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E-2052 
AGC4 BASIC TRAINING MANUAL 

ABSTRACT 

This manual contains a concise description of that which a computer pro- 

grammer should know about the Apollo Guidance and Navigation Programming 

System to be useful. That is we answer the following questions: What are the Per- 

tinent machine characteristics ? What programming languages and conventions 

exist for my use? What systems subroutines may I rely upon? How do I commu- 
nicate with the system subroutines which I need. 7 This manual does not concern 

itself with the Mission Programming System 01‘ that which an engineer or mathe- 

matician must know to adequately program a phase of the mission after he has an 

adequate knowledge of the system. 

This manual attempts to be thorough while brief. It does not try to exhaust 

all there is to know about a subject nor does it try to make the reader an expert on 

any subject. It is designed so that someone fairly new to the subject may acquire 

a practical understanding of it within the shortest time. Whenever a detailed and 

complete understanding is required the reader should consult the program listing 

and/or other technical documents. 

This manual is divided into four sections. Section I discusses the AGC4 

and how to program it in Assembly Language. Section II describes the Interpreter 

and how to program in Interpretive Language. Section III describes the System 

Software subroutines and how to interact with them. Section IV contains an outline 

and suggestions for teaching sections I-III. Each section has a table of contents. 

by A. L. Drake 

B. I. Savage 

Computer Consultants, Incorporated 

January 1967 
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I. BASIC TRAINING DOCUMENT: 

BASICS OF AGC PROGRAMMING 

1.1 Introduction and Memory Outline _- -,-... -~-~~~~ 

A word in AGC memory consists of 15 binary bits, schematically numbered 

from left to right as bit 15, 14, . . ., 1. A sixteenth bit called the parity bit is 

inaccessible to the programmer but serves as a check against hardware malfunction. 

When a word is stored in memory, the count of the number of bits in the word which 

are set to 1 must be odd. If the count equals an even number, the parity bit will be 

set to 1 so that the count is odd; otherwise the parity bit is set to 0. When the same 

word is read from memory, the hardware ascertains that an odd number of bits 

came from memory. If not, the implication is that a bit was lost. This is called a 

parity error and results in special processing. 

15 14 13 . . . 1 P 

Each word in AGC memory may be interpreted as data or as an instruction. 

1. 1. 1 ~Data Representation 
One word by itself constitutes a Single Precision (SP) quantity. Bit 15 is the 

sign and bits 14 -1 have magnitude of 214 - 1. If bit 15 =l. the magnitude is nega- 

tive and is represented as the ones complement of the positive magnitude (discussed 

below). Bit 14 is the high order bit (highest value) and bit one is the low order bit 

(lowest value). 

*. . 214 - 1 negative ones (1 ‘s) complement 

15, 14, . . ., 1 

For arithmetic purposes the value in bits 14-l is thought of as a fraction. 

That is, the binary point is between the sign and bit 14. For instance, a one in bit 

14 is equivalent to l/2. From a programmer’s point of view, the programmer must 
keep track of the “imaginary” point’s position within the word in accordance with 

the appropriate scaling. 
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l/Z l/4 l/8 l/16 1132 l/64 l/Z l/4 l/8 l/16 1132 l/64 
SI 1 SI 1 

Bi&y Bi&y 
Point Point Fractional Magnitude Fractional Magnitude 

Fourteen magnitude bits may not always allow us sufficient precision. Thus 
we may represent data in a Double Precision (DP) quantity within two adjacent words 

of memory. Since each single precision word has 14 magnitude bits, the combined 

quantity has 28 bits with a precision of 2 28-l. Bit 15 of the first word contains the 

sign. Bit 15 of the second word will normally be the same as bit 15 of the first 

word but may differ in certain cases. Bits 14 - 1 of word 1 represent the high-order 

bits and bits 14 - 1 of the second word represent the low-order bits. All 28 bits 
exist in complemented form if the sign (s) is negative. 

Word 1 Word 2 

+ x X LOW - 

15 14 . . . . . . . . 1 15 14 . . . . . . . . . 1 
28 15 14 

For even greater accuracy, a quantity may be contained within 3 adjacent 

words and is called a Triple Precision (TP) quantity. (The third word serves the 

same function in TP as word 2 does in DP. ) In essence, we add 14 low order bits 

so that we may represent a value of 2 42 - 1 (thought of as a fraction, we would say 

1 - 2-42. ) Again, negative value would be represented in one’s complement form 

within all 3 words. 

Word 1 Word 2 Word 3 

+ w X Middle x - LOW 

15 14....1 15 14.. . . .I 15 14.. . . .1 

42 29 28 15 14 1 

Three double precision quantities are used to represent a 3-dimensional vec- 

tor. Each DP “word” contains the value of one component of the vector. Again, all 

6 words must be adjacent and, normally, the first two words represent the X com- 

ponent, the next two words represent the Y component, and the last two words re- 

present the Z component. Of course, the sign of each DP component need not be 

the same. 
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+ Word 1 Word 2 + Word 3 Word 4 + Word 5 Word 

15 mx. JoJ 15 highye & 15 high 7 low - 

Lastly, an AGC word may be thought of as a full 15-bit quantity, where all 

15 bits are magnitude without sign, representing 215 - 1. This representation could 

be used to make a word into a counter. For logical purposes, each bit or some 

combination of bits may be used as an indicator or may serve boolean purposes. 

The access time for taking one word from memory is approximately 12 

microseconds or one memory cycle time (MCT). 

