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A User-Oriented Family of Minicomputers 
HP's  m in icompute r  sec t ion  manager  d iscusses  the  
phi losophy behind the design of  th is new computer ser ies.  

by  John  M.  S tedman 

WHAT DO MINICOMPUTER USERS want? In 
setting design objectives for HP's new 21 MX 

Series minicomputers, we tried to make the objec 
tives conform as closely as possible to the answers to 
this question, as we saw them. 

Minicomputer applications have broadened tre 
mendously in the last few years. One finds minicom 
puters today solving problems that only a few years 
ago would have required a large expensive computer 
system or a dedicated system designed to solve one 
particular problem. In more and more cases a mini 
computer turns out to be the best solution to a problem. 

What  Do  Users  Want?  
In general, a minicomputer user wants the most 

cost-effective solution to his problem. He would like 
to have the solution as quickly as possible, and not be 
required to design special hardware to do the job. In 
addition, he wants a solution closely matched to his 
specific application, and doesn't want to pay for 
capabilities he doesn't need or want. 

Minicomputers should be able to match closely to 
the number of peripheral devices required by the par 
ticular application. If the user needs only four he 
should not have to pay for twelve I/O slots. However, 
it is desirable that the minicomputer be extendable, 
allowing a user to expand the number of peripherals 
at a later date if this need arises. 

Physical size is also important to some users. They 
don't want to have half a rack filled up with the CPU, 
power supply, I/O system, and so on, especially if 
they can do the same job in just a few inches of rack 
space. 

Different systems require different amounts of 
main memory, and again users don't want to be pay 
ing for capability they don't really need. A dedicated 
system application may require only up to 32K words 
of main memory. Another information management 

system application may require 128K words of main 
memory today, with the capability of expanding as 
additional needs arise. And it shouldn't be necessary 
to trade off physical memory space for I/O controller 
space. 
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Fig.1 .  The 21 MX Ser ies  now con 
s i s t s  o f  t w o  c o m p u t e r s - M / 1 0  
and  M/20 -w i th  d i f f e ren t  l eve l s  o f  
c a p a b i l i t y .  B o t h  a r e  u s e r - m i c r o -  
p r o g r a m m a b l e  a n d  h a v e  s e m i  
conduc to r  ma in  memory .  

Software for many minicomputer systems is being 
written in higher-level languages, such as FORTRAN, 
ALGOL, and BASIC, so it's essential for these appli 
cations to have a good set of compilers or interpreters 
and associated support software. For other appli 
cations the best solution is to write the applications 
software in machine or assembly language. In this 
case, it is desirable to have a powerful, yet easy to use 
instruction set. 

Capabilities like decimal arithmetic instructions 
for applications such as information management, 
and extended arithmetic and floating point arithme 
tic instructions for computational requirements, 
should be easy and inexpensive to add to minicom 
puters, if they are not standard. Again, a user should 
not have to trade memory or I/O space for these 
capabilities. 

In some specialized applications the user's pro 
gram spends much of its time doing a certain set of 
calculations or a certain operation over and over. If 
overall system response time is important and pro 
portional to this, such as in a real-time measurement 
or control system, it is desirable that the user be able 
to add instructions easily, thereby replacing whole 
operations or subroutines and making them run 
much faster than the equivalents in assembly lan 
guage. In other words it is desirable to be able to tailor 
the minicomputer to the user's custom requirements. 

Reliability is of importance to any minicomputer 
user. It is especially important in such areas as tele 

phone switching or measurement/control appli 
cations where minimum down time is essential. In 
all other areas, however, it is certainly desirable to 
have a reliable minicomputer. And in the event that 
a component does fail, it should be easy to replace 
the failed subsystem and get the minicomputer back 
on the air as soon as possible. 

For many applications, reliable operation even 
under abnormal power-line conditions is also im 
portant. The minicomputer should be able to operate 
normally if the power line voltage dips as much as 
25% indefinitely, and be able to withstand complete 
loss of line power for short periods of time. Some 
applications also require power-fail-auto-restart 
capability; an example is a minicomputer monitoring 
data in an unattended location. In addition to these 
considerations, the computer should be able to run 
normally overa wide range of temperature, humidity, 
and vibration conditions. 

The New Fami ly  
As a result of these considerations, our project team 

created not just one new minicomputer, but a family 
of processors, the 21MX Series. All of the members of 
this family are compatible with assembly-language 
programs written for the earlier HP 2100A,1 and are 
also I/O compatible with previous HP machines. This 
protects the large amount of investment in these 
earlier minicomputers â€” over 2000 man-years of soft 
ware and over 70 peripheral interfaces supported. 
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The Value of User 
Microprogrammability 

U s e r  m i c r o p r o g r a m m a b i l i t y  c a n  b e  a n  e x t r e m e l y  v a l u a b l e  
feature .  I t  a l lows the user  to  customize the computer ,  d ramat i  
c a l l y  o r  p e r f o r m a n c e ,  i n c r e a s i n g  s o f t w a r e  s e c u r i t y ,  o r  
add ing  fea tu res  tha t  a re  impor tan t  to  a  par t i cu la r  app l i ca t ion  
bu t  a re  no t  o f fe red  i n  the  base  ins t ruc t i on  se t .  Fo r  examp le ,  
benchmark  p rograms run  on  an  HP 21  MX Compute r  w i th  the  
HP 12977 A Fast  FORTRAN Processor ,  an  opt iona l  microcode 
package,  show per fo rmance  inc reases  o f  up  to  28  t imes  over  
the same programs in software. Typical FORTRAN programs run 
four per s ix t imes faster using the 12977A. Simi lar dramatic per 
fo rmance inc reases  are  expec ted  in  user  app l i ca t ions .  

Input /output  is  another  area that  can benef i t  f rom specia l  mi  
c rop rogramming .  S ince  I /O  i s  under  d i rec t  m ic rocode  con t ro l  
in  21 MX Computers ,  the appl icat ion of  microcoding for  h igher  
t h roughpu t  i n  l /O - i n tens i ve  app l i ca t i ons  shou ld  be  ve ry  p ro f  
itable. 

Severa l  companies concerned about  easy t ranspor tab i l i ty  o f  
the i r  soph is t i ca ted  app l i ca t ion  p rograms are  now cons ider ing  
chang ing  the i r  so f tware  p rograms to  m ic rocoded  subrou t ines  
executed as machine inst ruct ions f rom f ixed contro l  s tore.  The 
21 MX has 51 2 macroinstruct ion codes reserved for new instruc 
t ions,  so th is approach is v iable for  a large number of  rout ines.  
Implement ing rout ines in  f i rmware is  not  a foolproof  protect ion 
mechanism against  sof tware p i ra t ing,  but  i t  does make the job 
much more d i f f icu l t .  

Mic roprogramming o f  fea tures  usefu l  in  spec i f i c  app l ica t ion  
environments, but not offered in the base 21 MX instruct ion set,  
can speed execut ion,  s impl i fy  programming,  or  prov ide usefu l  
new archi tectural  features.  For instance,  cer ta in advantages of  
a  s t a c k - o r i e n t e d  c o m p u t e r ,  s u c h  a s  s u b r o u t i n e  l i n k i n g  a n d  
pa ramete r  s to rage ,  may  be  eas i l y  and  inexpens ive l y  i nco rpo  
rated in to  the 21 MX fami ly  by user  microprogramming.  Two in  
s t ruct ions ca l led PUSH and POP use the A accumulator  as the 
source and dest inat ion regis ter  to  and f rom the memory s tack.  
For s impl ic i ty,  the val id stack range is def ined by the X register 
( the lower  l imi t )  and the Y reg is ter  ( the upper  l imi t ) .  Accumula 
tor B points to the last val id stack entry.  An overf low bi t  is set i f  
the stack is ful l  and a PUSH is attempted, or empty and a POP is 
attempted. B wi l l  be updated to point to the new top of the stack 
i f  n o  o v e r f l o w  c o n d i t i o n  o c c u r s .  I m p l e m e n t i n g  a  s t a c k  c a p a  
b i l i ty  o f  th is  ca l iber  requ i res  on ly  12 words o f  microcode,  leav 
ing 244 words in a standard 256-word user control  store module 
for  o ther  usefu l  arch i tectura l  enhancements.  

