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RELIABILITY HISTORY OF THE APOLLO GUIDANCE COMPUTER 

by 
Eldon C, Hall 

ABSTRACT 

The APOLLO Guidance Computer was designed to provide the computation 

necessary for guidance, navigation and control of the Command Module and 

the Lunar Landing Module of the APOLLO spacecraft. The computer was 

designed using the technology of the early 1960's and the production was 

completed by 1969, During thedevelopment, production, and operational phase 

of the program, the computer hasaccumulated avery interesting history which 

is valuable for evaluating the technology, production methods, system 

integration, and the reliability of the hardware, The operational experience™ 

in the APOLLO guidance systems includes 17 computers which flew missions 

and another 26 flight type computers which are still in various phases of 

prelaunch activity including storage, system checkout, prelaunch spacecraft 

checkout, etc, 

These computers were manufactured and maintained under very strict quality 

control procedures with requirements for reporting and analyzing all indications 

of failure. Probably no other computer or electronic equipment with equivalent 

complexity has been as well documented and monitored. Since it has 

demonstrated a unique reliability history, it is important to evaluate the 

techniques and methods which have contributed to the high reliability of this 

computer, 
  

*The operational experience includes missions through Apollo 15 which flew 
in August 1971, The compilation of all other data from this report ended 31 

December 1970.



1, INTRODUCTION 

The APOLLO guidance computer (AGC) isa real-time digital-control computer 

whose conception and development took place in the early part of 1960. The 

computer may be classified as a parallel, general-purpose or whole number 

binary computer, This class of computer is representative of most of the 

ground-based digital computers in existence in the late 1950s, when the 

precursers of the AGC were being designed. Few computers of this class 

had been designed by that time for the aerospace environment, and those few 

embodied substantial compromisesin performance for the sake of conserving 

space, weight, and power, 

The computer is the control and processing center of the APOLLO Guidance, 

Navigation and Control system, It processes data and issues discrete output 

and control pulses to the guidance system and other spacecraft systems, An 

operational APOLLO spacecraft contains two guidance computers and three 

DSKYs (keyboard and display unit for operator interface), with one computer 

and two DSKYs in the command module, and one of each in the lunar module, 

The computers are electrically identical, but differ in the use of computer 

software and interface control functions, As a control computer, some of the 

major functions are: alignment of the inertial measurement unit, processing 

of radar data, management of astronaut display and controls and generation 

of commands for spacecraft engine control, As a general purpose computer, 

the AGC solves the guidance and navigation equations required for the lunar 

mission,



2, DEVELOPMENT 

The principal features of the electrical and mechanical design of the AGC 

were shaped by the nebulous constraints of the APOLLO program (unknown 

computational capacity, reliability, space, weight, and power) and the technology 

available to digital designers, The AGC evolved from these constraints and 

thedevelopment of mission requirements rather than froma fixed specification 

generated a priori, The desire for reliability beyond the state-of-the-art in 

digital computers was one of the most important driving forces which impacted 

the development and production of the computer, From this evolutionary 

process two designs resulted which were used operationally, The Block I 

computer was used on three unmanned spacecraft development flights, and 

the Block II was used on one unmanned Lunar Module flight and all manned 

flights. The major topics of interest are the Block II designand the techniques 

developed during the earlier phase which have impacted the computer design 

and reliability, 

2.1 COMPUTER DESIGN 

The first version of the Block I computer emerged in late 1962 with integrated 

circuit logic, wired-in (fixed) program memory, coincident-current erasable 

memory, and discrete-component circuits for the oscillator, power supplies, 

certain built-in test circuits, interfaces, and memory electronics, The final 

Block I computer was packaged using welded interconnections within modules 

which were interconnected with automatic wire-wrap, 

This design had very limited capabilities due to the constraint on physical 

size and the desire for high reliability, The instruction repertoire, word 

length, and number of erasable memory cells were very limited, Provision 

was made, however, for a moderately large amount of fixed memory for



instructions and constants. A high density memory of the read-only type, 

called a rope memory, had been developed earlier to meet the goals of small 

physical size and high reliability and was carried over into the design of the 

APOLLO computer, 

The rope memory, being a transformer type, depends for its information storage 

on the patterns with whichits sensing wires are woven at the time of manufacture, 