1. 1. 2 Instruction Representation 

The 15 bits of an AGC word may be selected and executed by the AGC as an 

instruction. In this case, 3 bits, 15 - 13, form an octal value from 0 - i’ and repre- 

sent the op-code. The encoding of the op-code is what determines the particular 

behavior of each instruction. As 3 bits have been specified for op-code selection, 

we may have Z3 = 8 basic machine instructions, and indeed we do. Thus, any word 

taken by itself forms a legal instruction. This implies that a data word may be exe- 

cuted yielding storage and unexpected results, and a programmer must take pains 

to keep his data (constants, for instance) separate from his instructions. Actually, 

we shall later encounter a way of extending the basic machine instructions (discussed 

below) by using certain Z-word instruction sequences or by extending the 3-bit op- 
code to include bits 12 and 11 for op-code purposes for instructions which apply to 

erasable memory. 

The remaining 12 bits of an instruction word form the address portion. (De- 
pending upon the op-code, the address is used to render accessible the contents of 

the specified memory location or is used as a number to point to a location in memo- 

ry (to transfer control to a location, for example. ) Twelve bits may form an address 

for the range 0- 7777 octal or 2 l2 (4096) decimal locations. The system require- 

ments necessitate a much larger memory store. Thus, the address portion is en- 
coded so as to be combined with another location called the Bank Register, allowing 

us to form an effective address of 15 bits for the range 0- 215 - 1. Further encoding 

allows combination with an indicator called the Super Bank Bit which enables us to 

form a 16-bit effective operand address for the range 0 - 216 - 1. This method of 

encoding the address portion of an instruction word is discussed under Addressing, 

below. 
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Op - Code Address 

15 14 13 12.. . . .1 

o-7 

8 cases 

o-7771 

4096 decimal addresses 

1.1. 3 Quarter Codes 

t- Op-code- 

15 14 13 12 11 10. . . . . . 1 

In cases where only the 10 low-order bits are necessary to form the address 

portion of a word, the 3-bit op-code may be extended by use of bits 12 and 11 to form 

a 5-bit op-code nicknamed a quarter code. Quarter codes allow us to use more than 

8 op-codes when addressing erasable memory (as discussed below). 

1.1.4 Layout Memory 

The AGC memory may be divided broadly into erasable and fixed memory. 

Erasable memory is in the range 0 - 3777 octal. The contents of a location in eras- 

able memory may be altered by writing into it. Fixed memory is in the range 

lOOOO- 117777 octal, but there are gaps. That is, not every location corresponding 

to one of the addresses in this range exists. Fixed memory is a “read only” memory. 

The programmer may not alter the contents of any location in fixed memory, and in 

fact the hardware will not permit it. Thus, only 2048 decimal locations exist for 

ordinary programming requirements that need modifiable storage. This is very 

little memory, and one crucial requirement of programmers is to design and imple- 

ment programs which use a minimum amount of erasable storage (the use of tem- 

poraries and switches is one example. ) 

1.1. 5 Erasable Memory 

Although erasable memory is defined as that portion of memory locations 

within the range 0 - 3777 octal, an erasable memory location must also meet the re- 

quirement of being defined within the 10 low-order address bits, because bits 12 

and 11 must = 0 as a “signal” to the hardware that E-memory is being addressed. 

While no problem arises in addressing locations 0- 1377 octal, the use of an 11th 

bit is sometimes necessary in addressing the range 1400 - 3777 octal. For addresses 

within this range, then, we use a 3-bit Erasable Bank Register in conjunction with 

the 8 low order address bits to form an effective address. 
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1.1.6 Special Registers 

The first 60 locations of erasable memory are used exclusively as special 

registers. The accumulator (A)- octal pseudo-address 0000-is a 16-bit arithmetic 

element. Bit 15 contains the sign, which is duplicated into bit 16. Bits 14 . . . 1 

contain the magnitude of the quantity. Bit 16 is used to indicate the car rected sign 

in the case of overflow (discussed below). 

The lower product register (L) - octal pseudo-address OOOl- is a 15-bit 

register which forms the lower part of the accumulator when Double Precision quan- 

tities are used. It contains the 14 least significant bits of a product after multipli- 

cation and the remainder of a quotient after division. 

The Z Register- octal pseudo-address 0005- serves as a 12-bit program 

counter. It contains the next address in memory from which an instruction will be 

fetched. These 12 bits are inadequate to address all of memory and may be com- 

bined with bank bits to form up to a 16-bit address. This shall be discussed under 

Addressing. The 16-bit Q Register contains, after a Transfer Control (TC!) instruc- 

tion, what would normally be the contents of the Z Register. For example, when a 

“TC” instruction is executed at location L, the contents of the Z Register contain 

the address of the instruction to which the program has transferred control. The Q 

Register contains the address of the instruction following the “TC!” instruction, Ot‘ 

L+ 1. If the instruction had been any other than a “TC”, this address would have 

been contained in the Z Register. When the subroutine initiated by the “TC” instruc- 

tion is finished, a “TC to Q” instruction will return control to the instruction 

following the “TC” instruction in the main program, or L + 1. 

The Zero Register- octal pseudo-address OOOi’- always contains only zeroes. 

When referenced, it will yield zeroes. One use of this is as a constant to clear a 

desired location. 

A value may be altered by writing it into one of 4 special registers. When a 

quantity is written into the Cycle Right Register- octal pseudo-address OOZO- bit 1 

goes into the sign bit, while bits 15 . . . 2 shift right 1 bit. When a quantity is writ- 

ten into the Shift Right Register- octal pseudo address 002i - the sign bit is dupli- 

cated into bit 14. while bits 14 . . . 1 are shifted right 1 bit. By faithfully repro- 

ducing the sign bit, we preserve the algebraic integrity of the value. The original 
contents of bit 1 are lost. Shifting right n places is, of course, the equivalent of 

dividing by 2”. When the Cycle Left Register - octal pseudo-address 0022 - is written 
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into, the sign bit goes into bit 1, while the contents of bits 14 . . . 1 shift left 1 bit. 