Other features that might be useful in certain appl icat ions are 
a  m ic rocoded  DMA tha t  sea rches  fo r  key  cha rac te rs ,  spec ia l  
i zed pat tern  recogn i t ion  ins t ruc t ions,  spec ia l  a r i thmet ic  opera  
t i o n s  l i k e  c o m p l e x  a r i t h m e t i c ,  o r  q u e u e  m a n i p u l a t i o n  o p e r a  
tions. 

Beyond this, many new features and capabilities 
are incorporated in the new family, thereby opening 
the way for new applications. 

There are now two minicomputers in the family, 
designated M/10 and M/20 (Fig. 1). Each has a dif 
ferent amount of capability to match different com 
binations of immediate and long-term user needs. 

The 21-M/10 contains four powered I/O slots and 
has space in the mainframe for 32K words of main 
memory. Like all 21MX mainframes, it has standard 

extended-arithmetic and single-precision floating 
point instructions. It takes only 5% inches of rack 
space, and its applications are expected to include 
such dedicated system areas as satellite navigation or 
processing of oil exploration data. 

Designed for larger systems applications, the 
2 l-M/20 contains nine powered I/O slots and can hold 
65K words of memory in the mainframe, extendable 
much further via memory extenders. The dynamic 
mapping system, optional on the 2 l-M/20 , is one of the 
many significant contributions in the 21 MX family, 
allowing the 2 l-M/20 to be used in such applications 
as real-time measurement or control where quick 
access to large amounts of data stored in main 
memory is essential. 

Design Contr ibut ions 
Lowering the cost of these processors significantly 

was a key goal of the design team, along with in 
creasing their capabilities in several areas. Solid- 
state memory, specifically the 4K MOS RAM, was 
chosen as the key component of main memory for 
several reasons, including lower cost, lower power, 
higher density, and potentially great increases in 
reliability. This decision had to be made before these 
RAMs were available in production quantities, so 
close relationships were established with several 
vendors of these components while they were still in 
development. This allowed design of the minicom 
puter family to proceed while vendors were still 
building up their capabilities to produce reliable 
parts in volume. 

Modular design of the minicomputer family was 
another major design goal (see Fig. 2). One advantage 
of this approach during development was that 
memory subsystems could be designed around 
memories available at that time (IK RAMs) and it 
was then possible to adapt the designs in a very short 
time to 4K RAMs as they became available. Other 
advantages to this approach will be realized as en 
hancements to the family are developed. It isn't 
necessary to redesign the entire computer, but only a 
subsystem, to increase performance in specific areas 
such as memory, CPU, power system, and so on. 

Modular design also plays a key role in the service 
ability of the family. All major subsystems are built to 
be easily removed and replaced in case of malfunc 
tion; for instance, the entire CPU and control store is 
one assembly, and can be easily replaced by removing 
a few screws. Another advantage of modularity is 
commonality of subsystems between members of 
the family, allowing lower manufacturing cost by 
economy of scale. For instance, the CPU assembly is 
the same for all processors, so only one automatic test 
system is needed. 

The CPU or control processor, totally micropro- 
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grammed and user-microprogrammable, is the key to 
allowing these general-purpose minicomputers to be 
tailored to custom, specific requirements without 
requiring special hardware design. Users can custom- 
tailor the machine to their own requirements easily 
using support hardware and software available from 
HP. HP will continue to take advantage of this capa 
bility also, offering as standard features or inexpen 
sive options capabilities such as extended-arithmetic 
and floating-point instructions. 

The 2100A has a good record of reliable operation, 
often in severe environments. Another goal of the 
21MX project team was to increase the reliability of 
the new family significantly, lowering the mainten 
ance costs in all applications, allowing its use in new 
market areas not previously addressed, and enhanc 
ing its capabilities in current markets. Examples of 
high-reliability applications are data acquisition 
systems in aircraft, process control systems in mills, 
and computational/data monitoring systems in oil 
exploration applications. In addition to significant 
potential gains in reliability achieved with the 4K 
RAM, specific areas where reliability increases are 
achieved are described in several of the following 
articles. 

Reliable operation under abnormal power-line con 
ditions was also achieved by an efficient power sup 
ply which achieves greater than 70% efficiency under 
most load and line conditions. Its wide tolerance of 
voltage and frequency variations (47-66 Hz, 88-132 
volts or 176-264 volts) allows its use in applications 

where the power source is a poorly regulated motor- 
generator, or under brownout conditions on conven 
tional power sources. Battery backup is provided to 
sustain the contents of memory in the event of com 
plete line failures, allowing auto-restart capability 
sometimes required in remote unattended systems for 
control or monitoring applications. 
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S P E C I F I C A T I O N S  
H P  2 1  M X  C o m p u t e r s  

The 21 MX Computer farriiry >sa comttnaoco o<2i-MSenes MÂ«croprogramrriabte 
Processors (M.10 and M/20)  and 21-X/Senes Semi conductor Memory Systems 
(Â«U and X/2) 
H P  Ã ' M  S E R I E S  P R O C E S S O R S  

User -riMC reprogrammable processor â€” optimizes performance iff tailoring 
the CPU to aach appfccaton. 

M K r o p r o g r a m m a b l e  b y  p r o g r a m m a b l e  R e a d - O n l y  M e m o r y  o r  b y  W r i t a b l e  
Control Store 

D A T A  R E G I S T E R S  
2 Accumula to rs  
2 Index Regatar*  
12 H.gh- Speed Scratchpad Regolers 

B A S E  S E T  I N S T R U C T I O N S  
126 Intfrucfeons m Base Set 
32 lnde> ReoNMr InMruckon.  
Bit ByÂ», and Word UerapUattyi kwtruOOnÂ» 

Extended A/ i twneOc Inst ruct ions  induing double -word  in teger  ar i thmet ic .  
shits, stores, and loads are standard 

High-Speed Ftoeeng POM 
Software compattMe with previous 2100 Senes Computers 
Power-Fai Intern** aftows tor orderly system shutdown. 
Standard bootsvap loader  m read-only  memory and space tor  tour  loaders 
Ftacfete Input OuÂ«>utâ€” 10 configuraton iÂ«aty mdepender* ot memory con- 

ftgurakon and up to 32 adoMonal devices added wflh VO extenders 
Vectored Priority Intern** 
H I G H - S P E E D  C O N T R O L  S T O R E  

Bipolar LSI ROM Serreconductor 
4096 words o* addressable control  store space (only 1024 used lor s 

ara instructions) 
ROM cycle time o* 325 nanoseconds 

175 microinstructions 
P O W E R  S U P P L Y  

V o l t a g e  n O o r  2 2 0 V  - 2 0 %  
Frequency 47 5 to 66 Hz 
Power requirements maximum U 10.  400 watts  

M 20 525 Â«ans 
2' j kne cycle power loss toleration 
Swrtcnmg regulator power supply 
Crowbar input overvottage protector* 
Hea t  Â¿seca tÃ ³n  UTO 1365  BTunr  

1 * 2 0 .  1 7 9 S B T U ' h -  
E N V W O N M E N T  

Operakng temperature 0- lo S5*C 
AMKM Non-operafeng.  25 000 teet  

O p e r a t n g .  1 5 0 0 0  M e t  
Shock 30 g for 1 1 Tvfcseconds '- j  sine wave shape 
Vtoraf ton 1  gat  44  Kz 

PHYSICAL 
He ight  Â«10 .  5V .  m.  M,20  8 * .  m 
Width MÃ­o 19 tn.  1*20 19 Â«v 
Depth MÃO 23VÃ¯ m,  1*20.  23*  m 
W e i g h t  M  T O  3 9  t  M 7 0  4 5  b  

U f  2 1 . X ,  S E M E S  S E M I C O N D U C T O R  M E M O R Y  
â€¢m cycle feme 

1 6-tnt word. 1 7th bit lor parity 
Uses 4K Metal-Oxide-Semconductor Random-Access Memory components 
P L U G - I N  M E M O R Y  M O D U L E S  

