Apollo Guidance Computer (AGC) Block III: Native-Mode Instructions
Hugh Blair-Smith, MIT Instrumentation/Draper Lab, 1959-1981
Most instructions, as soon as they can start the Fixed memory cycle that fetches the next instruction (and that’s usually their first memory cycle), do so by copying Z into SF, and later in that cycle copy the (auto-incremented) contents of SF to Z for the benefit of the next instruction. Instructions that transfer control make variations on that logic.
Most instructions can make some use of the internal data register D and its companion discretes DACT (D register active), DRA (D register active for return address), and DEXD (D setup for DEXEC). The paradigm is that D is ignored when the relevant discrete is off; also, most instructions turn off whichever discrete makes them use the 15-bit contents of D.
Immediate data and instruction reference types (transfers of control):
D...D is immediate data; A…A is address, Fixed only. Both types are indexable.
Octl Op Code 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02 01
1 0  DATA=   1  0  0  0  D  D  D  D  D  D  D  D  D  D  D  D  D  D  D
1 1  DATAA   1  0  0  1  D  D  D  D  D  D  D  D  D  D  D  D  D  D  D
1 2  EXEC    1  0  1  0  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A
1 3  DEXEC   1  0  1  1  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A
1 4  CALL    1  1  0  0  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A
1 5  IF<0    1  1  0  1  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A
1 6  IF=0    1  1  1  0  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A
1 7  IF>0    1  1  1  1  A  A  A  A  A  A  A  A  A  A  A  A  A  A  A
DATA= copies its 15-bit “address” field into D and sets DACT. DATAA copies its 15-bit “address” field into A, replicating bit 15 to bit 16 as a duplicated (non-overflow) sign. To make them work together in fetching a double-precision constant, DATAA also looks at DACT and if it’s on, copies the 15 bits of D into L bits 16-02, clearing the rounding bit in position L 01, then resets DACT. If a DP constant is rendered in Fixed memory as a DATA= generating the lower half, followed by a DATAA generating the upper half, executing those two instructions places the DP constant in AL. That works whether the two instructions are executed by normal program sequencing or as the target of DEXEC.
To facilitate setting up A, L, and Q registers, DATA= also consults DACT and if it’s on, copies the 15 bits of D into Q, replicating bit 15 to bit 16 as a duplicated sign, but still sets DACT. Thus, to load all 3 registers with constants: DATA=, DATA=, DATAA.
EXEC transfers control to the addressed word in Fixed by copying its address into SF instead of copying Z there, and leaves Z pointing to the word after the EXEC itself, so that from the addressed instruction’s point of view, the “next” instruction is the one after the EXEC. If the addressed instruction is a CALL or a successful IF branch, Z will be treated as the return address, so that if what gets called thereby is a subroutine (i.e. starts with a PRA), it will return to the instruction after the EXEC. DACT is neither used nor reset, just passed through to affect whatever is being EXECed.
DEXEC is like EXEC, but resets DACT and copies the auto-incremented c(SF) into D and sets DEXD. Every instruction type, at the time it would copy Z to SF, checks DEXD and if set, makes SF use its existing (auto-incremented) contents instead copies D to SF instead, leaves Z untouched, then resets DEXD. This makes the (first) addressed instruction ignore Z and take the word after itself as the next instruction. That instruction, being not under the influence of DEXD, behaves as if a simple EXEC had invoked it, and generally takes the word after the DEXEC as its next instruction. Not every instruction type behaves intuitively when DEXECed. See also the last paragraph of this section. 
CALL (aka GOTO) and the IF branches that interrogate the 3-state Condition Code are the straightforward way of transferring control. Any IF branch whose condition is not satisfied simply resets DACT and functions like a NOP, a case which can be ignored for purposes of this section. When the address points to a Push [previous] Return Address (PRA) instruction, the transfer of control is treated as a CALL, otherwise as a GOTO.
These begin by copying their address field into SF. Then, if DACT is off, they copy Z into D in case it will be needed as a return address, and set DRA. Then they copy the auto-incremented c(SF) to Z to set up for the normal case, that the instruction addressed will use its following word as the next instruction. For effective GOTOs, that’s it.
Here, I must go into how PRA, the DRA discrete (to which only PRA is sensitive), and the return-address list work. If DRA is off when PRA begins (implies that the subroutine is to be passed through rather than returning anywhere), D is set to zero. But if DRA was initially on, D contains the address to which the next RETURN should go. That will be a true “return address” if the branch to the PRA had been allowed to copy its value of Z into D, but if that branch had to pass along an existing value in D, it’s what you might call a “forwarding address,” a new place to which the “RETURN” should go instead of returning to the word after the branch.