When the Edit Op-Code Register- octal pseudo address 0023- is written into, the 

sign bit is lost, while bits 14- 1 are shifted right 7 places, displacing the original 

contents of bits 7 . . . 1, which are consequently lost. This last register is not of 

general interest. It is used in implementing interpretive instructions. 

Editing Register Transformations 

0020 

0021 

0022 

0023 

CYR e15 14 13 12. . . . . Ol-+Ol 15 14 13. . . . 02 

(rotation right 1) 
> 

SR 15 14 13 12. . . . . 01-15 15 14 13. . . . 02 01* 

(shift right 1) 
*: original contents of bit 1 are lost 

CYL 15 14 13 -12. . . . . 01314 13 12. . . . . 01 15 

(rotation left 1) 
EDOP 15 14 13 12. . . . . 01 7 places 

(edit [polish] opcode) 

> ------14 13 12 11 10 09 08 

Figure 1 

1.1.1 Fixed Memory 

Fixed memory is that portion of memory addresses in the range 4000 - 117777 

octal. These memory addresses are divided into 36 banks of 1024 words each. The 

first 2 banks of fixed memory- banks 02 and 03- with addresses 4000- 7777, are 

known as “Fixed-Fixed” memory. Notice that Fixed-Fixed memory can be defined 

within the 12 address bits. 

The remaining 34 banks of fixed memory, with addresses in the range 

10000- 1177776, need additional bits within which to fully define their addresses. 

For these cases, a 5-bit Fixed Bank Register, which is more definitively discussed 

below, is made available for combination with the 10 low-order address bits. These 
34 banks, which require the use of a bank register, are known as “Fixed-Switchable” 

memory. Addresses in the range lOOOOO- 1177776 require 16 bits for definition. 

A 16th bit is provided for combination with the FCADR (Fixed Bank Complete Address), 

i.e. with the 5 bits from the FB and the 10 low-order address bits. Addresses in 

the range 110000 -117777 comprise Super- Bank 4*. Addresses in the range 70000- 

107777 comprise Super Bank 3. The reason for this will be fully discussed under 

Addressing. 

94 Super Banks 0 and 1 have been renamed 3 and 4, respectively. 
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1.2 Addressing 

Within the 15-bit word in AGC memory, we have only a 12-bit address field 

to reference the 38,912 decimal locations in memory. 

op-c_ode, 
address 

(bits) 15~14~13~12~11~10~9~8~7~6(5~4(3~2(1 

Since many memory locations require a 13- to 16-bit address field for definition, 

the following addressing schemes have been developed: 

(It is first important to distinguish between the terms “address”, “pseudo- 

address”, and “effective operand address”. “Address” refers simply to the U-bit 

address portion within a 15-bit word in memory. The “pseudo-address” (PA) is the 

absolute address of memory locations 0 -1177773. The term “pseudo-address”, or 

“absolute address”, is used when discussing fixed-switchable memory addressing 

where the absolute addresses are always 100003 more than their machine represen- 

tations. The “effective operand address” (EOA) is the final address formed by the 

hardware at the execution time. ) 

The hardware recognizes a 00 configuration in bits 12 and 11 as a “signal” 

that the address refers to erasable memory, which we have said must be defined 

within the 10 low-order address bits of a word. If bits 12 and 11 are equal to 00, 

‘the hardware tests bits 10 and 9. An 1 l2 configuration in bits 10 and 9 indicates 

that the pseudo-address is in Erasable-Switchable memory (i.e. in the range 
1400- 37773) and that we need the use of the 3-bit Erasable Bank Register (EB). 

The combination of the 3 bits from the EB and the 8 low-order address bits provides 

an 11-bit address field, which is sufficient for the definition of all Erasable-Switch- 

able absolute-addresses. 

We set the EB equal to the particular bank number in the range 0 - 7, which 

would be defined ordinarily in bits 11, 10, and 9 if we had the use of the 11 low-order 

address bits for defining Erasable-Switchable addresses. The configuration in the 

8 low-order address bits is the O-3773 (=256,, bank locations) augment within the 

bank specified in EB. For example, since the absolute address 27343, which looks 

like 10 111 011 1002 in machine representation, requires more than 10 address 

bits for definition, we set EB equal to the value specified in bits 11, 10, and 9, or 

1012 =53. We also set bits 10 and 9 equal to 112 so that at execution time the hard- 

ware will fetch the 3 EB bits, drop bits 10 and 9 (which is the equivalent of subtracting 

1400 from the lo-bit address), and append the EB bits to the 8 low-order address 

bits. We now have 
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EB Address Bits 

11 10 9 10 9 87654321 

The absolute address 27346, then, can be expressed as an augment of 3346 in EB 5. 

We combine the above to get: 

or 17346 from which 1400 is subtracted. 

Any configuration in bits 10 and 9 of the address other than 112 indicates to 

the hardware that the pseudo-address is within erasable memory below 14006 and 

can be defined within the 10 low-order bits of a word. In this case, there is obvious- 

ly no need for the use of a bank register. For example, the address 10346 would 

look like 1 000 011 1002 to the hardware. Finding no 112 configuration in bits 10 

and 9, the hardware would merely form a lo-bit address field. Of course. it is 

possible to address all of erasable memory via the EB. For instance, the absolute 

address 10346 =OOl 000 011 1002, which we considered above, can be handled thus. 

We set the EB to 0102 -26 and bits 10 and 9 equal to 112. At execution time, the 

hardware, sensing the 112 configuration in bits 10 and 9, fetches the EB bits, drops 

bits 10 and 9, and appends the EB bits to the 8 low-order bits, giving us 

EB Address Bits 

(bits) - 11 10 9 10 9 87654321 

0~1~0 mm 00011100 

which is the expression of the absolute address 10346 as an augment of 34 within 

EB 2. This is obviously the equivalent of the configuration of 10346 as a low-order 

address 

(bits) 10 9 6 7 6 5 4 3 2 1 

1000011100 

While it is therefore possible to address erasable memory below 14006 via the EB, 

it is usually preferable to define these addresses within the 10 low-order address 

bits of a word. 