Oncearopememoryis built, itsinformation content is fixed and is unalterable 

by electrical excitation, The high density and the information retention 

characteristics were the features that made it attractive for the AGC, Other 

technological developments which supported the AGC development were: 1, 

in semiconductor technology, where silicon transistors progressed to planar 

forms, then epitaxial form, and eventually to monolithic integrated circuits, 

2, in coincident- current memories with low temperature coefficient lithium- 

ferrite cores for operation over a broad temperature range, 3. in packaging 

techniques, with the introduction of welded interconnection, multilayer printed 

circuit, and machine wirewrapping, These developments allowed significant 

reductions in volume and weight while coincidently enhancing reliability, These 

packaging techniques were reduced to practice and had been used by MIT/DL 

in the development of the POLARIS guidance computer, 

Integrated circuits were in development by the semiconductor industry during 

the late 1950s under Air Force sponsorship, In late 1961, MIT/DL evaluated 

a number of integrated circuits for the APOLLO guidance computer, An 

integrated circuit equivalent of the prototype APOLLO computer was 

constructed and tested in mid-1962 todiscover any problems the circuits might 

exhibit when used in large numbers, Reliability, power consumption, noise 

generation, and noise susceptibility were the primary subjects of concern in 

the use of integrated circuits in the AGC, The performance of the units under 

evaluation was sufficient to justify their exclusive use for the logic section of 

the computer,



2.2 DISPLAY AND KEYBOARD DESIGN 

As an adjunct to the APOLLO guidance computer, a display and keyboard unit 

was required as an information interface with the crew, The original design 

was made during the latter stages of development of the first version of the 

Block I computer, at which time neon numeric indicator tubes of the ''Nixie" 

variety were used to generate three 4-digit displays for information, plus 

three 2-digit displays for identification, These were the minimum considered 

necessary, and they provided the capability of displaying three-vectors with 

sufficient precision for crew operations, The 2-digit indicators were used to 

display numeric codes for verbs, nouns, and programnumbers, The verb-noun 

format permitted communication in language with syntax similar to that of 

spoken language. Examples of verbs were "display", "monitor", "load", and 

"proceed", and examples of nouns were "time", "gimbal angles", "error 

indications", and ''star identification number," A keyboard was incorporated 

along with the display to allow the entering of numbers and codes for identifying 

them, 

2.3 FINAL DESIGN 

The Block II computer design (see Figure 1), resulting from the changes in 

technology and better definition of mission requirements since the Block I 

design, roughly doubled the speed, raised between 1.5 and 2 times the memory 

capacity, increased input/output capability, decreased size, and decreased 

power consumption, Inaddition the mechanical design included features which 

provided for moisture proofing and easy access to the six fixed memory 

modules, The design intent was to permit changing the memory inflight if 

the mission required more memory, 

The final DSKY design incorporated three 5-digit registers and three 2-digit 

registersusing segmented electroluminescent numeric displays, a 19-element 

keyboard with characters lighted with electroluminescent panels, and a



FIGURE 1 

AGC CHARACTERISTICS 

  

PERFORMANCE 
CHARACTERISTICS BLOCK I BLOCK II 

  

  

Word Length 

Number System 

Fixed Memory Registers 

Erasable Memory Registers 

Number of Normal Instructions 

Number of Involuntary Instructions 

(Interrupt, Increment, etc.) 

