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1.1 SUMMARY OF CHARACTERISTICS

The Space Shuttle Central Processor Unjt is a General-Purpose Digital Computer

The Central Processor Unjt (CPU) provides real-time data processing.

The CPU is microprogram-controlled
and provides 32-bit, parallel data flow,
floating point arithmetic, and 40, 960 36~
bit words of core main Storage in a single

. LRU (line repla.eea.ble_uhit). The process-

ing capability is 480, 000 operations per
Second based on a typical distribution of
Instructions, The instruction repertoire
includes short- and extended-precision
floating point, conversion, input/output,
fixed point, shifting, and logic operationg,

The modular memory consists of plug-
gable modules containing 8192 18-pjt
halfwords, The failure of any module ig
detectable by self-test and built-in test
hardware,

During periods of time when the CPU jg

operating below itg Processing capacity,
power=-switching places the memory in a
low-power, quiescent mode when the mem-
ory is not addressed.

Support software and hardware features,
such as halfword Storage protect and inter-

rupt masking, provide aidg for debugging
of software, .

75-A97-001 ! 1-?,

CPU CHARAC TERISTICS
Machine Organization
Type Genera.l—purposa.. stored-
program, parallel, general
register
Organization Fixed-point, binary, fractional
Floating-point, hexadecimal
fraction
Data Flow 32-bit, parallel
Control Structure Mici-oprogrsmmed
Instructon Word 16-bit and 32-hit
Lengths
Fixed-Point Data | 16-bit ang 32-bit
Word Lengths ; ;
Fleating-Point 32-bit and 64-bit
Data Word
I
General Registers Two selectable setg of eight
(3 sets) 32-bit hardware registers
for fixed-point operations;
one set of eight 32-bit
hardware registers for
floating~point operations
Number of 154 total
Instructions
Addressing Modes Base plus diaplacement. in-
dexed, Indirect, relative,
extended, immediate ang
indirect address pointer
Addreaad.ng Halfword resolution, 524,288
Capability capacity
Interrupt 35 Interrupts, organized into
Structure 19 priority levels and five

clasges
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CPU CHARACTERISITCS (cont)

Average Instruction Execution Times (us)

Input/Output (cont)

-

Register- Storage-
to to
Register ~ Register
Fixed-Point:
Add 1.2 1.8
Multiply 5.2 5.6
" Divide 8.8 9.4
Floating-Point: :
Add (Short Operand) 2.8 3.0
Multiply —I_ 6.4 6.6
Divide 9.8 10.0
Main Storage
Type Random access, destructive
readout (DRO) ferrite mag-
netic core, nonvolatile
Organization: 2-1/2 D
Capacity: 40,096 36-bit words, (32
data bits, 2 parity bits, 2
store protect bits). Up to
262, 144 words with external
main storage units ;
Modularity: 8,192 36-bit words (2 plug-

Cycle Time:

gable modules)

800-ns read/write; 1.2 ps
min. read/modify/write

Data Rates:

Operating
Modes:

External
Interrupts:

Discretes:
Real-Time

Clocks:

770,000 full words/s max
input (burst mode) and
625, 000 full words/s max
input (normal mode)

Program-controlled
direct 1/0, externally
controlled DMA I/0

5 levels

4 outputs

Two 4295-second, with
1-4s resolution

Power System

Primary
Power:

Regulated DC
Output:

Features:

28 VDC

+5, =5, +12 VDC

Overvoltage, undervoltage,
and overcurrent protection:
power transient protection:
bower sequencing

Physical Characteristics

. - : Weight: 57.9 1b (40K 36-bit words
Access Time: 375 ns. o malx storage)
A‘:Ii‘i'zs‘“ble S it e Size: Height 7. 62, width 10.12,
* depth 19. 56 inches (full ATR)
Features: Power transient protection, 3 3
power switching, tempera- Volume.. 0.87 ft
ture compensation, halfword Power: 350 W (50% memory duty
* parity, halfword storage . cyele, 40K main storage,
protect, interchangeable 50% ones, 2 pages operate,
modules 2 pages standby, 6 pages .
quiescent) 2K x 48-bit
Imput ut ;
/Outp . PROM and 72% PS efficiency
O Channel
W Construction: Plug~-in modulesg
Type: Microprogram nirolled,
multh::orge fulI:v:rd half- Cooling: Indirect air conductive, op-
dplex : S tional blower available
Word Length: 32 bits + parity (2) + Environment: : Designed to meet MC 615-
store p ct (2) 0001 requirements
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2.1 ADDRESSING