A step by step recapitulation of addressing Erasable-Switchable absolute 

addresses follows: 

1. 

2. 

27346+10 111 011 1002. 

The octal address is converted to machine language. 

The programmer sets the EB to 0 - 7 (in this case, 5)-the value 
specified in bits 11, 10, and 9 (10 111 011 1002). 
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3. 

4. 

5. 

The programmer sets bits 10 and 9 of the address equal to 11 to 
indicate to the hardware the need for the EB (the equivalent o 3 
adding 14006). 

At execution time, the hardware fetches the EB bits (101). drops 
bits 10 and 9 (= subtracting 14006 from the lo-bit address), and 
appends the 3 bank bits to the 6 low-order address bits. We now have 

Indicator Bits Address Bits - 

The above is combined to render the EOA 10 111 011 1002. 

We have now to consider the addressing schemes which develop when the 

hardware tests bits 12 and 11 and finds a configuration other than 00. A one in bit 

12 indicates that the address is in Fixed-Fixed memory (i.e. in the range 4000- 

77776), which we have defined as those addresses which require for definition no more 

than the 12 bits of the address field of a word. For example, the address 54676 which 

is equivalent to 101 100 110 1112 and has a one in bit 12, can indeed be defined 

within the 12 address bits and is indeed within the range 4000- 77776. The address 

76016, which is 111 110 000 0012 in machine language, can likewise be defined 

within the 12 address bits and is within the range 4000- 77776. 

On the other hand, if an address cannot be defined within a 12-bit address 
field, a 012 configuration in bits 12 and 11 indicates that the address is in Fixed- 

Switchable memory (i. e., in the range lOOOO- 1177776) and will therefore require 

the use of a 5-bit Fixed Bank Register (FB). In Fixed-Switchable memory, an address 
is always 100006 more than its actual address representation in the machine since 

Fixed-Switchable memory begins in FB 0. Therefore, the first consideration to a 
programmer in converting the pseudo-address to a representation that will permit the 

AGC to form an effective operand address is to subtract 10000 from the address. 

The programmer then sets the FB equal to the value in the range 0- 376 which would 

ordinarily be specified in bits 15, 14, 13, 12 and 11 if we had the use of a 15-bit 

address field. Let us take as an example the address 367746 which becomes 267746 

after subtracting from it 100006. Since its machine representation is 10 110 111 
111 1o02, the programmer sets the FB equal to 136 (010 110 111 111 1002), sets 

(usually via the Assembly) bits 12 and 11 equal to 012, and leaves bits 10 - 1 unaltered. 

At execution time, the hardware senses the 01 configuration in bits 12 and 11, fetches 

the 5 bits from the FB, and masks out all but the 10 low-order address bits of the 

word. Masking out bits 12 and 11 is obviously the equivalent of subtracting 20006 

from the 12-bit address. The 5 bits from the FB are now appended to the 10 low- 

order address bits, giving us the address 10 110 111 111 1002, identical to the 

original address minus 100006 (267746). 
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FB 10 low-order address bits 

O(l~O~l~l 0~1~1[1~1)1~1~1~0~0 

-> the effective address: 10 110 111 111 100~2. 

Jh 
After we have formed the EOA, the hardware tests bits 15 and 14 of the FB: 

- 
15 14 13 12 11. An 112 configuration in bits 15 and 14 indicates that a 16th bit 

may be required for address definition. If bits 15 and 14 are not equal to 112, the 

15-bit address field provided by the combination of the FB with the 10 low-order bits 

will be sufficient for defining the effective operand address. In this case, we would 

follow the procedure outlined above. A step by step description of the changes which 

affect the address 367746 follows: 

1. 100006 is subtracted from the pseudo-address 

367746 giving us the effective operand address 

267746. 

2. 267746+10 110 111 111 1002 

The octal address is converted to machine language. 

3. The programmer must provide that at execution time, 
the FB is set to 136-the value specified in bits 15, 

14, 13, 12, and 11. 

(6% ‘II0 iii III 110~) 

4. Now we mask out all but the 10 low-order address 
bits of the word, giving us - - - - - 0 111 111 1002 
(bit position) 15.. .11 10.. 1 

5. The programmer (via assembly) sets bits 12 and 11 equal 
to 012, thereby indicating the need for the FB and now giving 

us - - - 010 111 111 100 
,15 12 1’ (bit positions) 

The value of the 12-bit address field for all Fixed-Switchable addresses is in 

the range 2000 -37776, which we obtain by always adding 2000 (i.e. bits 12 and 11 

= 01) to the lo-bit augment of 0- 1777 (i.e. 0-102310 bank size). 

6. At execution time, the hardware fetches the 5 bits from 
the FB; drops bit 11, which is the equivalent of subtracting 
20006 from the 12-bit address; and appends the FB to the 10 

low-order address bits. We now have 

~]pTJJI 

(bits) 15 14 13 12 11 L-r 

0~1~1~1~1~1~1~0~0 

I.211 10 . . . . . . . . . . 1 

7. Since the address does not require a 16th bit for definition 
(bits 15 and 14 # 112). the only step remaining is to combine 

the above to render the effective operand address 
10 110 111 111 1002 =267746. 
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8. 267748 + 100008 = 367748. The effective operand 
address is the Machine Equivalent of the pseudo-address. 