Number of Interrupt Options 

Number of Interface Counters 

Number of Interface Circuits 

Computer Clock Accuracy 

Memory Cycle Time 

Counter Increment Time 

Addition Time 

Multiplication Time 

Divide Time 

Double Precision Addition Time 

Number of Logic Gates 

Volume 

Weight 

Power Consumption   

15 Bits + Parity 

One's Complement 

24,576 Words 

1,024 Words 

Tt 

8 

5 

20 

143 

0.3 ppm 

11.7 wsec 

11.7 usec 

23.4 usec 

117 wsec 

187.2 usec 

1.65 millisec 

(subroutine) 

4,100 

1.21 cubic ft. 

87 pounds 

85 watts   

15 Bits + Parity 

One's Complement 

36,864 Words 

2,048 Words 

34 

10 

10 

29 

227 

0.3 ppm 

11.7 wsec 

11.7 wsec 

23.4 usec 

46.8 wsec 

70.2 usec 

35.1 wsec 

5,600 

0.97 cubic ft. 

70 pounds 

55 watts 

  
 



14-legend caution and status display lighted with filamentary bulbs, Thedisplays 

were switched under control of the computer using a matrix of 120 miniature 

relays some of which were latching inorder to providememory for the display 

elements, 

3, RELIABILITY APPROACHES 

Many approaches were taken to assure that the computer would realize the 

reliability requirements of the mission, The requirement for the AGC was a 

mission success probability of (Pg)=0,998, Early approaches which were 

studied included: 1, built-in test for fault detection, 2, in-flight repair, 3. 

dual computers with manual switchover, 4,a powered-down mode of operation 

called standby, 5. electrical and mechanical designs that left large margins 

above expected operating conditions, 6, an emphasis on reliability of 

components, testing procedures, and manufacturing, Of these approaches the 

concept of in-flight repair and dual computers was discarded after the 

configuration of the spacecraft was modified to provide for crew safety backups 

in the case of guidance failures, The mission success probability for the 

AGC remained the same however, 

3,1 FAULT DETECTION AND RESTART 

The computer's ability to detect faults using built-in test circuits was provided 

since it was known that digital equipment was very sensitive to transient 

disturbances and that a method of recovery from transient faults was very 

desirable, In the early designs these circuits and the self-checking software 

were necessary to accomplish the fault location required for in-flight repair, 

The circuits and the software were simplified for the final Block II AGC, 

Typical built-in tests include: a RUPT lock (too long in interrupt mode), TC 

trap (transfer of control to self address), parity fail (a parity bit is appended 

in every word inmemory and istested onall transfersto CPU), night watchman



alarm (a specified location has not been referenced often enough), and power 

fail (the voltage has dropped below a predetermined level), The circuits 

comprise two categories: those that are derived logically, and those that are 

derived using analog-type detection circuitry. The former circuitry is 

distributed within the logic modules of the computer and the latter in the alarm 

module, 

The outputs of these fault detection circuits generate a computer restart, that 

is, transfer of control to a fixed program address. In addition, an indicator 

display is turned on, If the fault is transient innature, therestart will succeed 

and the restart display can be cleared by depressing the reset (RSET) key. 

If the fault is a hard failure, the restart display will persist and a switch to a 

backup mode of operation is indicated. 

3.2 ELECTROMAGNETIC TOLERANCE 

In addition to the circuits to detect faults, considerable design effort and testing 

was expended in order to make the computer very tolerant to externally 

generated transient conditions and electromagnetic interference (EMI), For 

example, one test technique which was used to evaluate the shielding and 

grounding was the use of electrostatic discharges into the computer case and 

cabling of the system, After considerable testing and some significant changes 

in methods of grounding,the computer tolerated spark discharges to the case 

and cabling without failure, This desire for EMI tolerance had an impact on 

the cable shielding, the routing of wires within the computer, the interface 

circuit design, the power supply design, and the signal grounding internal to 

the computer, 

3.3. DESIGN PHILOSOPHY 

The electrical, mechanical, and thermal designs for the AGC followed a 

philosophy of overdesign, that is, one of providing capability in excess of 

identified requirements.