X 1 high-density memory in 8K or 16K worrj modules 
X? medium-density memory in 4K or 8K word modJes 
Each module is  one board.  7-3>4 by 8-1 1 16 inches 

On ly  one  memory  con t ro l l e r  requ i red  pe r  p rocessor  ' oga rd tess  O>  how many  
memory modules are uaed 

M E M O R Y  V O L A T I L I T Y  P R O T E C T I O N  
Ac standby mode selectable Irom operator s console 
Memory sustained through loss oÃ­ 1 0 ine cycles 

g r e m m a b l e  b o u n d a r y  t o  b e  s e t  p r o t e c t n g  *  
memory Below the boundary 

DUAL -CHANNEL PORT CONTROLLER 
Assignable to any two lO channels 
Mows maximum karvter rate Ot 616 666 words per second 
Manmum block s. ze 32 760 words 

PRICES M U-S-A. :  
M, 10 Processor $4150 
M 2 0  P r o c e s s o r  $ 5 3 0 0  
X  I  Memory  Cont ro l l e r  $650 :  BK  $2500  16K .  $4600  

r .  $ 5 0 0 .  4 K .  $ 1 3 0 0  8 K  $ 2 1 5 0  
i  $ 1 0 0 0  

r $750 
:  D A T A  S Y S T E M S  D I V I S I O N  

1 1 0 0 0  W o *  f l o e d  
C u p a r k n o .  C a M o r r u  9 5 0 1 4  U S A  
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Microprogrammable  Centra l  Processor  
Adapts  Easi ly  to  Specia l  User  Needs 
The 21  MX processor  ma in ta ins  p rogram and I /O com 
pat ib i l i t y  w i th  i t s  HP predecessors ,  bu t  has  a  new mic ro  
instruct ion format that makes i t  easier to extend the instruc 
tion set. 

by Phi l ip  Gordon and Jacob R.  Jacobs 

AMONG THE DESIGN GOALS for the 21 MX Com 
puters was compatibility with their predecessors 

in both programs and input/output. It was up to the 
design team to create a computer family that would 
build on the software and peripheral base that HP 
had established over the years. 

The 21 MX central processor, like that of the earlier 
2100A Computer,1 exploits the flexibility of micro 
programming to the fullest possible extent. This per 
mits even the smallest member of the family, the M/10, 
to have standard hardware multiply and divide and 
automatic bootstrap loader, and an enhanceable in 
struction set in which floating-point and bit, byte, 
and index instructions are standard. Available exten 
sions to the instruction set include a fast FORTRAN 
processor and decimal arithmetic instructions. 

A microprogrammed processor is really a compu 
ter within a computer. The lowest-level computer in 
the 21 MX is a 24-bit microprocessor that cycles at 
325 ns. This microprocessor emulates the instruction 
set of earlier HP computers, controls the front panel 
in the halt mode, operates the automatic bootstrap, 
and implements the enhanced instruction set. 

Like the 2100A, the new 21MX family supports 
user-generated microprogramming. However, al 
though the microprocessor word size (24 bits) is the 
same as that of the 2100A, the formats and fields are 
different and microprograms are not compatible. The 
decision to change the microinstruction format was a 
big one and was based on a number of reasons, in 
cluding lower cost from new technology, easier 
microprogramming, and larger address space. 

For example, to reduce part counts and cut costs, 
64-bit integrated-circuit random-access memories 
(RAMs) were incorporated as scratch registers and 
working registers. These RAMs were unavailable 
when the 2100A was designed. To incorporate these 
new circuits, changes in the internal architecture and 

therefore the microinstruction format were manda 
tory. It was decided that compatibility at the base 
instruction set level was far more important than at 
the microprogram level. Microprograms are typically 
small compared to applications programs, and our 
experience has shown that it is relatively easy to con 
vert these small programs from the 2 100A microcode 
to the 21MX microcode. 

Easy Microprogramming 
Another reason for changing the microinstruction 

format was to gain more precise, more versatile con 
trol of the microprocessor. Ease of microprogram 
ming, especially by the user, was a worthwhile goal. 
In most earlier microprogrammed machines the 
microprogrammer must have an intimate knowledge 
of the internal gate structure of the computer and 
therefore microprogramming is done by the design 
engineer and purposely proscribed for the user. The 
2 100 A was a pioneer in the field of user-micro- 
programmable machines. The new family continues 
this trend and is even easier to microprogram. 

What is easier about the new microinstruction for 
mat? First, conditional branching is performed by 
a conditional jump rather than a conditional skip. 
Skips are satisfactory if, upon some condition, only 
one instruction need be inserted into the instruction 
stream. For example, to guarantee that a number is 
positive one might test its sign. If the sign is positive, 
one could skip over the complement instruction; 
otherwise the complement instruction would be exe 
cuted. But what happens if two instructions must be 
conditionally inserted into the instruction stream? 
Now the conditional skip will not work, since it will 
skip only one instruction. However, a conditional 
jump will work, for upon some condition a jump of 
two instructions beyond the current instruction can 
be executed. Also, backward jumps can be program- 
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med for iterative loops. 
In the 21MX, the conditions upon which one can 

jump include carry, zero, least-significant-bit, most- 
significant-bit,  flag, extend-bit,  overflow-bit,  run- 
mode, halt-mode or interrupt, and most of the front- 
panel buttons. There are also many special jump con 
ditions, not normally accessed by the user, that facili 
tate emulating the 2116 instruction set. 

Twelve scratch registers are available to the 21MX 
microprogrammer,  eight  more than in the 2100A. 
These registers may be used to hold temporary or in 
termediate  var iables  during execut ion of  a  micro 
program. More registers results in fewer accesses to 
main memory and hence faster execution. 

Microinstruct ion Formats 
There  are  ac tua l ly  four  micro ins t ruc t ion  word  

types  and four  formats .  The  four  formats  and ex  
amples of typical microinstructions are: 

Word Type 1  

2 0  1 9 1 5  1 4  1 0  9  5 4  

S O P  I N C  T  A  R T N  

SOP means standard operation.  This microinstruc 
tion increments the contents of the memory transfer 
(T) register and stores the results in the A-register. 
Also, return from subroutine (RTN) is executed be 
cause this is the last microinstruction in a subroutine. 

L G S  P A S S  B  B  L 1  

The B and A-registers, considered as a single 32-bit 
register, are left shifted one place, logically. 

I  M  M  P  L  # 7  S 3  
The value "7" is passed (P) into the lower byte (L) 
of scratch register 3 (S3). 

I M M  C  U  # 7  S 3  
The ones-complement (C) of the value "7" is placed 
into the upper byte (U) of scratch register 3. 

Word  Type  3  

2 3  2 0  1 9  1 5  1 4  1 3  5 4  0  

J M P  O V F L  # 1 2 3  C N D X  

Jump to control store location 123 only if the over 
flow (OVFL) bit  is set,  otherwise continue to next 
microinstruction. 

J M P  R U N  R J S  * + 3  C N D X  

Jump to control store location three addresses beyond 
the current one only if the computer is not (RJS) in 
the RUN mode. 

2 0  1 9  

Word  Type  4  

17 16 5  4  

J S B  # 1 2 3 4  U N C D  

Jump to subroutine (JSB) in control store location 
1234 and save the current address plus 1 in the SAVE 
register for later use with the RTN instruction. 

Common to all formats is the SPECIAL field, which 
controls single and double-word shifts and rotates, 
setting and clearing of the flag, run-mode, and over 
flow flip-flops, and enabling the various jump tables. 

Expanded Control  Store  
With the changing of the microinstruction format, 

the addressability range of the microprocessor was 
expanded. The 21MX computers support up to 4096 
words of control store space, four times the space 
available in the 2100A. This space is divided into 
sixteen 256-word modules. The basic instruction set, 
consisting of all instructions standard on the 2100A 
including multiply and divide, is implemented in the 
first module. The second module holds the program 
for  control l ing the front  panel  and implementing 
the automatic bootstrap loader. 