All the Fixed-Switchable addresses in the range lOOOO- 107’7778, whose effec- 
tive operand addresses are between 0 and 777778, can now be referenced within the 
15.bit address field provided by the combination of the 5-bit Fixed Bank Register 
and the 10 low-order address bits of a word. There are Fixed-Switchable addresses, 
however, in the range 110000 - 117777, whose effective operand addresses (between 
100000 and 1077778) require a 16th bit for definition. We therefore provide a 16th 
bit called a Super Bank Bit 01‘ Fixed Extension Bit (FEB) in the following fashion. 
The hardware recognizes an 112 configuration in hits 15 and 14 of the FB - 

FB FB 
15 15 14 14 13 13 12 12 11 11 

1 1 1 1 1 1 
as a signal to fetch a 16th bit - the Super Bank Bit - and append it to the Fixed Com- as a signal to fetch a 16th bit - the Super Bank Bit - and append it to the Fixed Com- 
plete Address (FcADR). 

FEB 

El 

10 low-order address bits 

For those Fixed-Switchable addresses in the range 70000- 1077778, with 
effective operand addresses in the range 60000- 777778, the Super Bank Bit must 
contain a 0 (since the addresses can be defined within a 15-bit address field). 
For the range llOOOO- 117777 (EOA 100000-1077778) the Super Bank Bit must * 
1. Let us consider for example the address 764538, which becomes 664538 = 110 
110 120 101 0112 in machine representation. The programmer must provide that 
at execution time, the FB is set to 338 (110112)-the value specified in bits 15, 14, 
13, 12, and 11 (110 110 100 101 0112) (bits 15 and 14 of the FB are equal to 
112)-and that the Super Bank Bit is equal to 0. At execution time, the hardware 
tests bits 15 and 14, and, sensing an 112 configuration in bits 15 and 14, it fetches 
and interrogates the Super Bank Bit. 

When the hardware senses a 0 in the Super Bank Bit, it merely forms a 15- 
bit address field just as for Fixed-Switchable addresses below FB 30. For illustra- 
tive purposes (i.e. this is not a description of how the hardware actually works), 
the value found in bit 16 is added to the value in bit 14. If, as in this case, the 
Super Bank Bit is equal to 0, the configuration in bit 14 will not be altered by adding 
0 to it, and there will consequently be no overflow out of bit 15. 
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Super Bank Bit- 

+b 
140 110 100 101 011 

110 110 100 101 011 

15. . . . . . . . . . .l 

Now, consider that the pseudo-address range 70000 - 777776 (within FB 30- 

33) and the pseudo-address range llOOOO- 1177776 differ by 200006 (or a 1 in Bit 14). 

though we also define FB 30- 33 for the range llOOOO- 1177776. We distinguish 

them thus: the address range 70000- 777776 within FB 30- 33 has an 011 configura- 

tion in the Super Bank Bit while the address range 110000-1177776 within FB 30 -33 

has a 100 configuration in the Super Bank Bit (bit 16). 

We have just discussed the disassembling of address 764536. Let us now 

consider the address 1164536. Subtracting 100006, we obtain the effective operand 

address 1064536 =l 000 110 100 101 0112. The programmer makes certain that, 

at execution time, all but the low-order 10 address bits are masked, and that the FB 

and Super Bank Bit are set. Since the hardware interrogates the Super Bank Bit 

only on sensing a 112 configuration in bits 15 and 14, and since bits 15 and 14 are 00 

in the pseudo-address -1064536, i. e. 

1 000 110 100 101 01 2 

(bits) 16 1514. . . . . . . . . . . 1 

the programmer has had to set the FB to 336 (110112), so that 15 and 14 ‘112. 

This is the same configuration as that of the FB for the effective operand address 

(EOA) 664536 above. Again, to distinguish between the addresses, we can think of 

adding the value of the Super Bank Bit to the value of bit 14. Thus,’ 

E 10 low-order address bits 111 1, o,$, 

0~1[0101110[11011I1~ 

16 15 14 13 12 11 10 9 8 7 6 5 4 3 21 

which gives us 

FEB 
~[OiOlO,~l, 

16 15 14 13 12 11 

10 lower address bits 

ToI 1~ ok ok 1~ ok l~o~l~l 

10 9 8 7 6 5 4321 

1-12 



We now have the exact binary configuration of our original EOA 1064536 and have 
succeeded in differentiating between FB 336 for 1064536 and FB 336 for the EOA 
664536. 

1.2.1 Bank Summary 

The Erasable Bank Register, as we have seen, is a 3-bit register which, by 
having its 3 bits specifying a bank number in the range 0 - 76 appended to the 8 low- 
order address bits of a word, will provide us with an 11-bit address field. Within 
an 11 -bit address field, we can define all of erasable memory (i.e. addresses 
0 - 37776). 

By writing a bank number in the range 0 - 37 into the 5-bit Fixed Bank Regis- 
ter and having the 5 bits of the FB appended to the 10 low-order address bits of a 
word, we obtain a 15-bit address field. This 15-bit address field is sufficient for 
defining all of fixed memory except those pseudo-addresses in the range llOOOO- 
1177776 (i.e. 15 bits is sufficient for defining addresses in the range 10, OOOO- 
107777, after having subtracted 10000,). 

The Super Bank Bit, which is not a bank or register, provides us with the 
16th bit necessary for defining the absolute addresses in the range llOOOO- 1177776. 
Thus is all memory made addressable. 

The EB. FB, and BB are all locations in memory. A bank number written 
into EB or FB is automatically written into BB, and information written into BB is 
automatically written into EB and FB. - 
Octal Register 
Address N&Xlle 

0003 EB 

0004 FB 

0006 BB 

Ghan. 07 FEB 

11 10 9 

I I 1 E] El El 11 11 1 I 

Figure 2 
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The programmer sets bank registers by creating constants (via assembly 

process) which are written into the bank registers by his program at execution time. 