Sixteen-Bit Address with Expansion Capability

Address field provides 64K halfword addresses with expansion to 512K hal ﬂvards, >

The 16-bit address provides 64K half-
word addresses. The addressing range is
extended to 512K halfword locations by
using PSW bits, 5

Address expansion to 19 bits is achieved

- by replacing the high-order bit of a 16~bit

address with 4 bits, as shown below. Data
operand addresses are extended to 19 bits
by specifying either a 4-bit data sector
register or an implied data sector register,
When the high-order bit of a 16-bit data
address is 1, a 4-bit data sector register

(PSW bits 28 through 31) is selected to re-

START :

place the high-order bit. When the high-
order bit of a 16-bit data address is a o,
an implied data sector register containing
0000 is selected. Note that indirect ad-
dressing locates the indirect address
pointer as if the pointer were a data
operand. Branch addresses are extended
to 19 bits in an equivalent manner, When
the high-order bit of a 16-bit branch ad-
dress is a 1, a 4-bit branch sector regis-
ter (PSW bits 24 through 27) is selected to
replace the high-order bit, When the high-
order bit is a 0, an implied branch sector
register containing 0000 is selected,

16-Bit Operand Address 16-Bit Branch Address
XYYYYYYYYYYYYYYY XYYYYYYYYYYYYYYY
3 0/1" =4 );\ 1
e 3 3 TN |

| zzzz <— o000 | 2

| zzzz <~psw 2427)

Expanded 19-Bit EA
ZZZZYYYYYYYYYYWYYJ

Data Operand Addressing Expansion

2
L_zz2z *=rpsw 54] [ zzzze=—o0000 |
] _ B

Expended 10-8it Branch Address
ZZZEYYYYYYYYYYYYYYY

|

Branch Add-essing Expansion

Expanded Addressing

2-2
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2.2 DATA FORMATS
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Flexible Formats Improve Storage Efficiency and Performance

Fixed-point data forms are halfward (16 bits) or fullword (32 bits), while floating-point formats are 32
bits and 64 bits, providing the equivalent of 6.2 and 15.5 decimal digits of precision, respectively.

Fixed-point data representation is two's-
complement~-fractional with the binary point
immediately to the right of the sign bit, A
halfword is 15 bits plus sign; a fullword is
31 bits plus sign. In fractional data repre-
sentation, bit position 1 represents the
fraction 2-1, bit position 2 represents 272,
and bit position 31 represents 2-31, Fixed-
point operands may be located on any half-
word boundary.

The floating-point data formats are 32
bits and 64 bits long, differing only in the
size of the fraction, The 32-bit length pro-
vides sign plus 24 bits of fraction (6 hexa-
decimal digits), equivalent to 6,2 decimal
digits, The 64-bit length provides sign
plus 56 bits of fraction (14 hexadecimal
digits), equivalent to 15. 6 decimal digits,
In both lengths, bit position 0 is the sign of
the fraction, Bit positions 1 through 7 of
both formats constitute the exponent, which
represents a hexadecimal (16) power and is
expressed in excess 64 notation,

The value of a*floating~point number ia
given by the product of the fractlon times
the power of 16 exponent. Since the ex-
ponent represents a hexadecimal base, the

01

floating-point fractions are he}—mdac[ma.lly
normalized; l.e., a normalized fractlon
has a nonzero hexadecimal digit In the first
four bits of the’ fraction. Maximum pre-
cision is preserved in addltlon, subtractlon,
multiplleation, and division, because all
results are normalized,