T w o  a d d i t i o n a l  m o d u l e s  i m p l e m e n t  2 1 0 0 -  
compatible floating-point operations and a new ex 
tended instruction group, which includes 42 versatile 
operations. Index registers X and Y are introduced 
with over thirty supporting instructions. This pack 
age also provides instructions to access, manipulate, 
and test bits or bytes, plus the ability to move or com 
pare up to 32K bytes or words. 

Besides these four standard modules, there are two 
others that are optional.  These implement the fast 
FORTRAN processor and decimal arithmetic. 

Microprocessor Operat ion 
Unlike the 2100A, the 21MX family has no phase 

logic. Phase logic is what transfers the machine from 
one operational phase to another, such as fetch, in 
direct ,  execute,  and interrupt.  In the 2100A, fl ip- 
flops and combinatorial next-state logic are used to 
establish the current phase and the next phase. To 
minimize costs,  i t  was decided to el iminate these 
circuits  from the new computers.  The burden was 
picked up by the microprogram for the basic instruction 
set. "Phases" are now merely microcoded subroutines. 

The fetch phase is emulated by a three-word micro- 
routine, the essentials of which are as follows: 
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I 
- 
I 

ill ' 
READ 

READ 

SPECIAL 

JTAB 

A L U  
INC 

PASS 

PASS 

STORE 

PNM 

IR 

CM 

S-BUS 

P 

TAB 

ADR 

Statement (1) does three things in parallel. It begins 
a memory read operation, loads the memory address 
register with the contents of program counter (P), 
and increments the program counter. Fig. 1 shows the 
internal bus structure of the machine as the old value 
of P is stored into the memory address register and 
the new incremented value is stored in P. The P regis 
ter contained in the RAM is gated onto the S-bus. 
Since the memory address register (M) is loaded from 
this S-bus, it receives the old nonincremented value 
of P. However, P is loaded from the T-bus which is an 
incremented copy of the S-bus. 

Statement (2) stores the memory data from the 
T-register into the instruction register (IR). The data 
path is on the S-bus. 

Statement (3) takes the address portion of the in 
struction register (ADR) and conditionally loads the 
memory address register (CM) if the instruction is a 
memory reference instruction. The READ in state 
ment (3) causes a read from memory even if the in 
struction is not a memory reference instruction. This 
may seem strange, but there are good reasons for it. 
More than 50% of the instructions executed by typical 
programs require an additional memory read (e.g., load 
accumulator, add to accumulator, increment memory 
and skip if zero). For these the memory read operation 

is started early, during the instruction fetch phase. 
For instructions that do not require a memory read, 
the fact that a memory reference was started is of no 
consequence; it merely goes unused. 

JTAB in statement (3) completes the phase, causing 
a jump to a microcoded routine that implements the 
instruction contained in the instruction register. This 
begins the execute phase. The n-way jump is ac 
complished by mapping the eight most significant 
bits of the instruction register into a 256-word read 
only memory (ROM). This ROM is called the main 
Look-Up Table (LUT); it is different from the ROM 
containing the microprogram. 

In the execute phase the microprocessor executes 
the instruction contained in the instruction register. 
In some cases, the instruction register contents are 
used during execution (for example, in the alter/skip 
and shift/rotate instructions). In other cases, the map 
ping through the main LUT is sufficient to define 
what action is to be taken by the microprocessor, and 
the contents of the instruction register are no longer 
needed. 

As an example, consider the assembly listing for 
the microprogram for the ADA or ADB instruction 
add to A register or add to B register, depending on 
bit 11 of the instruction). 

L A B E L  O P  S P E C I A L  A L U  S T O R E  S - B U S  

( 4 )  A D M  J S B  I N D I R E C T  

( 5 )  A D  P A S S  L  C A B  

( 6 )  E N V E  R T N  A D D  C A B  T A B  

1 2  B i t s  T  

R O M  A d d r e s s  
Register  

R O M  
Contro l  Store  
(Up to  4 .096  

24-Bi t  Words)  

ROM Inst ruct ion  
Register  

Instruct ion Fie ld 
Decoders  

12 
Scratch 

Registers.  
P 

Register.  
S 

Register.  
2  Index 

Registers 

Â«-â€¢t ? ? Â¿...a A  A  S - B u s  ( 1 6  B i t s )  

i m i r w  I m m e d i a t e  O p e r a t i o n  

T -Bus  

Control  Signals  
'  t o  P r o c e s s o r  

F i g .  1 .  2 1  M X  m i c r o p r o c e s s o r  
b l o c k  d i a g r a m ,  s h o w i n g  t h e  b u s  
s t ruc tu re  and  the  con ten ts  o f  the  
buses as a typical user instruct ion 
i s  fe tched  and  execu ted .  Con t ro l  
s tore is  four  t imes as large as the 
2100A's ,  prov id ing more room for  
s p e c i a l  i n s t r u c t i o n s  a n d  u s e r -  
g e n e r a t e d  m i c r o p r o g r a m s  o r  
instructions. 
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Testing the 21MX Processor 
by Cleaborn  C.  R iggins  and Richard  L .  Hammons 

To  t es t  t he  21  MX  P rocesso r ,  wh i ch  i s  housed  on  a  s i ng l e  
pr in ted c i rcu i t  board,  the spec ia l  automat ic  tes t  system shown 
in  F ig .  1  was deve loped.  

Dur ing  the  def in i t ion  phase o f  the  product ,  the  des ign team 
establ ished object ives that  were considered necessary to have 
a  c o m p e t i t i v e  p r o d u c t .  T h e  c o s t  o b j e c t i v e  c a l l e d  f o r  a  l a b o r  
c o n t e n t  t h a t  r e p r e s e n t e d  a  f a c t o r  o f  f o u r  i m p r o v e m e n t  o v e r  
the  p resen t  HP min icompute r ,  the  2100A.  F rom the  labor  con  
ten t ,  the  a l lowab le  tes t  t ime was  ex t rac ted .  A f te r  cons ider ing  
t he  va r i ous  a l t e rna t i ves ,  i t  became obv ious  tha t  gene ra l -pu r  
pose tes t  sys tems wou ld  no t  meet  the  tes t  t ime goa l .  To  meet  
this target, a tester would have to give the processor a complete 
t e s t  a t  C P U  s p e e d  i n  t e n  m i n u t e s  o r  l e s s ,  a n d  t r o u b l e s h o o t  
fa i lu res  to  the  fa i l i ng  component  85% o f  the  t ime in  less  than  
three minutes. 

How the  Prob lems Were  So lved  
The  ten  m inu te  l im i ta t i on  was  re la t i ve l y  easy  to  mee t .  The  

21 MX is control led by the microprocessor control store, a ROM. 
The ROM was replaced wi th  a h igh speed RAM, the HP12908B 
Wri table Contro l  Store,  and a set  of  microdiagnost ics were wr i t  
t en  to  exe rc i se  the  p rocesso r  and  de tec t  f au l t s .  To  make  the  
tes t  a  comple te  one ,  a  memory  subsys tem is  used  in  con junc  
t ion wi th  the sof tware d iagnost ics  to  check the processor  w i th  
memory.  An I /O s imula tor  was des igned to  tes t  the I /O cont ro l  
and logic .  

T e s t i n g  a t  C P U  s p e e d  w a s  a  m o r e  d i f f i c u l t  r e q u i r e m e n t  t o  
meet  because the cont ro l  s tore is  located some d is tance away 
e l e c t r i c a l l y .  T h i s  p r o b l e m  w a s  s o l v e d  b y  u s i n g  t e r m i n a t e d  
tw is ted-pa i r  w i res  and by  se lec t ing  RAMs fo r  the  wr i tab le  con 
t ro l  s tore that  wi l l  operate a t  fas ter  than average speeds.  