In the area of electrical design, the general philosophy was to make circuits 

as simple as possible, restrict the operating speed, minimize the component 

power consumption, and provide adequate operating margins when subjected 

to extremes of power supply voltages and thermal environments, 

Standardization of circuit types was maximized at the expense of total component 

count, The use of several different types of circuit elements which would 

tend to reduce the total component count was avoided. 

All components and circuits were designed with very comfortable operating 

margins, These included: first, computer operating speeds which were 

constrained to be well within the state-of-the-art of components and circuits; 

second, circuits which were designed for low power operation, not only for 

the purpose of conserving the total power, but also to keep the component 

power dissipation within very comfortable margins, The designers were 

constantly confronted with a conflict between operating speed, power 

consumption, and tolerance to voltage margins, Despite the requirement to 

minimize total power consumption, the resulting electrical design tolerated 

wide variations in power supply voltage. 

In the area of mechanical design, the Block II computer utilizes modular 

construction and wire wrapping for the interconnections of the modules, The 

computer consists of two major subassemblies or trays (Trays A and B) 

containing modules and interconnecting wiring. The trays with the covers 

and gaskets provide mechanical support, thermal control via the spacecraft 

cold plate, environmental seal and shielding from electromagnetic interference, 

The rope modulesare plugged into the structure from outside the sealed case. 

This permits program changes without breaking the environmental seal. 

The module construction is basically welded cordwood type using standard 

components and integrated circuits, In the case of the 24 logic modules, the 

integrated circuit gates packaged in flatpacks are welded to multilayer boards



for interconnection between gates, The module frames provide mechanical 

support and thermal control for the components in addition to tray interface 

connector and jacking screws, 

The modules are partitioned between the two trays such that the logic, interface, 

and power supply are in Tray A, The memory, memory electronics, analog 

alarm circuits, and oscillator are in Tray B, in addition to the connectors 

and mechanical support for the tray mounting the six rope modules, 

Theinterconnecting wiring in the traysisaccomplished by machine controlled 

wire wrapping for all interconnections, This technique provides a well 

controlled and easily reproduced method for making the large numbers of 

interconnections required, In the computer there are about 15,000 connector 

pins with an average of more than two connections per pin, After the wiring 

is complete, the trayis potted to provide mechanical support for the intercon- 

necting wires and connector pins, 

In the area of thermal design, the temperature control of the computer was 

achieved through conduction to the cold plate structure of the spacecraft, 

Radiational cooling was minimized by the choice of finishes to meet the 

requirements of spacecraft thermal control. Under some conditions, the 

surfaces surrounding the computer were at a higher temperature than the 

computer, thus causing additional heat loads instead of providing radiational 

cooling. In every case however, analysis indicated the effects of thermal 

radiation could be ignored in the thermal design of the computer, 

Since the total power consumption of the computer is relatively low, the thermal 

control was mainly one of distributing the heat load in the computer and 

providing conduction paths to thecold plate, Module locationsin the two trays 

(A and B) were carefully selected. The two power supplies were located at 

one wall in Tray A, where a short path and extra metal could be provided for 

the heat conduction to the cold plate, The E-memory, memory drivers, and 
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sense amplifiers are located in the center of Tray B to provide temperature 

tracking of the temperature compensating circuits and the memory cores, 

Conduction paths were provided from the electrical components to the base 

of the modules and then into the wirewrap plate, where the heat fans out to 

the sides of the trays, and thus down the walls of the Tray A cover to interface 

with the cold plate in the CM and with cold rails in the LM, In the case of 

the two switching transistors (NPN and PNP), thermal design included specifying 

a special package, The package was the standard TO-18 case size but witha 

solid metal header for decreased junction-to-case temperature rise, At the 

time of the Block II mechanical design, the solid metal header was not available 

in the TO-18 case size but had been used by semiconductor manufacturers on 

other similar cases, Thus the thermal design provided conduction from the 

element dissipating heat, such as the transistor chip, through all the mechanical 

interfaces to the cold plate, 

The goals of the thermal design effort were: first, to ensure that the 

temperature of components and especially semiconductors remained below 

100°C under worst-case conditions. The second goal was to provide a 

reasonably uniform thermal environment between modules like the memory 

electronics and logic modules. A temperature gradient between logic modules 

would reduce the operating margins of the logic. Thermal measurements on 

the finished computer have verified that these goals were met. The measured 

temperature difference between logic modules was less than 5°C and therefore 

negligible. The temperature rise through the structure to the hottest components 

was low enough to maintain junction temperatures well below 100°C. 

