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ERY° FRo

L
YES

( EXIT 22 ’

FIGURE 2-3.9-1. Flip-Flop Model for Two ““Equal” Period SR’s

EXIT #1

The advantage gained in processing efficiency is reflected in the fastest data rate that the program
can successfully transfer for both SR’s. This can be illustrated using the example of cassette serial data transfer.
Let SRI and SR2 programs be identical in form such that:

T41 = T4z = 0.5us
Tir = Tiz = lus
Tz = 16us

MAX To1 =Toz = ?

If the prioritized model is used, then:
T21 = 40us and T22 = S0us

because it takes 8us to test if SR1 is active and this is always tested first.
In this case, the maximum data transfer rate for the two SR’s may be calculated by using the equality
in Equation 13.

40 50
b
Tor  (Toz = Tow)

1
To1 =9—O—;E = 11.1Kbits/sec.

If the flip-flop model is used then.

T21 = Taz = 40us

243



and the maximum data transfer rate for the two SR’s may be calculated from Equation 13 as:

40 + 40
Tor (Toz = To1)

1
Tor = %_;E= 12.5 Kbits/sec.

This provides approximately a ten percent increase in maximum data rate.

Note, however, that when the flip-flop model is used there is an additional condition that now must
be satisfied. This is required because both SR1 and SR2 may occur simultaneously. Therefore,

To1 = Toz = Ta1 + T2z (16)

The techniques described in this section enable the user to determine if a given data transfer program
will work in the microprocessor system. If it is found that the program does not work, the user may modify the
program/hardware to allow the system to work. The techniques also provide a measure of the utilization of the
microprocessor’s capability. This provides the opportunity to add functions to or delete hardware from the
system until the microprocessor is being used to its full capability. The techniques may be extended to cover

operation of systems where interrupts are the periodic service requests.

2-4 USE OF INDEX REGISTER

Effective programming of the MPU makes extensive use of the Indexed Addressing mode. For this
mode, the address is variable and depends on the current contents of the Index Register. A source statement

such as

Operator Operand Comment

LDAA X Load ACCA from M=X

will cause the contents of the memory location specified by the contents of the Index Register to be loaded into
accumulator A, that is, the effective address is determined by X. Since there are instructions for manipulating
the contents of the Index Register during program execution (LDX, INX, DEX, etc.), the Indexed Addressing
mode provides a dynamic ‘‘on the fly’’ way to modify program activity.

The Index Register can be loaded either with «constants’’ such as the starting address of a file in
ROM or with a variable located in RAM that changes as the program runs. The Indexed Addressing mode also
allows the address to be modified by an offset. The operand field can include a value that will be automatically
added to X during execution. The format for this technique is:

Operator Operand Comment
STAA K,X Store ACCA in M=(X+K)

When the MPU encounters the opcode for LDAA (Indexed), it looks in the next memory location for the value
to be added to X and calculates the required address, X + K in this example. (See Section 1-2.3.5 for additional
information on the Indexed Addressing Mode.) The control program is normally in ROM, hence, the offsetiss
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constant that was established during program development and cannot be changed during program execution.
There are numerous examples of indexed addressing techniques in the sample programs throughout
this Manual, however, it is of interest to summarize some of the methods in this Section. A common usage is

shown in the following sequence of instructions for setting a series of RAM locations to zero (perhaps part of an
initialization routine):

Label Operator Operand Comment

LDX #FIRST Get starting Address
LOOP1 CLR X Clear current location.

INX Move to next location.

CPX LAST+1 Finished yet?

BNE LOOPI No, continue clearing.
NEXT  xxx XXXXXX Yes, continue with program.

This sequence causes the consecutive memory locations FIRST through LAST to be cleared. The labels
FIRST, LAST, NEXT, etc., will have been assigned specific values during assembly of the program. Note that
only every other memory location would be operated on if a second INX had been included in the program:

LDX

LOOP1 CLR X
INX
INX
CPX LAST +2
BNE LOOP1
NEXT XXX XXXXXX

This technique is commonly used to establish the *‘size”’ of the increment that will be stepped through. If the
size of the step is large (many INXs) or if it is desirable to have a variable step size, another procedure can be
used to advantage. The following sequence of instructions can be used to effectively add a variable offset to X:
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Label Operator Operand Comment

LDAB VALUE Get variable into ACCB.

LDX #FIRST Get Starting Address.
LOOP1 INX Advance address pointer.
DECB Is ACCB zero yet?
BNE LOOP1 No, continue advancing pointer.
NEXT  xxx XXXXXX Yes, proceed with program.