The exponent field represents numbers
from 0 through 127. To accommodate
positive and negative exponents, the true
exponent is determined by subtracting 64
from the value shown in the exponent field,
This use of excess 64 notation permits an
exponent range of -64 through +63 and a
range of magnitude for normalized floating-
point data of =

e In short precision
167652 M= (1-1676) x 1662
o In long precision
16-65 < M=(1 - 16710) x 1663
e Thus, glving a ran Bge of approxi-
mately 5.4 x 10-79 sM<7.2 x 1079
The hexadecimal notation provides im-
proved performance through shifting pre-
and post-normalization operations four
bits at a time,
15 Key:

Halfword Operand |S| MSB

&

01

LsB S -sign bit

LSB - leatt »qn.rinm bit
& -fractional binary point

31

Fullword Operand ls Msg IjBl

&

a. Fixed-Point Operand Formals

Short Operand lL EIDON I M58 Fraction Lsal
LIt bttt

A

a1 78

Long Operand l I Eamncnl

L1l |1|1111|1|1|||||||S§|_|_|_1_|_]

b. Fbullngvpomt Operand Formats

Dara Forms

2-3
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s . o ; ' 23 INSTRUCTION FORMATS X i

a5 78 11213 s X
L 3 e s L Five Formats Pravide Storage Efficiency and Speed
I T MU L3 B ; 5 : ¢
Twa 16-hit formats permit storage effiency. while threg 32-bit formats enhance execution speed and
provide . xtensive addressing flexibility. :
51:!5 i 78 131415
s = Note: The instruction formats discussed
u | . SP -+ (B) T 5 PEA
& i thia® =2 :.:::‘:'3 &P:u’: s :;’I‘SE'I T ) . : in this section are illustrated on
L1t 1 | I I 1 fold-out sheets (see page 2-8) for ~ g ]J]lltljlllll]
* Displacements ol the form 111 xxx are vt valid ease of reference during the fol- 3 B
RS Format lowing discussions, Haliward [Direct from index Ragister
'] 45 78 1112 131415 16 ar - i Bits 0~15)
= - The short Register-to-Register (RR) and- | ] | I 111} | ] i | ] | ]
op A1 p[Al B2 Address Specilication Short Register-to-Storage (SRS) formats Sy 3
0 0 I LI T 3 e SN T Y I I A A minimize the amount of instruction storage
required for a given problem, In addition, PEA + Index
15 ¥ 2 a two short instructions ean be read from : HEEN L1111 ] i
- storage with one storage access. RR for- 5 T EA
e {5 Diphesment mat instructions execute operations when 8. Halfword Index Alignment
| T Y I Y I O IR | both operands are in general registers; this ;
format has the shortest execution times The fullword Re gister-to-Storage (RS)
6 18192021 £ a since no storage access is required for Tormat han bio BB e Bl Shetatn T s
- operands, The SRS format executes opera- : Pe :
] tions when one operand is in a general Papded acdrensiug (RS bit 135 ) sud In-
AWM =1 Indexed: x| Displacernent pe E dexed addressing (RS bit 13 = 1). Extended
11 N I register and the other is in storage, The A
addressing provides a full 16-bit address
SRS format is limited to addressing storage
3 displacement, either used as the absolute
Rl Format locations that are 56 or less fullword or Serand addvess hn added th the atlisas B
u S8 LB RS Sl A halfword locations from the address in a it 2 2 ;
a bhase register. Indexed addressing pro-
G g = - base register. The assembler automat- vides an 11-bit address displacement
p OPX. Immediate Data A 3 '
I T SN ) T 0 T I icilly uti?fﬂ;: halj‘-\f'ord :inisth Sﬁfffﬂ::ﬂt The Register Immediate (RI) and Storage
?;‘eesfo amm::r CEnAv . SpeLitER DY Immediate (SI) instruction formats execute
SiFown 23T a progri 2 : operations where the first operand is con-
Indexed Addressing tained in the instruction, The second
| op l opx I Df. | o l ipese pay Indexed addressing is specified by RS operand is in a general register for the RI
- m— - - L i1l I S G G A | 0 I N 1 ) 1 T | format bit 13 equal to 1, This addressing format and in main storage for the SI for-
* Displacements of farm 111 xxx are not mode contains three additional instruction mat. An operand fetch operation is elimi-
Instruction Field on fields which contribute to address genera- nated by using immediate instructions,