A special 12-bit hardware register exists called the S Register, which is 

inaccessible to the programmer and contains the 12-bit address portion of the refer- 

enced word of memory. Depending upon the configuration in bits 12 and II and in 

bits 10 and 9 of the contents of the S Register, the hardware will form an 11-bit 

address, or a 16-bit address. These effective operand addresses then go to the 

address selection logic for selecting the referenced address. A diagram of the 

logic upon which the hardware will form an ll-, 15- or 16-bit EOA from the 12.bit 

address in the S Register is presented in an appendix at the end of this document, 

(pages l-67, l-68). 

As we have discussed previously under Special Registers, the Z Register 

has only 12 bits within which to reference all 38, 91210 memory locations. In order 
to address up to a 16-bit absolute address, the Z Register bits are combined with 

EB or FB and FEB bits, as in the previously discussed procedure, to obtain a 

fixed absolute address. 

Changing banks requires that the programmer has set the EB or FB to the 

proper configuration of the bank he wishes to go to, and that he has set the Z Register 

so that the hardware will form the proper EOA (with the aid of the bank register, if 

necessary). Similarly. when we wish to fetch data from one bank while we are in 

another bank, we must set the EB or the FB properly for combination with the address 

field of the fetch. One problem with fetching information from one fixed bank while 

we are in another is that we may lose control from the bank we are in to the bank 

containing the desired data to which the Z Register will be pointing. For example, 

let us consider that we are in FB 23 and that we wish to fetch data from FB 20. By 

executing any instruction which will fetch the data from FB 20, the Z Register will 

be set so that when the bank bits are appended, we shall then be in FB 20 rather 

than in FB 23 where we wish to be. Although methods of evading this problem will 

be discussed below, one common solution is to fetch the desired data via erasable 

memory, in which the previous setting of the FB will not be altered. 

At the end of this document in an appendix is a diagram showing how the 

38,912 memory locations fit the addressing schemes previously discussed (page l-66). 
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1.3 Instruction Representation 

As previously stated under Instruction Representation, the 15 bits of an AGC 
word may be selected and executed as in instruction. Since only bits 15, 14, and 
13 of the instruction are specified to represent the op-code, we have only 8 op-codes 
with which to work. 

We therefore introduce a 16th bit called an extracode bit, which, when appen- 
ded to the 3-bit op-code and set to 1, provides us with twice the number of instruc- 
tions, giving us 16 op-codes. The extracode bit is set by an “Extend” instruction 
and is reset by any instruction other than an “index” instruction. 

Also, we have stated under Addressing that a 00 configuration in bits 12 and 
11 indicates that we are referencing erasable memory. If we are able, then, to de- 
tect by the very nature of the instruction that we are addressing only erasable 
memory. we may use bits 12 and 11 to represent op-codes. We call the combination 
of the 3 op-code bits and bits 12 and 11 (when an instruction refers only to erasable 
memory) a quarter code (QC!). The combination of the extracode bit, the 3 op-code 
bits, and bits 12 and 11 gives us a maximum of 6 bits for representing op-codes, 
thus giving us 26 = 64 possible op-codes in the range 0 -776. In reality, however, 
there are less than forty instructions. 

The following diagram presents the code names and high-order bit configura- 
tions of the 15 non-extracode instructions and the 19 extracode instructions. A de- 
tailed explanation of each instruction will be given in Section D. 

1. 3. 1 Arithmetic and Overflow 

This brief discussion of the AGC mechanization of the arithmetic unit is 
given from strictly a programming point of view and is therefore intended only to 
give some basis for analyzing program performance. 

Data is represented in the AGC with the positive (0) or negative (1) sign of 
the magnitude in bit 15 and the binary magnitude within the range 0- 214 - 1 in bits 
14-l. Positive data is represented within bits 14- 1 asbinary magnitude upto 214-1. 
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its 1513= 

ion- 
xtracode 
mtructions 

:xtracode 
instructions 

bits l&13= 

0 

RELINT 

INIiINT 

EXTEND 

TC 

(TCR) 

RE.4D 

WRITE 

RAND 

WAXD 

ROR 

WOR 

R XOR 

10 

ccs 
bits 12, 11 
= 00 

TCF 
bits 12, 11 
= 00 

II\- 
(bits 
12, 11 
= 00) 

l3ZF 

11 

DAS 
bits 12, 11 
= 00 

LXCII 
bits 12, 11 
= 01 

ISCR 
bits 12, 11 
= 10 

ADS 
bits 12, 11 
= 11 

IbIsI: 
bits 12, 11 
= 00 

QXCH 
bits 12. 11 
= 01 

AUG 
bits 12, 11 
= 10 

DIM 
bits 12, 11 
= 11 

12 

CA 

(CAF 

(CAE 

DC.4 

13 

cs 

DCS 

14 

Resume (li) 

bits 12, 11 
= 00 

DXCH 
bits 12, 11 
= 01 

TS 
bits 12, 11 
= 10 

xc11 
bits 12, 11 
= 11 

IXDEZ 

(SDI) 

6 

A D 

SV 
bits 12, 11 
= 00 

BZMF 

l5 -A--.._16 

7 

21.4 

(MC 

MP 

17 

Figure 3 



For example, the positive octal quantity 73053 and its negative one!s complement 

would be represented in an AGC word as : 

positive 0 0 0 1 1 1 0 1 1 0 0 0 1 0 1 

bits: 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 

negative 1 1 1 0 0 0 1 0 0 1 1 1 0 1 0 

sign bit 

The sum of the negative and positive representation of a quantity will obviously 

equal a configuration of all one’s. Consider the sum of the two previous examples: 

+7305=0 0 0 1 1 1 0 1 1 0 0 0 1 0 1 

+ - 7305 =l 1 1 0 0 0 1 0 0 1 1 1 0 1 0 

- 0000=1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

or 

-0 =777773 

Because the AGC uses only one’s complement arithmetic when under pro- 

gram control, the quantity “zero” has two possible representations: 000003 and 

777773, which are designated respectively as + 0 and - 0. In most cases, the l’~ero’l 

that results from addition or subtraction will be a negative zero, e.g. the sum of 

+ 73053 and - 73053. 