T h e  t r o u b l e s h o o t i n g  r e q u i r e m e n t  w a s  t h e  t o u g h e s t .  T h e  
microd iagnost ic  w i l l  de tec t  a  prob lem in  a  few seconds,  but  lo  
cat ing the fa i l ing component  in  less than three minutes is  d i f f i  
cult .  of troubleshooting tree is impractical because of the size of 
the tree. Any circui t  changes would require a change in the tree 

Fig .  1  Spec ia l  tes t  sys tem comple te ly  checks  21 MX CPU in  
ten  minu tes  o r  less  and t roub leshoots  fa i lu res  to  the  compo 
nent  leve l  85% of  the t ime in  three minutes or  less.  

and a lengthy rewr i te  of  the d iagnost ics.  
For the system to correctly isolate a faulty device at least 85% 

of  the t ime, i t  had to be able to d ist inguish between equivalent  
faults.  For example, to a downstream device, an inverter that al  
ways outputs a logic one is equivalent to a device driving that in 
ver ter  a lways output t ing a logic zero.  The solut ion to th is  prob 
lem was to provide the system with visibi l i ty to every node in the 
unit  under test.  

Because a unit  as complex as the 21 MX CPU would be l ikely 
to undergo several product ion changes in i ts l i fet ime, part icular 
ly in the f i rst  few product ion runs, the system had to be able to 
accommoda te  changes  i n  t he  des ign  o f  t he  CPU w i th  a  m in i  
mum of  reprogramming ef for t  ( less than one man-week for  a ty  
p ica l  minor  c i rcu i t  change) .  Th is  was accompl ished by hav ing 
the system acqui re  the data  needed for  the fau l t  iso la t ion rou 
t ines by memoriz ing the responses of  a known-good uni t  to the 
test  st imul i .  This a l lows most c i rcui t ry changes to be accommo 
dated in just  a few hours.  

The System 
A block d iagram of  the system is  shown in  F ig.  2 .  The basic  

system is an HP S31 0 Data System consisting of a 21 OOS Com 
puter with 32K memory, a 7900A Disc Drive, a 1 2960A Magnetic 
Tape Drive, a 2600A CRT Terminal,  and a 12925A Photoreader.  
A lso  inc luded  a re  two  12908B Wr i tab le  Con t ro l  S to re  (WCS)  
un i ts  and a spec ia l ly  des igned card that  cont ro ls  operat ion o f  
the UUT (uni t  under test) .  

The  spec ia l  i n te r face  ca rd  p rov ides  a l l  c lock  pu lses  to  the  
UUT and can be programmed to generate a s ingle c lock pulse,  
a  speci f ic  number of  c lock pulses in  a burst  mode,  or  a  cont in  
uous str ing of pulses. This board also contains circuitry to moni 
tor the ROM address register (RAR) of  the UUT and can be pro 
grammed to break,  or  turn of f  a l l  c lock s ignals to the UUT, at  a 
spec i f ic  address.  

The UUT is  connected to the system by means of  a vacuum- 
operated "bed of nai ls" f ixture that makes contact with the UUT 
in  approx imate ly  1400 p laces,  about  400 o f  wh ich are  the nor  
mal inputs and outputs of the CPU. The other 1 000 contacts are 
used to  connec t  each  ind iv idua l  node in  the  UUT to  the  node 
state registers.  The node state registers a l low the system com 
puter to examine the state of any node in the UUT as it is current 
ly, as it was at the end of the preceding CPU clock cycle, or as it 
was a t  the end of  the CPU cyc le  before that .  

T h e  p e r i p h e r a l  h a r d w a r e  u n i t  c o n t a i n s  a  s t a n d a r d  2 1  M X  
power  supp ly  and a  4K memory  subsys tem wi th  dua l -channe l  
por t  con t ro l  and  memory  p ro tec t  op t ions .  A lso  inc luded i s  an  
I /O s imulator  that  is  used to test  the UUT's I /O funct ions.  

A lso  shown on  the  b lock  d iag ram,  a l though  no t  pa r t  o f  the  
CPU test hardware, is the 21 MX battery pack tester. This tester 
is control led by the CPU test system computer and al l  of i ts con 
t ro l  inputs  and s ta tus repor ts  go through the CPU test  system 
console. However, the operat ion of this tester is independent of 
the CPU test  system sof tware and t ransparent  to  i t .  

The Software 
The CPU tes t  sys tem so f tware ,  wh ich  was wr i t ten  in  HP As 

sembly Language and HP ALGOL, runs under control  of  the HP 
R e a l - T i m e  E x e c u t i v e  o p e r a t i n g  s y s t e m  w i t h  t h e  R T E  f i l e  
management  package .  

The major  part  of  the test ing is  done v ia microdiagnost ics.  A 

10 
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Battery Test  
System 

^ ^ m  

Peripheral  Hardware Unit  

Power Supply 
4K Memory  
Dual  Channel  Por t  Contro l ler  
Memory  Pro tec t  Un i t  
I /O Simulator 

ROM Data 

' 3 0 0  

System Processor  
2100S Computer  

12908B (2 each)  
Writable Control  

Store 

UUT Control  
Interface Card 

ROM Address  
Breakpoint 
Detector 
Clock Control  
Circuitry 
State Selector 
Control 
U U T  H a l t  
Detector 

'12 
ROM Address Register  (RAR)  

' 2 4  

Uni t  Under  Test  
(UUT) 

Gated Clock 

State Register  Clock 

State Selector Control  Signals 

State Data Bus 

Memory Ã­/fÃ¯it 
Magne t i c  
TftpC1 l/ftit 

Paper 
TapÂ» Reader 

M 024 

Current  State of  UUT 

1 
Buf fe r  

T - 1  S t a t e  
Register 

1024 Bits 

State of  UUT at  T 

< -  
T - 2  S t a t e  

Register 
1024 Bits 

S t a t e  o f  U U T  a t  T  2  

Node State Registers 

Fig.  2.  21 MX CPU test  system. 

segment of  d iagnost ic  ( there are current ly  20 segments of  512 
words each) is  loaded into the WCS and executed by the UUT. 
A fai lure results in a halt  in the UUT, and this is detected by the 
system computer .  

For  funct ions that  cannot  be ver i f ied wi th microcode ( I /O s ig 
nals,  for  example) the test  system uses the system's c lock con 
t r o l  a n d / o r  b r e a k p o i n t  c a p a b i l i t i e s  t o  b e g i n  e x e c u t i o n  o f  s e  
lec ted  func t ions  a t  fu l l  sys tem speed and  then  to  s top  in  m id  
s t ream and  examine  se lec ted  nodes  v ia  the  node  s ta te  reg is  
ters to determine i f  the uni t  is  funct ion ing proper ly .  

Whenever  an error  is  detected,  e i ther  by the system or  by a 
microdiagnost ic ,  the fau l t  analys is  process is  in i t ia ted.  A s tar t  
ing point is specif ied for each possible error halt  by the diagnos 
t ic  programmer.  Start ing at  the speci f ied node, the system com 
pares  the  s ta te  o f  the  node aga ins t  the  da ta  memor ized  f rom 
the known-good uni t .  I f  an error  is  detected,  then the inputs to 
t h e  d e v i c e  d r i v i n g  t h a t  n o d e  a r e  e x a m i n e d .  I f  o n e  o f  t h e s e  

nodes is found to be bad then the search shif ts to the inputs for 
t ha t  node .  Th i s  p rocess  con t i nues  un t i l  a  dev i ce  i s  r eached  
w h o s e  i s  a r e  a l l  g o o d  w h i l e  i t s  o u t p u t  i s  b a d .  T h i s ,  t h e n ,  i s  
the  bad dev ice .  

Per t inen t  fa i lu re  in fo rmat ion  i s  communica ted  to  the  opera  
tor ,  the takes the appropr ia te  act ion.  The system requi res  the 
opera to r  to  ind ica te  the  ac t ion  be ing  taken ,  and  th i s  in fo rma 
t ion, disc. with data describing the fai lure, is saved on the disc. 
The system then has on f i le data describing al l  tests and al l  fai l  
u res  fo r  every  board  tes ted  on  the  sys tem.  Each board  has  a  
un ique  se r i a l  number  and  th i s  number  i s  en te red  t o  i den t i f y  
a board before star t ing a test .  

The  sys tem i s  p resen t l y  on  l i ne  and  has  been  used  to  tes t  
ove r  o f  p rocessors  w i th  p romis ing  resu l t s .  Execu t ion  t ime  o f  
the  tes t  i s  be low or ig ina l  goa ls  and  the  sys tem has  been suc  
cessful  in diagnosing a high percentage of  component fa i lures.  