In parallel with the Fixed cycle to fetch the next instruction, PRA copies the Return Address PUSH pointer RAPU, ORed with 7400 octal to make up a full Erasable address, into SE, where CS is also applied to switch among CoreSets. At the same time, it copies RAPU into the Return Address POP pointer RAPO, and into the adder along with -1. The sum goes back into RAPU, completing the effective decrement of both pointers. PRA ignores what the Erasable cycle brought up in E, then copies the Return Address register RA to E for writing. That completes the push of the previously established RA. Then it copies D into RA, establishing that as either the new active return/forwarding address (or as a pass-through signal if zero), and resets DRA. All that prepares the way either for another PRA to push that new RA and establish a yet newer one, or for a RETURN.
There isn’t a distinct instruction type for RETURN. Instead, any GOTO or IF branch that seems to be transferring control to 00000 is interpreted as a RETURN. Instead of copying the zero address into SF, it copies a non-zero RA there, or copies Z there if RA is zero, and later copies the auto-incremented c(SF) to Z to complete the setup of the return. In parallel with the setting of SF, it copies RAPO, ORed with 7400 octal to make up a full Erasable address, into SE, where CS is also applied to switch among CoreSets.. At the same time, it copies RAPO into RAPU, and into the adder along with +1. The sum goes back into RAPO, completing the effective increment of both pointers. It copies the word thus brought up from Erasable into RA, re-establishing it as the active return address and completing the pop. Just like PRA, that prepares the way either for another RETURN to use that RA and pop the next older one, or for a PRA. Note how entering this with a zero RA makes it restore the previous RA and continue with the instruction following the RETURN instead of returning to somewhere else: that’s the processing of passing through an “embedded” subroutine. If DACT is on during a RETURN, it will have all the consequences described above, which could be complex though not illegitimate.
The Return Address list has a maximum depth of around 20 (exact value TBD) and occupies that many words in the current job’s CoreSet. At the beginning of a job, when no CALLs have occurred, RA contains 00000, and the same applies whenever all of a job’s outstanding CALLs have returned. The active RA occupies only its register, with no shadow in Erasable, so the number of words in the total list is the limiting number of possible stacked CALLs. I’ve left it up to the digital simulator to detect and adjudicate any violations of list boundaries.
Sometimes the return address points to a pass-by-reference parameter located just after a CALL, usually in the form of a DATA= to be EXECed. Sometimes there is more than one. For an example, see the document on the Interpreter, which works in that way.
Program interrupt works almost exactly like an IF-type call; see under RUPT, below.
One special combination of the above needs further explanation: a CALL inside a DEXECed pair. If the first instruction of the pair is not a transfer-of-control type, and the second instruction is a CALL, the operation is intuitive in the sense that whatever is being CALLed returns to the instruction after the DEXEC, just like an EXECed CALL. But if the first instruction of the DEXECed pair is a CALL, then the second instruction (to which the CALLed routine returns as is normal) must be a GOTO. The reason is that whatever is CALLed restores Z to its normal function, thereby retroactively converting the DEXEC to a GOTO that retains no memory of where the DEXEC was.
Data handling operations that use Erasable addresses for direct or indirect (*):
Op Code 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02 01
(gen’l) 0  C  C  C  C  C  *  A  A  A  A  A  A  A  A  A  A  A  A
0 00 – 0 06  LDA & LDL & DLD & LDQ
0 10 – 0 16  STA & STL & DST & STQ
0 20 – 0 26  XCA & XCL & DXC & XCQ
0 30 – 0 36  T   & DT  & C   & DC 
0 40 – 0 46  AD  & DAD & SB  & DSB
0 50 – 0 56  MP  & MASK & DV & MPAD
0 60 – 0 62  ADM & DADM            
0 64 – 0 70  INC & RED & NDX       
0 72 – 0 73  STD/STZ(direct) & PRET*   
All these ops augment the 12-bit address field with a 13th bit to command indirect addressing, with the direct address supplied by an operand that looks like this:
15 14 13 12 11 10 09 08 07 06 05 04 03 02 01
S  S  S  E  E  E  E  E  E  E  E  E  E  E  E
Bits 15-13 of the operand (SSS) have no effect except in the RED instruction (below). Any case of indirect addressing while DACT is set will get the direct address from D and reset DACT. If NDXing is wanted for this kind of indirect address, DACT should be set by ADRES= before the NDX, which passes it along to the indirect-address logic; NDXing will then apply to the direct address obtained from D. “ADRES=” is just a variant spelling of DATA= for this context.