Basic to the success of the APOLLO guidance computer was the realization 

that conventional reliability practices were not sufficient to meet the reliability 

requirement for the computer. An early estimate using fairly optimisitc 

component failure ratesand component counts, showed the resulting computer 

failure rate to be well above that which would be required to meet the computers 

il



apportionment of the mission success probability (Pg = 0,998), Under these 

conditions designers could use redundancy techniques or develop more reliable 

components and manufacturing procedures in order to improve the reliability. 

In the case of the APOLLO computer various methods of accomplishing the 

redundancy were studied. However none could be used and still meet the 

power, sizeand weight requirements of the APOLLO mission, The elimination 

of redundancy provided the motivation for improving reliability at all levels 

of design, specification, manufacturing and testing. The tight assembly, 

inspection and test procedures during the manufacturing process detected 

many problems, each of which was closely monitored, and for which corrective 

actions were developed. The resulting emphasis on quality has paid off by 

decreasing the actual failure rates of the computer considerably below the 

original estimates, even though the component count increased after the original 

reliability estimates were made. 

3.4 COMPONENT DEVELOPMENT 

During the early stages of the computer design, an effort was made to constrain 

the number of different components to a selected few, thereby concentrating 

the engineering effort required in the area of component development. These 

constraints were rigidly adhered to and were a constant source of complaints 

from the circuit design engineers because they felt the limited number of 

component types constricted their designs excessively, Not only the types of 

parts were limited but also the range of values. For example, resistors were 

limited to one type and to a tightly restricted number of different values, 

The constraints were reviewed frequently and relaxed as new requirements 

were justified, but the existence of the constraints accomplished a greater 

than normal degree of standardization, The benefits that resulted from the 

effort to standardize were: (1) a reduction in the level of activity needed to 

specify the components and the level needed to develop testing methods that 

were capable of continuously monitoring the quality of the components, (2) a 

reduction in the efforts required to track the manufacturing problems that 
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wererelated toa component defect or testing procedure, and (3) more important 

to the reliability of the component was the large volume of procurements that 

provided increased competition between vendors and greater motivation to 

meet the reliability requirements, 

Component selection was started in parallel with the development of circuit 

designs, Initially the design engineers were required to specify the general 

characteristics of the required components and the possible vendors for the 

component, Then, after a vendor was selected, sample purchases and 

engineering tests were made, Oneof the earliest and most important reliability 

tests was an internal visual examination of the component in order to identify 

the construction processes used. This visual examination identified weaknesses 

in the design, helped determine the type of tests that could be used to qualify 

the part, and provided information necessary to establish process controls. 

Additional engineering tests, both environmental and electrical, provided the 

informationas feedback to the vendor for product improvement. This process 

of iteration varied in magnitude for different types of components, Parts 

like resistorsand some condensors required little or no development activity, 

as only the type of component and the vendor needed to be selected, At the 

other extreme, the semiconductor components required development activity 

that lasted well into the design and production of the Block II computer. 

The most prominent example of the activity involved in component selection 

and the value of standardization in minimizing the activity required was the 

development of the integrated circuit NOR gate, The Block I logic design 

was accomplished with only one type, The initial Block II design also used 

one type but had to be changed to two types as a result of logic coupling in 

the substrate between the two independent gates onthe single chip, Theresulting 

types (adual logic gate anda dual expander gate) differed only ininterconnection 

pattern on the chip. Therefore the manufacturing and testing of the gates 

were otherwise identical, and the engineering effort could be concentrated on 

the development of a single device, 
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