The LUT maps the microprocessor to statement (4) 
if the INDIRECT bit is set in the instruction; otherwise 
statement (5) will be executed. Statement (4J is 
labeled ADM, which has no meaning to the micro 
processor and serves only as a label. Somewhere else 
in the program, this statement might be referenced by 
this label. For example, IMP ADM would execute a 

jump to statement (4). 
Statement (4) does a jump-to-subroutine to a label 

called INDIRECT, which is the start of the indirect 
phase simulated in microcode. Upon completion, the 
INDIRECT subroutine returns control to statement (5). 

Statement (5) says PASS the contents of CAB into 
register L, the holding latch (see Fig. 1). But what 
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does "the contents of CAB" mean? CAB means CON 
DITIONAL A OR B depending on bit 11 of the instruc 
tion, which specifies whether the add is to take place 
in the A-register or the B-register. The result of state 
ment (5) is that the contents of the A-register or the 
B-register are put into the L-register. 

Statement (6) actually performs three operations in 
parallel. The ADD CAB TAB portion of the instruction' 
says to add the memory data (TAB) to the contents of 
the latch and put the result into the A-register or B- 
register. Recall that this memory data was requested 
earlier in the fetch phase. The ENVE will enable the 
setting of the overflow and extend flip-flops depend 
ing on the result of the add portion of the microin 
struction. 

Finally, the RTN in statement (6) means "return 
from subroutine." This causes the microprogram, 
with hardware assistance for speed, to ask whether 
the machine has been halted, and whether there is an 
interrupt pending. If the answers to both of these 
questions are "no", the microprocessor then goes to 
the fetch phase. If either answer is "yes", then a fur 
ther firmware test is made to determine which ques 
tion has the "yes" answer. Normally the answers 
will be "no" and no time will be lost answering the 
question, "which one?" 

If the machine is not in the halt mode, it is assumed 
that an interrupt is pending and a microroutine that 
services interrupts is entered (interrupt phase). Un 
like the microprocessor of the 2100A, which is used 
only in the run mode, the microprocessor in the 
21MX remains alive and well even in the halt mode. 
In this mode it controls the front panel, or program 
mer's console. 

The flow of control through the various micro- 
coded machine phases is shown in Fig. 2. 

Microprogrammed Front  Panel  
In the halt mode, the front-panel microroutines 

continuously scan the switches on the panel to deter 
mine which button has been depressed by the opera 
tor or programmer. The microprocessor then jumps 
to a routine to carry out the desired function. Because 
the front panel is controlled by the microprocessor, 
it contains only a minimal amount of logic, thereby 
enhancing reliability and minimizing cost. 

In addition to this small amount of logic, the front- 
panel switches and light-emitting diodes are mounted 
on a single printed circuit board. The switches are 
an adaptation of a novel design developed for Hewlett- 
Packard's Model HP-35 Calculator.2 Strips of beryl 
lium-copper are raised at each switch location over a 
printed circuit trace. Pressing a switch pushes the 
raised strip down and makes contact between the 
strip and the trace. The "oil can" or "cricket" prin 
ciple provides positive, tactile feedback to the user 
that contact has been made. 

Of special interest is the front panel IBL (initial 
binary load) function. On the processor printed cir 
cuit board, up to four loader ROMs may be mounted. 
Each loader ROM contains, in packed form, a 64-word 
binary loader. In contrast, the loader in the 2100A is 
resident in the highest 64 words of main memory. 
Although these 64 words are protected by a switch 
on the front panel, many times through operator error 
this loader is destroyed and has to be loaded into 
memory again manually. 

To use the IBL feature the operator places the de- 

F i g .  2 .  2 1 M X  m i c r o p r o c e s s o r  
c o n t r o l s  t h e  f r o n t  p a n e l  a s  w e l l  
a s  p r o g r a m  e x e c u t i o n .  T h i s  d i a  
g r a m  s h o w s  t h e  H o w  o l  c o n t r o l  
t h r o u g h  t h e  v a r i o u s  m a c h i n e  
phases.  
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vice number of the loading peripheral into the front 
panel switch register and presses the IBL button. The 
microprocessor scans the memory and finds the up 
permost 64 words. Next, the loader ROM, which con 
tains 256 4-bit words, is unpacked into 64 16-bit 
words and placed into the uppermost 64 memory lo 
cations. The microprocessor scans the 64-word 
loader program, and finds all I/O instructions, patches 
in the correct device, and sets the program counter 
to the first word of the loader program, all auto 
matically. Loader ROMs for up to four different peri 
pherals may reside in a CPU, each immediately avail 
able to the operator via front panel switch selection. 

User  Microprogramming 
The new microprocessor with its easy-to-use 

microcode and expanded address space, along with 
the assembler and debug software packages, offer 
the user a strong invitation to write his own micro 
programs. There are several reasons why a user may 
want to do this. Performance may be improved by in 
creasing the speed of frequently used software rou 
tines, and memory space may be saved as a conse 
quence. New instructions may be invented to take 
advantage of mternaiiy available registers, it may be 
desirable to customize the computer for certain ap 
plications. Because the front panel is under micro 
programmed control, the user can design his own 
front panel and offer a specialized machine for a 
specific application. 

Hewlett-Packard continues to support the user in 
developing his own microprograms. The 21MX has 
been made compatible with writeable control store 
(WCS).3 Each WCS card may be dynamically loaded 
with up to 256 words (one module) and up to four 
WCS cards may be used. Microprograms can also 
be placed in nonvolatile programmable read-only 
memories (PROMs). Hewlett-Packard offers a high 
speed PROM-writer subsystem with full software 
support to allow the user to convert his code easily 
into PROMs. The user generates and assembles his 
code with the HP microassembler, then enters the 
special mask tapes into any 2100-Series Computer 
equipped with the PROM-writer system. Modular 
control-store assemblies, accepting up to twelve 
PROMs (two modules) are available. These mount 
underneath the processor board along with the basic 
microprograms (Fig. 3). 

The Hardware  
The three machines in the 21MX family use many 

common subassemblies, thereby decreasing the 
quantity of different parts to be built and tested. The 
common parts include the CPU printed circuit 
assembly, the front panel printed circuit assembly, 

F ig .  3 .  En t i r e  21MX CPU i s  on  a  s i ng le  e i gh t - l aye r  boa rd .  
U s e r - g e n e r a t e d  m i c r o p r o g r a m s  m a y  b e  p u t  i n t o  p r o g r a m  
mab le  read -on l y  memor ies  i n  modu la r  con t ro l - s to re  assem 
b l i e s ,  w h i c h  m o u n t  u n d e r n e a t h  t h e  p r o c e s s o r  b o a r d  a l o n g  
wi th  the bas ic  microprograms.  

the memory protect option, the control store assem 
blies, the dual-channel port controller, memory as 
semblies, and many mechanical parts. Custom to 
each of the three machines are the printed circuit 
backplanes for memory and I/O, the power supplies, 
and some sheet metal and mechanical assemblies. 

The entire CPU is on a single eight-layer printed 
circuit board measuring approximately 33 cm by 43 
cm. The eight-layer processor board contains ap 
proximately 240 integrated circuits. An eight-layer 
board is more costly than a two-sided board but the 
added cost is outweighed by the inherent noise im 
munity and reliability of the multilayer approach. 
Two planes are dedicated to power distribution; this 
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provides very low inductance and large distributed 
capacitance. The remaining six layers are signal 
layers. Because there are six layers, the trace width 
and separation is much larger than in two-sided 
boards, thereby providing a more reliable package. 

A dual-channel port controller, program-com 
patible with DMA in 2100-Series Hewlett-Packard 
minicomputers, is available for all three 21MX Com 
puters. All required logic resides on a single plug- 
in board. 