All these ops may be NDXed to use the sum of the native 12-bit address field and the NDX operand as the address. Bits 15-13 of the NDX operand have no effect, and any overflow resulting from the addition is disregarded.
All these ops may be both indirectly-addressed and NDXed, in which case the NDX addition is applied, with one exception, to the result of indirect addressing. Again, bits 15-13 of the NDX operand have no effect, and any overflow resulting from the addition is disregarded. The exception is PRET*, which performs a special style of indirect addressing to access Fixed Memory instead of Erasable, and for which the NDX operand is applied to the indirect E address.
All these ops except NDX use the value in D somehow when DACT is initially on, and unconditionally reset DACT afterwards.
All these ops except NDX set the three-state Condition Code (CC) according to the numerical result obtained: positive non-zero, non-zero, or negative. An arithmetic overflow event is not captured by the CC, but is retained in the dual-sign-bit storage of registers A and Q but not L. Special no-address instructions TOVA and TOVQ are used to capture overflow status in the CC on the rare occasions where it’s of interest.
Loads (LDA, LDL, DLD, LDQ) copy a 15-bit operand from Erasable memory to the named register, or two operands to AL in the case of DLD, duplicating the sign into bit 16 where possible. Except for DLD, any load with DACT initially on will load D into the specified register instead of the data obtained from memory. Like most (but not all) double-precision (DP) instructions, DLD addressing is “big-endian,” meaning that the word addressed is the more significant word and goes into A; the data in the next-higher address goes into L. There is a macro op DLD= that loads AL with a DP constant stored in Fixed memory in little-endian format. Also, recall how the immediate-data instruction types DATAA and DATA= load single-precision constants from Fixed memory.
Stores (STA, STL, DST, STQ) copy the register contents into one or two words of Erasable memory. DST is big-endian like DLD. In any word stored from register A or Q, bit 15 of the memory word is filled from bit 16 of the register, achieving “correction” of any overflow condition. Except for DST, any store with DACT initially on will write D into specified register and then store that.
Exchanges (XCA, XCL, DXC, XCQ) perform Load and Store functions simultaneously, so as to achieve a mutual swap. DXC is big-endian like DLD. Except for DXC, any exchange with DACT initially on will let its specified register keep what it gets from memory, but will store D.
Tests (T, DT) set the CC according to the condition of the operand(s) from Erasable memory. DT is big-endian like DLD; it performs the second memory cycle only when zero-ness of the first half requires it. (There are separate no-address instructions TA, TL, and TQ for testing central registers.) Except for DT, a T with DACT initially on will set CC according to the state of D instead of the data obtained from memory.
Compares (C, DC) set the CC according to the difference between A (or AL) and the operand(s) from erasable memory, as calculated by subtracting the operand(s) from the register(s). DC is big-endian like DT, above, and similarly performs the second memory cycle only when equality of the first halves requires it. Except for DC, a C with DACT initially on will compare against D instead of the data obtained from memory.
Add/Subtracts (AD, DAD, SB, DSB) add/subtract the operand(s) to/from A (or AL). Here, and elsewhere, it’s important to understand that L is an unsigned register whose bits 16-02 correspond to bits 15-01 of a memory operand, and whose bit 01 is not used except to support rounding where appropriate. DAD and DSB are little-endian, meaning that the word addressed is the less significant word, and the more-significant data comes from the next-lower address. The YUL assembler adds 1 in the address field of the object code to support this endian adjustment for direct addressing. In the case of indirect addressing, the hardware increments the address obtained from memory before use to convert it at runtime from big-endian to little-endian. Note that the dual sign in A allows one level of overflow to be retained without necessarily distorting the data, though programmers must still be aware of scaling issues. Except for DAD and DSB, any add/subtract with DACT initially on will add/subtract D instead of the data obtained from memory.
Multiply/Divide (MP, MASK, DV, MPAD) perform the indicated operations:
· MP multiplies A by the operand from Erasable memory, and retains the double-precision product in AL.
· MASK performs logical multiplication (Boolean AND) on c(A) with the operand.
· DV divides the double-precision dividend in AL by the divisor obtained as the operand, and retains the quotient in A and the remainder in Q. L then supports rounding of the quotient if desired (instead of using the remainder).
· MPAD performs multiply-and-add by initializing the working product to b(Q) instead of the default zero, effectively adding b(Q) to the lower half of the product. Q is later zeroed.
Any multiply/divide with DACT initially on will use D instead of the data obtained from memory.
Adds to Memory (ADM, DADM) add the operand(s) to c(A) or c(AL) and perform the corresponding Store, but the final c(AL) is the same as the initial c(AL). DADM is little-endian like DAD. Except for DADM, ADM with DACT initially on will first replace A with D and then perform the ADM.