The only difference between one’s complement arithmetic and two’s comple- 

ment arithmetic is the addition of 1 to the low-order bit (bit 1) of the one’s comple- 

ment notation. For example, to the one’s complement form of -73059. we add 1, 

111 000 100 111 010 
+ 1 

111 000 100 111 0112 

thus yielding the two’s complement form 111 000 100 111 0112. Positive 

zero (+O) is the only representation of “zero” in two’s complement arithmetic. 

For arithmetic purposes. the magnitude value in bits 14- 1 is thought of as 

a fraction, i. e. the binary point is between the sign and bit 14. The magnitude value 

of bits 14 - 1 can therefore be thought of as being in the range 0 - Z-l4 + 1. In this 

“fixed point” arithmetic, the programmer must keep track of the position of the 

imaginary binary point within a word according to the appropriate scaling, i. e. the 

imaginary binary point is in places to the right of the fixed binary machine point 
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between bits 15 and 14. For example, if we wish to add the quantities 

bits 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 

+o.o 0 0 0 0x00000000 
and 0.0 0 0 0 0 0 0 0 0 0 0 0 0, y 

where x is scaled 26 and y is scaled ~10, we would get no meaningful sum without 

shifting x to the right 4 bits or y to the left 4 bits. 

In multiplication, where there is no need to shift the multiplier or multipli- 

cand right or left, the programmer need only keep track of where the imaginary 

binary point is in the product. For example, 

x. 2-4 : bits 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 
0 _ - - x- _---_---- 

multiplied by 

Y. 2m2: bits 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 

$lds z. Z+ +I$ or ,“. 2--6. 

Y - - - --------- 

If we wished the product to be scaled to 2 -3 01‘ to 

, we could either shift the product right or left, or we could have shifted the 

multiplier or multiplicand before multiplying. In any case, it is important that we 

be careful not to lose significant bits by shifting a term right or left. 

When a word is read out of memory into the Is-bit A Register, or accumu- 

lator, the magnitude bits 14- 1 of the word go into the corresponding bits 14 -1 of 

the accumulator. The sign bit goes into bit 15 of the accumulator, from which it is 

duplicated into bit 16. Carries from bit 14 propagate to bit 15, identified as Signl, 

(Sl). and from SI to bit 16, identified as Sign 2 (S2). The S2 bit is considered to 

contain the sign of the word and is the bit sensed to determine the sign of the accumu- 

lator quantity. 

Under normal conditions, the S2 and Sl bits will be equal. In an overflow 

situation, however, in which bits 14 - 1 are insufficient to define the magnitude of 

the sum of two terms, Sl and S2 will be unequal. For example, the addition of pos- 

max (the maximum positive quantity definable in 14 bits), which is 377776, and i-1 

results in 400006, thus causing an overflow into the 15th bit. Since 377776 is a 

positive quantity, bit 16 will be zero, and the configuration of the sum of the two 

terms will look thus: 
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bits: 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 

0 1 0 0 0 0 0000000000 
* + 
S2 Sl 

The Sl and S2 bits are unequal, containing the overflow configuration of a 0 in bit 

16 and a 1 in bit 15. 

Inequality between Sl and S2 may also result from a case of negative over- 

flow. For example, let us add negmax (the maximum negative quantity definable 

within 14 bits), which is -377776 or 400006 in complemented form, to itself. 400006 

goes into the accumulator as 1400006, with a 1 in Sl and S2 to indicate the negative 

sign of the quantity. We have 

140000* 

which is 

+ 
1400006 

1100000000000000 

+1 100000000000000 

1000000000000000 
+, KilTy 1 

+1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + -I l2 

S2 Sl 

The Sl and S2 bits are unequal, containing the negative overflow configuration of a 

1 in bit 16 and a 0 in bit 15. 

If we now use a TS instruction to store this quantity into memory, the hard- 

ware will combine bit 16, the correct sign bit, and the 14 low-order bits (thus by- 

passing bit 15). The quantity 100 000 000 000 0012 

01‘ 400016, which is negmax + 1, will be the number stored into memory. 

The TS instruction also causes the hardware to look at bit 15, which is still 

in the accumulator as the uncorrected sign bit, and to set the accumulator equal to 

+ 1 depending upon the configuration of bit 15. Since bit 15 has a zero configuration in 

this case. the hardware will leave a -1 (777766) in the accumulator. In the Previous 
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example of posmax +l, the TS would leave +l in the accumulator. Thus we may 

test for overflow, leave the overflow in A, and store the modulus into memory. This 

procedure is basic to DP operations. 
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1.4 Instructions 

1. 4. 1 Basic Instructions 

A detailed explanation is given below of each of the non-extracode instructions 

whose code names (with alternate spellings in brackets) are given in the upper half 

of the chart in Fig. 3. The extracode bit is equal to zero in all of the instructions. 

I denotes “at this address. ” (K) denotes the contents of location K, as dis- 

tinguished from K, which denotes the address K. (Kjp refers to the previous con- 

tents of K. The symbol 3 denotes “implies. I1 MCT denotes Machine Cycle Time, 

one MCT being approximately equal to 12 microseconds. The average instruction 

requires 2 MCT, or 24 microseconds. 

The next sequential instruction will always be taken from I + 1 unless specified 
otherwise. E-memory and F-memory denote, respectively, erasable memory and 

fixed memory. Since locations 0020-00238 in erasable memory are special regis- 

ters (see page 5), we edit out any address K where K is 0020-0023 unless otherwise 

specified. The Assembler gives a diagnostic (also spelled CUSS) as printed output 

to indicate an assembly error in using the instructions. 