Op - 5bit field defines an operation, or the class of an operation, tion as follows:

10 be performed by the CPU* i X This 3-bit field specifies one of seven
OB eamaxiarizof At Oy fiekd general registers containing the index, o
R = 3bit field desi e3 the regis ining the fis
. ; operand; .m‘;i'.‘:,‘w;;?:ﬁ.fﬁfﬂi".?!nzn'ﬁ;.,, Indexing is not performed when X is 111 SEREEEE I |
the result usually replaces the first operand equal to 000. An index is contained in L1111 Ll
A2~ - 3-bit lield appears in. the Hﬂuf'l.t'\ format, used 1o the uppel' halfword of a g’Eueral I‘Eg‘lsler. 0 156
speely a general register containing the second operand. — ~
B2~ 2bit lield specifies the register containing the base sddress The index is automatically aligned with Fullword I:imd R:::u‘r' Bits 0—1
X~ 3:bit field specilies one of seven general registers that contains. 1 the preliminary effective address
the index value; the number of the general register spcified (PEA). l l 1 I I I 1 I 1 | I ] l o
i he v; in i 2 X =000,
.:n‘ihnde“xn:.lli:ela; :::.nlu::: Skl General register contents can be used hid
1A= inglewct sdreaing Lit; winena kngal 71, speci [ indyrace interchangeably as either a base or an B
= 7 ::;::":‘ 2 ':ﬁf m:m’“::::::;”;';:mm index or both. When indirect addressing .
g -dd-esaing'.mdu' : is specified, indexing follows indirect nl AN IIE “EA
{nstruction Formats addressing. b. Fullword Index Alignment

75-A87-001 2-4
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Double Word (Index Register Bits 0—15
Shifted Left 2)
llllilllltlllloo
131415
PEA+Imhx-A
EERE R B o o
; 15

¢ Doubile Worc_l Index Alignment -

IA This format bit, when a one, specifies
indirect addressing. Indirect address-
ing is not performed when this bit is
Zero.

I This format bit, in conjunction with X

and A, specifies various address modes

which are explained below,

The development of the EA for the in-
dexed mode of operand addressing is ex-
plained in detail in the subsequent steps:
1) Indexed addressing is specified by RS

format bit 13 (AM) equal to 1. This

addressing mode provides an 11-bit dis-

placement. The base and displacement
_are aligned when indexed addressing is
performed,

V

oolojo]o |||u||m
16 20 21,
S e dUR T,

Displacement Alignment for Indexed Addressing

The displacement is aligned so that bit
31 corresponds to base or index bit 15
and displacement bit 21 corresponds to
base or index bit 5. The displacement

2-5

2

—

is expanded to 16 bits by appending five
leading zeros.

If B is not equal to 11, the 16-bit base,
contained in the high order half of the
specified register, is added to the aligned
displacement, This results in a pre-
liminary effective address (PEA) where-
by the PEA = (B) + Displacement,

If B = 11, the aligned displacement is
added to zero. This result is the pre-

' liminary effective address (PEA), where-

3)

4)

9)

6_)

by the PEA = Displacement,

If the X field is all zeros, IA (bit 19) is
a zero and I (bit 20) is a zero, then the
16-bit result of Step 2 is added to the
contents of the instruction counter (IC)
to form the 16-bit EA whereby EA =IC +
PEA. (This EA is then expanded to a
19-bit EA.)

If the X field is all zeros, -IA (bit 19) is
a zero and I (bit 20) is a one, the 16-bit
result of Step 2 is subtracted from the
contents of the IC to form the 16-bit EA
whereby EA = IC - PEA, (This EA is
then expanded to a 19-bit EA.)