In contrast to the 2100 Series, several system pro 
tection features have been moved from within the 
standard CPU and placed on a separate optional plug- 
in board. The protection package, called Memory 
Protect, can interrupt and protect a programmable 
portion of memory from alteration, prevent certain 
I/O instructions from executing, and keep the CPU 
from processing an instruction with a parity error. 
All three features are program-compatible with the 
2100 Series and are available in both the M/20 and 
M/30 processors. 

Phi l ip  Gordon  ( le f t )  
Phi l  Gordon rece ived h is  BSEE degree f rom the  Un ivers i ty  
of California at Berkeley in 1 972 and joined HP the same year. 
As a project engineer working on the 21 MX family, he has con 
t r ibuted to many aspects of  the design,  par t icu lar ly  the CPU. 
Phil was born in Huntington Park, California, near Los Angeles, 
and now l i ves  in  Santa  C lara .  When he takes  a  vacat ion  he  
usua l l y  heads  fo r  the  mounta ins ,  backpack ing  o r  h ik ing  i f  
i t ' s  summer,  sk i ing or  snowshoeing i f  i t ' s  not .  

Jacob  R .  Jacobs  ( r i gh t )  
Jake Jacobs rece ived h is  BSEE and MSEE degrees in  1965 
and 1966 f rom the Univers i ty  of  Cal i forn ia at  Berkeley.  Since 
coming to HP in 1 969, he has worked on the I/O system for the 
HP 3000  Compute r ,  des igned  the  con t ro l le r  fo r  the  7900  
Disc Dr ive,  and been responsib le for  the 21 MX CPU design,  
f ron t -pane l  des ign ,  and  bas i c  i ns t ruc t i on  se t  m ic rop rog ram 
ming .  He 's  now an  eng ineer ing  sec t ion  manager  a t  HP 's  
Data Systems Divis ion. Jake was born in New York City.  He's 
marr ied,  has two chi ldren,  and l ives in Mountain View, Cal i for  
n i a .  H i s  hobby  i s  pho tog raphy ,  bu t  he  now spends  much  o f  
h is  spare t ime s tudy ing for  h is  MBA degree at  the Univers i ty  
o f  San ta  C la ra .  He 's  a  member  o f  ACM.  

Time Marches  On 
The breadboard of the 21MX Computer was built 

in a 2100A chassis and used the 2100A's power sup 
ply and core memory. A 2 155 A I/O Extender housed 
the peripheral controllers. The logic was mounted on 
eight solderless wrapped printed circuit boards 
which, along with the backplane, were wrapped on 
semi-automatic machines. Ironically, these solder- 
less machines, which were instrumental in the devel 
opment of the new computer family, have been 
pushed close to obsolescence because 21MX Com 
puters have printed circuit board backplanes and no 
solderless wrapped connections are used. S 
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Cle Riggins is  product ion engineer ing manager at  HP's Data 
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h is wi fe and three chi ldren.  

R i c h a r d  L  M a m m o n s  ( r i g h t )  
Rich Hammons was project leader for the 21 MX CPU tester.  
He jo ined HP in  1962 af ter  two years at  the Univers i ty  o f  
Cal i forn ia at  Berkeley,  s tar t ing as an e lect ronic  assembler .  
He later served as a product ion supervisor,  a product ion test 
technic ian,  and an electronic tool ing engineer.  Sel f - taught in 
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vo lved in  numerous e lec t ron ic  too l ing pro jec ts  for  2000 and 
3000 computer  sys tems.  He and h is  w i fe  and two ch i ld ren  
l ive in Morgan Hi l l ,  Cal i fornia,  and are current ly busy putt ing 
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All Semiconductor Memory Selected for 
New Minicomputer Series 
Considerat ions o f  cost ,  re l iab i l i ty ,  power ,  dens i ty ,  and 
speed a l l  po in ted  to  the  4K RAM as  the  bes t  cho ice .  

by Robert  J .  Frankenberg 

TO SATISFY THE ANTICIPATED needs of users, 
21MX computers had to have a memory system 

that met stringent requirements. The memory had to 
be inexpensive, because memory is still the most ex 
pensive single hardware element in a minicomputer. 
It had to be very reliable, because there are more cir 
cuit elements in one large memory module than in the 
processor, power supply, I/O interfaces, and front 
panel together. The memory system had to be fast, 
because memory speeds are still a major limiting 
factor in minicomputer performance. The memory 
had to be extremely dense (the 21-M/10, for example, 
may contain 32K 17-bit words of memory on three 
18x23-cm circuits boards, a total volume of about 
1230 cubic centimeters). The memory had to con 
sume a minimum of power to reduce power require 
ments to the point where the power supply could, 
after significant innovation, be economically pro 
duced in the allotted space and at a reasonable cost. 
The memory had to be expandable from a minimum 
of 4K words to at least 32K words in the 21-M/10, and 
from 4K to 65K words in the 21-M/20. Memory expan 
sion could not be allowed to degrade memory per 
formance, because larger systems require good pro 
cessor performance as much as smaller systems, and 
perhaps more. 

Core versus Semiconductor  Costs  
Let's consider these constraints one at a time and 

compare the two major contenders, core and semi 
conductor, for a new minicomputer memory design. 
First, let's look at cost. At today's 4K random-access 
memory (RAM) prices, taking into account the system 
savings (fewer boards, less overhead circuitry, easier 
testing and debugging), the semiconductor RAM sys 
tem is about 10% less expensive to build than the 
equivalent HP core system. It can be argued that a less 
expensive core system can be built today using a 16K 

core stack. This is true. However, the cycle times of 
many of these core systems have been in the l-to-1.2 
microsecond range, which is relatively slow. Also, 
the minimum expansion increment of such systems is 
16K words, forcing users to pay a higher system price 
to get a lower cost per bit. This is often not a good 
trade-off. 

Another important cost consideration is that 4K 
RAM manufacturers are now at the very beginning of 
their learning curve. Decreases in part cost by a fac 
tor of two to four are almost certain within the next 
two to three years. Core, on the other hand, has been 
experiencing price decreases for over 20 years and it 
is not very likely that costs will decrease by as much 
as a factor of two within the next three years. 

Reliabi l i ty  and Power 
Second, let's look at system reliability. The average 

minicomputer core memory system on the market 
today displays a mean time between failures (MTBF) 
of about 9% per thousand hours. The equivalent 4K 
semiconductor RAM system by all present indica 
tions should be as good or better. Furthermore, HP 
has been producing n-channel MOS LSI parts for 
over three years with a demonstrated part MTBF of 
less than 0.13% per thousand hours. RAM parts are 
the major determining factor in memory system re 
liability, and RAMs with MTBFs similar to these 
would produce a memory system nearly fifteen 
times as reliable as the equivalent core system. As 
RAM manufacturers learn how to produce even more 
reliable parts, we expect to see demonstrated long- 
term system reliability somewhere between our 
tested value and the value that would be achieved 
given 0.01%/khr parts, an acknowledged long-term 
reliability target of 4K RAM manufacturers. 

The third major consideration is power, not only 
â€¢Compu ted  us ing  Rome A i r  Deve lopmen t  Cen te r  me thods  
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the amount of power consumed, but also the regu 
lation required, and the effects of both on system cost, 
size, and complexity. Reliable core memory systems 
require large temperature-compensated drive cur 
rents and high-gain sense amplifiers. This combina 
tion forces the power system to supply well regulated 
multivoltage power to a varying load. Semiconduc 
tor memories, by comparison, require about one sixth 
the power of equivalent core systems and this power 
need only be regulated to Â±5%. 

Densi ty ,  Speed,  Expandabi l i ty  
Density is the fourth major consideration. Using 

any core technology that is economical, it has not 
been shown to be possible to put 32K 17-bit words of 
core memory including all control and interface cir 
cuitry in the 1230 cubic centimeters that this amount 
of memory occupies in the 21MX. 

The fifth major consideration is performance. 
Memory systems made with 4K n-channel MOS 
RAMs have a cycle time of about 650 ns, whereas core 
systems with comparable prices and lower densi 
ties cycle at about one microsecond or more. These 
4K RAMs are the first marketable version of these 
parts, and all manufacturers anticipate faster versions 
(some as much as two times faster) as more is learned 
about processing and as designs are improved to in 
crease performance and decrease cost. Here again, 
core cannot hope to reach comparable performance 
levels at a competitive price. 