Increment (INCR) adds 1 to a single-precision operand without disturbing any central register and sets CC according to the result. It could result in an overflow, detectable as a zero condition in CC—but notice that when the operand was negative, a zero CC has only its intuitive meaning. INCR is unaffected by the initial state of DACT.
Reduce (RED), the only op that uses its operand’s bits 15-13 (the SSS field of a direct Erasable address word) in any special way, reduces the value of the operand in a multi-purpose way. It first sets the CC according to the whole operand, and then creates a step word by copying into A 03-01 the ones complement of SSS and filling A16-04 with ones, thereby forming a negative integer in the range -8 to -1. It then adds that to the operand (but only if the CC indicates non-zero) and stores it, thus supporting the operand’s usage as an indirect address in a loop that may be depending on that step size, e.g. handling double precision scalars or vectors. The step-word value left in A is then usable to add to a subscript variable that needs to use the same step size, which can then be used for NDXing in the same loop. If the Condition Code does indicate zero, that reveals that the operand was a loop counter the whole time (not an indirect address), and that it’s now time to exit the loop. Well, actually, this last case could be an indirect address if the loop is processing the contents of the bottom of the VAC area, which is the root of the Interpreter’s data pushdown list. In the most common likely usage, loops will end with the sequence RED Counter, IFNZ Loop. RED with DACT initially on will use D as the step value (whether positive or negative) instead of the one deduced from the SSS field.
Index (NDX) adds its single-precision operand to the effective address of the next instruction, using only the bit positions defined as the address field for that instruction type. Those definitions are 15-01, 12-01, 08-01, or none; in all cases, zero bits are supplied to the left of the qualified address bits.  “Effective” means that when the next instruction uses indirect addressing, the adding is delayed one Memory Cycle Time (MCT) so that it is applied to the address obtained from Erasable memory. Unlike most instructions, NDX makes no use of active data set up in D, and does not reset the discrete DACT that indicates the presence of active data in D; just passes it along.
A special Store (STD/STZ) stores any active data in D (or zero if DACT is off) in the single-precision operand word, without disturbing Condition Codes or any central register. It does however reset DACT. The programmer may use either mnemonic op code based on the situation expected. No indirect addressing is possible with this op code, but NDXing can make up for that.
Interpretive program fetching (PRET*) always uses indirect addressing because it must access Fixed memory; it also post-increments its indirect-address operand in Erasable memory. Unlike all other indirect-addressing cases, NDXing affects the indirect address itself, not the net (Fixed) address. PRET* ignores and resets DACT. That operand thus performs for interpretive code exactly what the Z register does for native code, and so will customarily be named Zpret. PRET* distributes its 19-bit operand from Fixed into AL according to the type of interpretive program word:
Op code word (bit 19 = 0): 0 to A 16-07, bits 18-13 to A 06-01, bits 12-01 to L 16-05;
Address (bits 19-18 = 10): 1 to A 16-05, bits 19-16 to A 04-01, bits 15-01 to L 16-02;
Store (bits 19-18 = 11): 0 to A 16-03 except 1 to A 07, bits 17-16 to A 02-01, bits 15-01 to L 16-02.
Its sets CC to reflect the final condition of AL, which will never be zero. Note that >0 signals any operation including the 4 Store ops, and <0 signals an address word, which can in general be absent, forcing the operand to be popped from the Data Pushdown List.

Miscellaneous operations using bits 13-01 for special purposes (no indirect addressing):
Op Code 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02 01
(spc’l) 0  C  C  C  C  C  C  T  T  T  X  X  X  X  X  X  X  X  X  
0 74  shifts of several types, using bits 05-01 as a shift count
0 75  input/output using bits 08-01 as a channel address  
0 76  no-address ops implemented in hardware
0 77  no-address ops implemented in software
All of these ops, with possible exceptions among no-address ops, reset DACT after any use of D when DACT is initially on.

Shifts (SAL, SALU, CYCAL, SLL, DSL, DSLU, DCYCL, SQL,
           SAR, SARU, CYCAR, SLR, DSR, DSRU, DCYCR, SQR) use a three-bit sub-op in bits 12-10 to specify eight sub-types for shifting the contents of A, L, AL, or Q. Bit 09 determines the default direction of the shift. That leaves room for three unused bits (08-06) and a five-bit unsigned number as a shift count. Since there isn’t a 12-bit address field, indirect addressing is not possible, but NDXing is. All shifts set CC to the condition of the end result in the indicated register(s). Any right shift or cycling shift that involves L will leave L01 occupied by a bit that may be used to control rounding.