If the X field is all zeros, IA (bit 19) is
a one and I (bit 20) is a zero, then In-
direct Addressing is performed, The
16-bit result of Step 2 is expanded to a
19-bit address and is used as the ad-
dress of a main-storage halfword. This
halfword is then fetched and expanded to
19-bits by using expanded addressing to
form the EA, EA =MS (PEA). Func-
tional equivalency to preindexing capa-
bility can be obtained through modifica-
tion of the base,

If the X field is all zeros, IA (bit 19) is
a one and I (bit 20) is a one, Indirect
Addressing is performed as described
in Step 5. Then, storage modification

is automatically performed. The in-
direct address is contained in a full word
and must have an even address, A modi-
fier is contained in bits 16 through 31,
An address is contained in bits 0 through
15. The modifier is added to the address
and the resulting modified address re-
places bits 0 through 15,

75-A97-001
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Address:

Medifier

LR EE R R

0

16 16

LEEEELFEELRERLL

Modified Address = MS (PEA) <@#——— MS (PEA) + MS (PEA +1)

. The Contents of Storage Modification Word

7) If the X field is not all zeros, IA (bit 19)
is a zero and I (bit 20) is a zero, the most
significant 16-bits of the general regis-
ters specified by the X field are aligned,
and then added to the 16-bit result of
Step 2 to form the 16-bit EA. (This EA
is then expanded to a 19-bit EA.)

8) If the X field is not all zeros, IA (bit 19)
is a zero and I (bit 20) is a one,. the most
significant 16 bits of the general register

specified by the X field are aligned, and
then added to the 16-bit result of Step 2
to form: the 16-bit. EA. (This EA is then
expanded to a 19-bit EA.)

The figure below illustrates the address
and modifier format in the index register.
The modifier is added to:the address and
the resulting modified address replaces
bits 0 through 15 of index register after
the EA is determined.

Address

G i A 8 8 8 L

Modifier

51 s 0 0 2 A 3 1 0

15 16 31

Modified Address = (Xbo_15 - (x)0,15 +(X) 1631

The Contents of Index Register X

9) If the X field is not all zeros, IA (bit 19)
is a one and I (bit 20) is a zero, Indirect
Addressing (IA) with post-indexing is
performed. The 16-bit result of Step 2
is expanded to a 19-bit address and is
used to fetch a main-storage halfword.
The index contained in the general regis-
ter by X is aligned and then added to the
fetched halfword to form the 16-bit EA.
This EA is then expanded to a 19-bit EA
by using expanded addressing. Func-

tional equivalency to preindexing capa-
bility can be obtained through modifica-
tion of the base.

10) If the X field is not all zeros, IA (bit
19) is a one and I (bit 20) is a one, a
direct addressing mode is defined using
a 32-bit fullword indirect pointer as
follows:

a) First, the PEA from Step 2 must
locate a fullword indirect address
pointer, with the format as follows:

Address

058 4 o ] O

Reserved g ot B BSR DSR

o 1 15 16

Field

c| |s|p
ofojojo A 5 ] L
19.20 21 22 23 24 27 8 31

Function

XC
c

CB
CcD

Index Control
Control

Control BSR Usage
Control DSR Usage

Fullword Indirect Address Pointer

75-A97-001

2-6




saADlY AlISIBAIUM pue suooajoy) [ernads ‘saueiql] Ausiaalun S1elS BULUIIM
sjuawna0 YSVYN 0 uonosjjo) ojAewo] '3 sswer g

b) If C (bit 21) equals 0, XC (bit 20)

C,

~

equals 1, and the instruction is not

a branch type instruction, the 19-bit
EA equals the 4-bit DSR with the 15-
bit address field appended, When C
(bit 21) equals 0, XC (bit 20) equals
0, and the instruction is not a branch
type instruction, the 19-bit EA equals
the 4-bit DSR with the 15-bit address
field appended, with the result added
to the index value in indexing register
X. The current PSW's DSR is not
changed, If C (bit 21) equals 0 and
the instruction is a branch type in-
struction, the current PSW's BSR in
conjunction with IA pointer bits 0
through 15 will be used to form the
BA, If XC =0, postindexing will occur,
If C (bit 21) equals 1 and the instrue-
tion is a branch type instruction, the
BSR and DSR fields may selectively
replace the corresponding fields in the
current PSW, based on the CB and CD
bit values as follows:

CB CD Result

0 0 Use current PSW's BSR to
form the BA. :

0 1 Replace the current PSW's

" DSR with this DSR. Form
the BA normally,

1 0 Replace the current PSW's
BSR with this BSR before
forming the BA,

1 1 Tirst, replace the current

PSW's DSR with this DSR,
Then, replace the current
PSW's BSR with this BSR
before forming the BA.