TC 

Op-Code 00 TC K 

K 4 3, 4, 6 
Transfer Control (to K) 1 MCT 

The address K goes into the Z Register, and the previous contents of 

the Z Register go into the Q Register. Thus the next instruction is taken 

from K. 

Indirect addressing is made possible because the op-code is zero, 

e.g., the contents of K, which are equal to O/xXxX where XXXX is some 

address, become TC XXXX. 

Since TC K may be used as a subroutine call, it is obviously necessary 

to preserve the contents of the Z Register in the Q Register so that we may 

return to the main program upon completion of the subroutine. Since a TC 

causes the previous contents of the Z Register to go into Q, Q is now pointing 

at “TC + 1” and a TC Q at the end of a subroutine will return control indirectly 

to the place at which we had originally quit the main program. For this type 

of operation, TC may be spelled TCR, for Transfer Control Setting up Return. 

1-21 



TC A will obviously transfer control to the contents of the accumulator, 

where the op-code configuration of the accumulator bits will determine the 

next operation to be performed. If the programmer has made sure that bits 

15-13 of the contents of A are equal to zero, control will be indirectly trans- 

ferred to whatever address bits 12- 1 of the accumulator specify. 

Special cases of TC K occur when the address K is equal to 3, 4, or 6. 

In these three cases, the indicator specified by K is set, and the next instruc- 

tion is taken from I + 1. 

TC 3 = RELINT (Allow Interrupt) 

TC 4 = INHINT (Inhibit Interrupt) 

TC 6 = EXTEND (Set Extracode Switch) 

The extracode switch causes the next instruction to be an extracode. 

As we have said above, any instruction except “INDEX” resets the switch. 

Interrupt is inhibited while the switch is on. Other uses of “TC” will be 

discussed under Special Codes. 

ccs 
Op-Code 01 ccs K (K must be in erasable) 

QC 0 Count, Compare, and Skip 2 MCT 

(Quarter Code) 

I 

1+1 

I +2 

I +3 

I +4 

(K) go into the accumulator. 

If (K) > 0, then we take the instruction at I + 1, and (A) will be reduced 

by 1, i.e. (K) - 1. If (K) = + 0, we take the instruction at I + 2, and (A) will 

be set to +O. If (K) < -0, we take the instruction at I + 3, and (A) will be set 

to its absolute value less 1. If (K) = -0, we take the instruction at I + 4, and 

(A) will be set to + 0. CCS always leaves a positive quantity in A. 

This is the only compare instruction. It is also used for loop control 

and indicator testing. For example, if we wish to transfer out of a subroutine 
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when the positive contents of the accumulator become zero, a “CCS” will 

cause the contents of A to be reduced by 1. When (A) reaches + 0, a TC K 

placed two instructions after the CCS will cause the desired transfer out of 

the subroutine. 

Also, we might wish to use a 1 configuration in bit 9 of smne word 

which is ordinarily set to 0 to indicate that jets should be turned on to propel 

the spacecraft in some direction. We would use a CCS A after isolating bit 

9 in A to test (A) for a quantity greater than + 0. If we found a. quantity > + 0, 

we would branch to a sequence of instructions controlling the operation of the 

jets. 

TCF 

Op-Code 1 TCF K (K must be in F-memory) 

QC 4 0 
Transfer Control to Fixed Memory 1 MCT 

Take the next instruction from K and proceed from there. Using TCF 

rather than TC is a convenient way of having the assembler do address 

checking for you. If the operand, K, is not in fixed memory, a diagnostic 

will come out of the assembler. Moreover, TCF does not change the Q 

Register. 

DAS 

Op-Code 2 DAS K (K must be in E-memory) 

QC = 0 Note: this assembles as 
DAS Ktl 

Double Add to Storage (to and from K) 3 MCT 

The contents of the accumulator and its L Register are added to the 

contents of K and K -)- 1. The DP sum is stored back into K and X + 1. If 
positive (negative) overflow results from the DP addition, the sum is stored 

into K and K + 1, and the net overflow (+l if positive; -1 if negative) is left 

is left in the A Register. If no overflow resulted, +O would be left in the 

.4 Register. +O is left in the L Register. 

DAS A doubles the contents of the DP accumulator. (The assembly 
mnemonic DDOUBL assembles as DAS A). 
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LXCH 
Op-Code 2 LXCH K (K must be in E-memory) 

QC = 1 

Exchange L and K 2 MCT 

The contents of the L Register are exchanged with the contents of K. 

We could LXCH A, in which case A would be overflow-corrected before the 

swap. 

For example, the instruction LXCH 10373 would cause the contents of 

location 10373 to go into the L Register and the contents of location 10373 to 

be replaced by the previous contents of the L Register. 

INCR 

Op-Code 2 I.NCR K (K must be in E-memory) 

w=2 
Increment (K) 2 MCT 

The contents of K are replaced by the contents of K incremented by 

1. A is not affected. 

NOTE: INCR and two other codes AUG and DIM are modified counter- 

increment sequences. Thus, if one of these three overflows when addressing 

a counter for which overflow during involuntary incrementing is supposed to 

cause an interrupt, the interrupt will occur. This is also true for chain- 

reaction increments like T2, which is incremented after an overflow of Tl. 

These three instructions INCR, AUG, and DIM always operate in one’s com- 

plement arithmetic, even when addressing CDU counters, which normally 

use two’s complement arithmetic. 

ADS 

Op-Code 2 

QC = 3 

ADS K (K must be in E-memory) 

Add to Storage 2 MCT 

The contents of the accumulator and the contents of K are replaced 

by the sum of the contents of the accumulator and of K. 
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