The concept of a “default” direction applies only when the shift is NDXed. If NDXing produces a one in bit position 6 of the net shift count, the count is considered negative, in which case the absolute value of the low five bits of the net shift count is used and the direction of the shift is reversed. Any case where the result of the NDXing addition is more than 31 or less than -32 is illegitimate and will produce a meaningless number of shifts within that range; it’s up to the digital simulator to flag that error in testing.
Shifting a signed number in A (SAL, SAR) leaves A16 unchanged and shifts bits A15-01. Shifting left, A01 is set to zero at each shift, and any occurrence of the overflow condition (A16 ≠ A15) before or during the shifting is kept in a 2-bit register SOV (Shift Overflow Condition) and forces A15 to be the opposite of A16 in the final result. Shifting right, A15 is set to a copy of A16 at each shift, preserving the information implied by a one-level overflow.
Shifting unsigned data in A (SALU, SARU) shifts bits A16-01, setting the vacated bit to zero at each shift. Note that if the final A16 and A15 are different, a subsequent overflow test of A will assert overflow.
Shifting (necessarily) unsigned data in L (SLL, SLR) shifts bits L16-01, setting the vacated bit to zero at each shift. There is no overflow test for L.
Cycling unsigned data in A (CYCAL, CYCAR) shifts bits A16-01, shifting A16 into A 01 or A01 into A16 according to direction. Note that if the final A16 and A15 are different, a subsequent overflow test of A will assert overflow.
[bookmark: _GoBack]Double-precision shifting of a signed number in AL (DSL, DSR) leaves A16 unchanged and shifts bits A15-01 and L16-01. Shifting left, L 01 is set to zero at each shift, and any occurrence of the overflow condition (A16 ≠ A15) before or during the shifting is kept in a 2-bit register SOV (Shift Overflow Condition) and forces A15 to be the opposite of A16 in the final result. Shifting right, A15 is set to a copy of A16 at each shift, preserving the information implied by a one-level overflow. 
Double-precision shifting of unsigned data (DSLU, DSRU) in AL shifts bits A16-01 and L16-01, setting the vacated bit to zero at each shift. Note that if the final A16 and A15 are different, a subsequent overflow test of A will assert overflow. 
Double-precision cycling of unsigned data in AL (DCYCL, DCYCR) shifts bits A16-01 and L16-01, shifting A16 into L01 or L01 into A16 according to direction. Note that if the final A16 and A15 are different, a subsequent overflow test of A will find overflow. 

Shifting (always signed) data in Q (SQL, SQR) leaves Q16 unchanged and shifts bits Q15-01, following exactly the same rules as SAL and SAR, including those for overflow.
Any shift with DACT initially on will first reload its specified register with b(D) and then perform the shift. For double-precision shifts, L is the one loaded. All shifts reset DACT.
The Shift Overflow Condition indicator SOV can be interrogated and reset by a no-address instruction TOVD (Test shift OVerflow and set D), which sets D to +1, 0, or -1 to reflect the shift overflow status, and sets CC accordingly. Normally, SOV is also reset when a shift instruction begins, but that step is skipped if a no-address instruction KESHO (Keep SHift Overflows) has occurred since the last TOVD, which resets its discrete.

Input/Outputs (READ, ROR, RAND, RXOR, WRITE, WOR, WAND, WXOR) use a three-bit sub-op in bits 12-10 to specify 8 sub-types for Boolean operations on I/O channels, which are addressed with 8-bit addresses. Bit 9 is unused. Since there isn’t a 12-bit address field, indirect addressing is not possible, but NDXing is.  NDXing will affect only bits 08-01, and will disregard any overflow. Since only these ops use channel addresses, there’s no ambiguity from the numerical overlap.
Reads (READ,	 ROR, RAND,	RXOR) read up to 16 bits from the addressed channel, filling in zeros in bit positions not defined for that channel. READ simply copies that into A; the others combine it with c(A) using the indicated Boolean function, and write the result into A, setting CC according to the result.
Writes (WRITE, WOR, WAND, WXOR) write up to 16 bits to the addressed channel. WRITE simply copies A to the channel; the others first perform a READ, combine that with c(A) using the indicated Boolean function, and write the result into the channel, leaving c(A) unchanged, setting CC to the condition of what is written to the channel.
Except for READ and WRITE, any input/output with DACT initially on will use D in place of A for one Boolean operand. All input/outputs reset DACT.