Shegoad 80 S

d) When C (bit 21) equals 1 and XC (bit
20) equals 1, postindexing is not per-
formed, When C (bit 21) equals 1 and
XC (bit 20) equals 0, the BA calcula-
tion includes a final addition of the in-
dex value in index registers X, If C
(bit 21) equals 1 and the instruction is
not a branch, the 19-bit EA equals the
current PSW's DSR and the 15-bit
field appended. If XC = 0, postin-
dexing will occur,

The results of indexed mode RS opera-
tions normally replace the first operand
except for store operation where the first
operand replaces the second operand. The
second operand is unaltered for nonstore
operations, and the first operand is un-
altered for store operation.

Effective address generations for the
various instruction formats are sum-
marized in the EA summary chart,

o —

EFFECTIVE ADDRESS GENERATION SUMMARY CHART

RS Format
Bns & Extended Indexed Addressing (AM=1)
‘ormats
Addressing =iy
(AM=0) 1A° 1 X=000 X=000
PEA=(T}: DISP
BAIL EA=(B)+DISP | EA=(D)+DISP 0 0 | EA-IC+PEA EA=(K)?_151PEA
0 1 EA=IC-PEA EA=(X)g_15*PEA
1 0 | EA-MS(PEA) EA=MS(PEA) (X)g_15
EA=MS(PEA)*+ | EA=MS(PEA)***+(X)g.5
; PEA=DISP :
B=11 | EA=(B)*DISP | EA=DISP 0 0 | EA=IC+PEA EA={X)p-15+FEA
0 1 | EA=1C-PEA EA=(X)§_15' PEA
1 [ EA=MS(PEA) EA=MS(PEAM-(X)g-15
1 1 EA=MS(PEA}** | EA=MS{PEA)***+(X)g.15

Deflinitions

EA
PEA
(RN)
RN

(B

B

MS( )
DISP

X
Xlo-15

AM
1A

I
c

EeTs

Effective address, main storage address of second operand

Prellminary effective address

Conients of bits 0-15 of general register specilied by B or X

General register "N, where N=0ta 7

Contents of bits 0-15 of general register specified by register B

B fleld of SRS, SI, or RS format instruction

Contents of the main storage location specified by the contents of the parenthesis
Displacement field of instruction

X fleld of RS format instruction with indexed mode of addressing

Most significant halfword (bits 0-15) of the content of Index register X automaltically
aligned.

AM (addressing mode) field of RS format instruction

IA (indirect address) field of RS format instruction with the indexed mode of
addressing

I bit of RS format Instruction with Indexed mode of addressing

Instruction counter

Automatic Index Modification

Automatic Storage Modificatlon

Direct Storage Addressing wiﬂ_szl‘lhoul Post Indexing .

X INDEX VALUE - . INDEX YALUE
000 Zero 100 w1y
001 ®1) 101 (RS)
010 (R2) 110 Gy
011 (R3) 111 R7)

GENERAL REGISTER FUNCTION ASSIGNMENTS

General Reglister Function J

Register

Number Operand Base Index
0 000 000 None
1 oo1 a0y (3%
2 010 010 (0]
a o1 011 or None 011
4 100 100
5 101 101
6 110 110
7 111 111

(X
[
=
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2.4 INSTRUCTION REPERTOIRE

Comprehensive Instruction Rebertoire Enhances Programmability and Performance

. The instruction repertaire consists of 154 operations in seven classes. A total of 480,000 fixed-point

operations/second can be achieved using a typical instruction mix.

The instruction set was selected to en~ the instruction set can be modified or
hance programmability and offers a changed as necessary.
balanced and comprehensive instruction
_ repertoire. Since the CPU uses a micro- The instruction set along with typical
program control structure, the machine execution times in microseconds is as
' personality need not be permanent; that is, follogws: !
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INSTRUCTION REPERTOIRE

Fixed-Point Operations
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