This sequence has the effect of adding the contents of accurnulator B to the Index Register, that is, a variable
offset is generated. If, for example, the value in ACCB is one, the INX instruction increases X by one and the
DECSB instruction reduces ACCB to zero. The program flow falls through to NEXT since the BNE test fails but
the Index Register is now loaded with X +1 rather than X. A different value for B would cause the program to
pass through the loop until B is reduced to zero. Since X is increased by one during each pass, the net effect is to
add the variable **VALUE” to X.

This technique is illustrated in the following example: A program is required that will check for a

zero result in every 8th location in a block of memory extending from FIRST to LAST. The first zero result

encountered is to cause the program to branch to location ZROTST. If no zero results are encountered,

processing is to continue:

BEGIN LDX #FIRST Get starting address.

START LDAB #3$08 Load step size.
LOOP1 INX Advance address pointer.
DECB Next location yet?
BNE LOOP1 No, continue advancing pointer.
TST X Yes, test for zero result.
BEQ ZROTST Branch to zero test if zero.
CPX LAST+1 Finished?
BNE START No, move to next location.
NEXT XXX XXXXXX Yes, continue with program.

In this case, the program will pass through LOOP1 eight times prior to each test, effectively adding eight to the
value in the Index Register. Note also that the INX instruction could be replaced by the decrement X
instruction, DEX, thus providing a means of ‘‘negative’’ or backward indexing if desired.

There is another *‘variable indexing technique’’ that combines the Indexed Addressing mode with
suitable memory allocation to obtain dynamic indexed addressing. Assume that a program is required that wil
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select a mask pattern that is determined by the current contents of a counter. The counter content is variable and
depends on the results of previous program operation. Such sequences are useful for establishing particular bit
patterns required by the program.

As an example, assume that one of the bit patterns shown below is required, depending on the
current value of BITCNT, a value that has been previously computed and stored in RAM:

Bit Count Bit Pattern

bz bs bs bs bz bz b1 be
0 1 0 0 O 0 0 0 o0
1 0 1 O 0 0 0 0 o0
2 0 o0 1 0O 0 0 o0 O
3 0O 0 0 1 O o0 0 o0
4 0 0 0 0 1 0 0 0
5 0O 0 o 0 o 1 0 0
6 0o 0 0 0 0 0 1 0
7 O 0 0 O 0 0 o0 1

The following memory allocation can be used to permit indexed addressing of the desired pattern:

COLBIT STARTI (XH) | n
RAM
BITCNT (XL) | n+1

~

STARTI 10000000 m

01000000 m+1
00100000 .
00010000 . 7 ROM
00001000
000001"
00000010

00000001

BIT COUNTH

NN AW~ O

r

By putting the upper byte of the starting address of the table (upper byte of m = START1) in the RAM location
immediately preceding BITCNT, the LDX instruction can be used to load the Index Register with the address of
the desired bit pattern. This method has the limitation that the lookup table must begin (START]1 above) at an
address whose least two significant Hex digits are zero, that is, of the form XX00. Such tables can be at the
beginning of any multiple of 256 ROM locations.

This technique is illustrated in the following sample program for updating a bit pattern stored in two
PIA Output Registers, PIAORA and PIAORB. The registers contain a pattern for driving an external display
array that must be updated to include the results of each new calculation of a word count, WRDCNT, and a bit
count, BITCNT. The current update goes to PIAORA if the word count is odd and to PIAORB if even. The
steps involved in the update are:

(1) Test WRDCNT for odd or even and set a flag.

(2) Get PIAORA (odd WRDCNT) or PIAORB (even WRDCNT) into accumulator A.

247



3) Determine the bit pattern that corresponds to the current BITCNT.

(4) Combine with the contents of accumulator A, preserving any previously set bits.
(5) Write updated pattern back into appropriate PIA register.

The following program can be used if the memory allocation recommended above is used:

ROR WRDCNT Sets Carry if odd.

ROR COLFLG Set sign bit on odd WRDCNT.
BMI TAGI1 Get appropriate register.
LDAA PIAORB * into
BRA TAG2 * ACCA

TAGI1 LDAA PIAORA * for update

TAG2 LDX COLBIT Point to bit pattern.
ORAA X Combine with previous pattern.
TST COLFLG Put updated pattern.
BMI TAG3 * back.
STAA PIAORB * out
BRA TAG4 * to

TAG3 STAA PIAORA * display

TAG4 XXX XXXXXX

Note that the single instruction LDX COLBIT is all that is required to locate a ROM location that depends ona
dynamic program result.
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