In addition to external unit interfaces, certain central registers are accessible as channels:
Interrupt Request flagbits (IR)	000
Lower accumulator (L)		001
Quick-turnover data (Q)		002
CoreSet block selector (CS)		003
Vector Accumulator selector (V)	004
Return Address POp pnter (RAPO)	005
And probably several more TBD

No-address operations implemented in hardware or software:
A2Q	Copy A to Q [or, synonym for WRITE Q]
ABA	ABsolute value of b(A) to A
ABQ	ABsolute value of b(Q) to Q
CAU	Convert b(A) to unsigned by clearing A16 (e.g. for angle ≥ pi)
COMA	Complement A
COML	Complement L
COMQ	Complement Q
CPEB	Copy Erasable Block under control of A, L, and Q [see XCEB]*
CPFB	Copy Fixed Block to Erasable under control of A, L, and Q*
DAB	ABsolute value in b(AL) to AL
DN	Double precision Negate c(AL) [see NA, NQ]
DNORM	Double precision NORMalize c(AL); shift count to Q [see NORM]
DR	Double precision Round c(AL) per L01, the low bit of c(L) [see R]
EXRA+	EXecute word RA points to; then increment RA
IXA	NDX A
IXL	NDX L
IXQ	NDX Q
LASN	L to A as Signed Number: copy L16-2 to A15-1; if all 15 bits are zero,
zero A16, else leave A16 unchanged; zero L; set CC to final c(A).
NA	Negate c(A) [see NQ, DN]
NOP	No OPeration, occasionally useful in indexed EXECs
NORM	NORMalize c(A); shift count to Q [see DNORM]
NQ	Negate c(Q) [see NA, DN]
Q2A	Copy Q to A [or, synonym for READ Q]
UNSGN	Prepare A for Storage as Unsigned by copying A15 to A16 (e.g. for angle)
PRA	Push previous Return Address onto return address list; for handling of DACT and D, see under Immediate data and instruction reference types
R	Round c(A) per L16, high bit of c(L) [see DR]
RSTCC	ReSTore Condition Code [see SAVCC]
RUPT	Take all requested interRUPTs before proceeding
SAVCC	SAVe Condition Code
SINCOS	Sine of b(A) to A, Cos of b(A) to L
SQRT	SQuare RooT of AL to A, remainder to Q
TA	Test A
TANGL	Test ANGle in L, comparing vs. pi
TL	Test L
TQ	Test Q
TOVA	Test for Overflow in A: set Condition Code to >0, =0, <0
TOVQ	Test for Overflow in Q: set Condition Code to >0, =0, <0
XCEB	Exchange Erasable Blocks under control of A, L, and Q [see CPEB]*
ZA	Zero A
ZL	Zero L
ZL21	Zero bits 2 and 1 of L
ZQ	Zero Q
____________________
* See section on Copy Blocks
Rounding (built-in, not emulated)
R and DR perform rounding of SP and DP numbers in AL. Use R when bit L16 represents half the value of the bit in A01, and DR when bit L01 represents half the value of the bit in L02.
R copies b(A) to the adder and conditionally commands Carry-In: CI if L16 = 1; then copies c(U) to A. It leaves L unchanged.
DR copies b(L) to the adder and adds 1 in bit position 01, then copies c(U) to L and captures the Carry-Out (from position 16) in a discrete CODP. Then it copies b(A) to the adder, commands CI if CODP is a 1, and copies the sum back to A.
In either precision, c(A) could have minimal overflow as a result, assuming that b(A) had no overflow. Initial overflow in b(A) doesn’t invalidate the rounding, but when b(A) or b(AL) is the maximum possible value, a two-level overflow will not be detected by TOVA.
For negative numbers, rounding may drive them more negative, as expected.

Copy Blocks
The Copy-Block instructions (CPEB, XCEB, CPFB) all speed up block transfers of medium-to-long blocks of words, by using A and L as address counters and Q as a word counter. They have in common a similarity to a class of IBM 360/370-etc. long-block instructions, the ability to be suspended at many points, to allow prompt servicing of interrupts. Because of the way they use the registers, resuming is simply a matter of re-executing the instruction.
Setting up A with the first source-address, L with the first destination-address, and Q with the length of the block, is the key to restartability. In principle, an interrupt can be serviced between any word transfer and the next. The interrupt will save the values of A, L, and Q, and will restore them before resuming normal operation; but it will also back the return address up by one, so that the normal operation will resume by re-executing the Copy-Block instruction, instead of its default practice of resuming at the following instruction. Since the complete state of the block transfer is contained in those three registers, the new execution will pick up where the original one left off, and will again be interruptible on the same terms.
The problem with this degree of interruptibility in Block III is the policy of inhibiting interrupts by default and depending on the programmer to offer voluntary interrupt windows. For certain kinds of block copying, for instance in the executive or waitlist, allowing interrupts in during the copy could destroy the integrity of some key blocks. The solution depends on the fact that blocks copied in these sensitive contexts are going to be fairly short, no more than 16 words, so blocks of 16 words or fewer are protected against interrupts. But if c(Q), the word counter, indicates that more than 16 words remain to be copied, interrupts are allowed between any individual transfer and the next.
When the source and destination blocks overlap, the outcome depends strongly on whether the addresses were incremented or decremented between each transfer and the next. For that reason, a negative count may be set up in Q, and will have the effect of decrementing A and L between transfers instead of incrementing.
Copy Erasable Block (CPEB) disregards bits 16-13 of A and bits 16-14 of L, to limit both active addresses to the range of Erasable addresses. If the word count in Q is so large that either the source-address in A or the destination address in L would be driven above 7777 or below 0000, the copy stops and sets a discrete that can be examined by external equipment. If the addresses in A and L are equal, so that no useful effect can come from the copying, one of two special cases arises. If Q is positive, counting down to zero, the address in L is ignored and the block is copied by increasing addresses to downlink or other external equipment. If Q is negative, counting up to zero, the address in A is ignored and the block is copied from external equipment to decreasing addresses. No interrupt is allowed during these special cases.
Exchange Erasable Block (XCEB) works like two instances of CPEB, in one of which the roles of A and L (i.e. source and destination) are reversed compared to the other, achieving a mutual swap of block data. They can’t be fully simultaneous, but must take three MCT per exchange: one to read via A, one to read via L and write what had been read via A, and one to write via A what had been read via L. There is no special case when A and L are equal, but it could serve as a self-test of erasable memory.
Copy Fixed Block (CPFB) uses bits 15-01 of A for source addresses in Fixed memory and bits 13-02 of L for destination addresses in Erasable memory, except when Q is negative, in which case the value in A is written into all words in the destination block. The addresses in A and L might be equal, but there’s no special case because they’re accessing separate memories.

Some Macro-Operations Available in YUL for BLK3
IF<		IF Condition Code shows Less, branch (alternative spelling of IF<0).	
IF=		IF Condition Code shows Equal, branch (alternative spelling of IF=0).
IF>		IF Condition Code shows Greater, branch (alternative spelling of IF>0).
These alternative spellings are more useful following Compare codes.
IF<PI		IF Condition Code shows Less, branch (alternative spelling of IF<0).	
IF=PI		IF Condition Code shows Equal, branch (alternative spelling of IF=0).
IF>PI		IF Condition Code shows Greater, branch (alternative spelling of IF>0).
These alternative spellings are more useful following TANGL (Test ANGle in L).
IFNEG		IF Condition Code shows Less, branch (alternative spelling of IF<0).	
IFNOT		IF Condition Code shows Equal, branch (alternative spelling of IF=0).
IFPOS		IF Condition Code shows Greater, branch (alternative spelling of IF>0).
These alternative spellings are more useful following TOVA or TOVQ.
DLD=	Load a double precision constant; “address” field contains a 2DEC
constant. This assembles into DATA= with the lower half of the
constant, followed by DATAA with the upper half (little-endian).
RETURN	Assembles as GOTO 00000 if placed as a Native-Mode instruction

Timing of Native-Mode Instructions
Most instructions are complete in one Memory Cycle Time (MCT), either because they don’t use Erasable at all (immediate data and transfer of control, and many relatively simple no-address instructions), or because they cycle both memories simultaneously. The use of indirect addressing, where allowed, adds another MCT to obtain the net address. Double-precision instructions of the simpler sort take two MCT because they refer to Erasable twice in general, but DT and DC omit the second cycle if the data from the first cycle is enough to establish the result in CC. Multiply and divide instructions refer only once to Erasable, but take longer than one MCT just to finish processing. PRET* is unusual: it takes three MCT, one to obtain Zpret from Erasable (and increment and store it), one to reference Fixed for the interpretive program word, and then one to obtain the next instruction from Fixed. Shift instructions don’t refer to Erasable, but the longer shifts take more than one MCT to finish. Some no-address instructions (SQRT, SinCos, sometimes NORM and DNORM) need extra time for processing. Copy-block instructions take one MCT for each word read, one for each word written, and one at the end to fetch the next instruction. Even though Fixed and Erasable memory cycles can run in parallel, CPFB uses two MCT per word copied. That’s because data from Fixed arrives a little after the write-cycle part of an Erasable cycle. XCEB takes three MCT for each word pair exchanged. Because copy-blocks can have large word counts, they are made interruptible while the remaining count is over 16, making the interval from beginning to end potentially longer than the word count would indicate.

Indirect Addressing and Indexing Details
In ordinary situations, indirect addressing of Erasable memory achieves nothing more than indexing would if the indexed instruction has an all-zero direct address field, and in the same number of MCT, but it does get the job done in one instruction instead of two. That’s a small benefit but not unimportant in a control computer where keeping to a stated size of Fixed memory is advantageous.
There seems to be no useful special-case logic to be applied to the case where an NDX instruction uses indirect addressing, so it performs as expected.
As noted earlier in this document, there had to be a design decision about cases where an indirect-address instruction is indexed: does the indexing apply to the indirect address in the instruction, or to the direct address picked up by using the indirect address? It seems more likely that an array of data will be accessed by a direct address, and less likely that an array of direct addresses will be accessed by the indirect address, so we chose to apply the indexing to the direct address. The one-MCT prologue that performs the indirect addressing carries the index amount through to where it can add it to the direct address. We use the term “indexed indirect” to denote the addressing mode of any indexed instruction that has an indirect address. Since there is nothing special about an NDX with indirect addressing, there is no need for a term “indirect indexed.”
But what if the programmer wants the other case, where indexing should select one out of an array of direct addresses? A straightforward solution is to use two NDX instructions preceding the main instruction which has an all-zero direct address field. The first NDX applies a subscript to the address field of the second NDX (selecting the direct address to be picked up), so that the second NDX applies the selected direct address to the main instruction. In some situations, it will be useful for the main instruction to have a non-zero address field, to which the selected direct address will be added. It is conceivable that three or more consecutive NDX instructions would be useful, and such a routine would work as expected, but it doesn’t seem a likely situation.
Furthermore, what if the programmer wants both cases at once? That’s not as abnormal as it sounds, given that the AGC must do two-dimensional indexing to access one element out of (say) a 3x3 double-precision matrix:
MatRowAd ADRES  Matrix
	   ADRES  Matrix +6D
	   ADRES  Matrix +12D
GetMatEl NDX    RowNum		// 0, 1, or 2
	   ADRES= MatRowAd
	   STD    RowBase		// 0, 6, or 12 respectively
	   NDX    ColNum
	   DLD*   RowBase		// Get element [RowNum,ColNum]
However, in this case it’s only a little faster, and uses more memory, than the classical method of compounding subscripts with no indexed indirect addressing:
GetMatEl LDQ    ColNum		// 0, 1, or 2
	   DATAA  6			// data words per row of matrix
	   MPAD   RowNum		// (0, 1, or 2) x 6 + ColNum
	   IXL
	   DLD    Matrix
Using indirect addressing with double-precision (DP) instructions requires another detail of design, as mentioned earlier in this document. Most DP instructions are “big-endian,” meaning that the direct address accesses the high-order word and then an incremented address accesses the low-order word, but the DP add/subtracts DAD, DSB, and DADM are “little-endian” because they must first access the low-order word and then a decremented address will access the high-order word.
For such instructions with direct addressing, the assembler takes care of this detail by incrementing the address field. But when indirect addressing is used, that won’t work, so the indirect-addressing prologue has to increment the direct address whenever the op code is DAD, DSB, or DADM. When indexed indirect addressing is used, the effective direct address is the sum of three terms: the raw direct address obtained from Erasable, the indexing amount obtained by NDX, and the increment for DAD/DSB/DADM. This costs no extra time because a single adder cycle is sufficient: the increment is implemented as a conditional carry-in combined with the addition of the other two terms.
Another design decision was required for the interaction between the DACT (Data Active) discrete set by DATA= and indirect addressing. In cases where no storing is being done, there is no harm done but no useful interaction, because the indirect addressing would have no effect beyond wasting an MCT. When storing is part of the operation, the data passed in D is stored in whatever Erasable location is accessed by the effective direct address, regardless of whether the addressing was direct, indirect, or indexed indirect. So the decision was to let the defined interaction between DACT and indexing be enough: NDX just passes the state of DACT and the value in D along to the instruction being indexed. Note also, NDX has no use for DACT or D in its own work.
Indirect addressing, indexing, and indexed indirect addressing all have one thing in common that simplifies the microcoding logic of many instructions: once past the indirect prologue if any, they all obtain their address for Erasable memory from the same special place (adder) instead of from the instruction as fetched from Fixed memory. Therefore, we define an internal discrete IND, set by indexing, by the indirect addressing prologue, or by both, to make that happen. The name IND is deliberately ambiguous, to show that it can be interpreted as indirect and/or indexed.