The last major consideration is expandability. Be 
cause of their high densities and low power con 
sumption, 4K semiconductor memory systems are 
easily expandable. Large core memories require 
greater volume, larger and mechanically weaker cir 
cuit boards, high-current power supplies, and better 
cooling, and because of long buses must often be 
operated at a slower speed when expanded. 

The Problem of  Volat i l i ty  
The major problem with semiconductor memory is 

its volatility. Unlike a well designed core memory, 
when the power is removed from a semiconductor 
memory, the information stored in the memory is lost. 
The solution to this problem is a system solution. 
Dick Van Brunt's article in this issue describes how 
this problem was addressed in the power system. In 
the memory system, significant design effort was 
required to control and guarantee consistent refresh 
ing. However, the cost of refreshing was far out 
weighed by the semiconductor memory's advantages 
in cost, reliability, power, density, performance, and 
expandability. 

4 K  R A M  C h o s e n  
Taking all of the constraints into account, it became 

obvious that semiconductor memory was the best 

choice and that 4K n-channel MOS semiconductor 
RAMs were the best part type for the new memory 
system. We came to this realization in 1972, long 
before any vendors were delivering parts or even 
reasonable samples. To get a breadboard of the 21MX 
working, a 2100A core memory was first interfaced to 
the system. This was only temporary; a system based 
on IK semiconductor chips was soon developed and 
used on the first prototype versions of the 21MX. It 
appeared for a time that it would be necessary to in 
troduce the 21MX with a IK chip memory, because 
4K parts appeared to be too far away from production. 
To determine just how far away, a campaign was ini 
tiated to contact every MOS manufacturer. Some had 
not started 4K RAM projects, but most were consider 
ing it, and a few, notably Intel, Mostek, Motorola, 
and Texas Instruments, were deep into 4K RAM de 
signs with design goals which met our requirements. 
When the stage of development of these projects was 
compared with similar complex MOS LSI design pro 
jects conducted in the past by HP, and after pro 
duction capacities and price projections were ana 
lyzed, we came to the conclusion that production 
volumes of 4K RAM parts would be available in mid- 
to-late 1974. This coincided very well with the 
2 iMX's completion date. We then committed the pro 
duct to 4K RAMs. 

Impl icat ions of  the Choice 
Committing the 21MX to 4K RAMs implied 

several things about the system design. We were 
reasonably certain that parts would be available in 
large volume by mid-to-late 1974 but did not know 
which of the four leading manufacturers would de 
liver them first. This problem, coupled with the need 
for multiple sources of parts and the design con 
straints mentioned earlier, helped determine the 
system design. The memory control functions were 
separated from the CPU and memory arrays, creating 
a separate memory controller. This allowed the flexi 
bility required to interface different RAMs to the same 
CPU without changing the CPU for different memory 
parts. 

With one version of the memory controller we were 
able, with minor additions, to interface both Texas 
Instruments and Motorola parts to the 21MX. Al 
though Texas Instruments and Motorola parts have 
separate module boards, they can be mixed in a single 
system. This memory system, the 21-X/2, is a medium 
density memory that comes in 4K and 8K modules. 

The Mostek 16-pin parts were sufficiently different 
to require a different controller and module. Modules 
hold up to 16K words each, allowing 32K in the 
21-M/10 processor. This high-density memory sys 
tem is the 21-X/l. 

The basic elements of these two memory systems 

16 

© Copr. 1949-1998 Hewlett-Packard Co.



2 1 - X / 1 :  C o n t r o l l e r  
2 1 - X 2  C o n t r o l l e r  

Fig .  1 .  Two memory sys tems a l low 21 MX Computers  to  use 
4K RAMs f rom many manufacturers .  

have withstood many severe  vibrat ion and shock 
tests. This is especially important, because the large 
22-pin ceramic parts are susceptible to cracking when 
large boards are allowed to flex. Cracked packages 
don't seal the chip cavity and early failure is inevitable. 
The multilayer boards also provide good power dis 
tribution, more than adequate density, and increased 
static discharge immunity. 

Memory expansion is an extremely important as 
pect of the memory system designs. Jack Elward's 
article in this issue explains how the 21 MX memory 
was logically expanded above 32K words. Physical 
expansion does not cause any decrease in speed up 
to a 196K-word memory size, so users of relatively 
large systems can s t i l l  have smal l -system perfor  
mance. Both memory systems are designed as one- 
mil l ion-word memories  to  avoid the necessi ty  of  
redesign should further expansion be required in the 
future. 

are shown in Fig. 1. Both memory systems were de 
signed to run semi-asynchronously with the CPU, 
synchronizing only to refresh. This approach makes 
it possible to speed up the entire computer without 
major changes to the processor when faster memories 
become available from any source. 

While the variations in RAM parts provided some 
of the design constraints,  the most important  con 
siderations were user-based. For example, parity was 
included as  a  s tandard  fea ture ,  as  in  a l l  HP com 
puters. Memory problems are rare, but in the event of 
an error, systems without parity detection will cause 
many days of grief for the user who tries to solve what 
appears to be a software problem when the real prob 
lem is a memory fault that would have been easily 
detected by pari ty circuitry.  When a system is  de 
signed to include parity as a standard -feature, the 
added system cost is very low, especially when com 
pared to the potential cost to the user without parity 
protection. 

Printed circuit boards used in the memory systems 
are multilayer boards. These boards are sturdy and 

Design Detai ls 
As Fig. 2 shows, the memory system is logically 

and physically separated from the rest of the computer. 
The data, address, and control lines enable the memory 
to communicate with the processor, the dual-channel 
port controller, and the input/output system. Refresh 
information consists of synchronizing signals from 
the processor and port controller, and a refresh status 
s ignal  f rom the  memory to  the  processor .  Power  
status signals from the power system via the I/O sys 
tem provide the memory controller with information 
required to refresh memory in power-up and power- 
down situations as well as transitions between the 
two states. 

A block diagram of the memory controller is shown 
in Fig. 3. Because the Mostek RAM has an output data 
latch, a memory data register is not used in the 21-X/l 
memory. The address multiplexer, used only for the 
Mostek 16-pin part ,  is  not required in the 21-X/2 
memory. The MEMORY MANAGER ACTIVE signal, when 
present, commands the memory to look at a 20-bit 

Dual-Channel 
Port Control ler 

Power Status ; 

Address.  Data 
and Control Memory 

Controller 

Address. Data. 
Control 

Refresh 
Information 
and Control  

Memory â€¢ Memory 
M o d u l e  I  M o d u l e  

F i g .  2 .  M e m o r y  s y s t e m  i s  l o g i  
cal ly and physical ly separate f rom 
the res t  o f  the  computer .  Memory  
r u n s  a s y n c h f o n o u s / y  w i t h  t h e  
p r o c e s s o r ,  s y n c h r o n i z i n g  o n l y  
to refresh. 
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To  
Input/Output 

S-Bus Memory  
Data 

Register 

Power Status 

Read/Write Control 

Memory Status 

Extended M-Bus 
20-Bi t  Address 

M E M O R Y  M A N A G E R  A C T I V E  

I /O  and DMA T iming  
Information 

Refresh 
Sync and 

T imer  

Data 

To  Module  
Controls 

Address F i g .  3 .  M e m o r y  c o n t r o l l e r  b l o c k  
d i a g r a m .  M E M O R Y  M A N A G E R  
ACTIVE signal tel ls the memory to 
l o o k  a t  a  2 0 - b i t  a d d r e s s  b u s  i n  
s t e a d  o f  t h e  n o r m a l  1 5 - b i t  b u s .  
T h i s  e x p a n d s  t h e  m e m o r y  a d  
d r e s s  s p a c e  f r o m  3 2 K  w o r d s  t o  
1M words. 

address bus instead of the standard 15-bit address 
bus. This expands the memory address space to 1M 
words from 32K words. 

Memory controllers for the 21-X/l and 21-X/2 ad 
dress iM'words of memory, but physical space avail 
ability and bus lengths limit the expandability of 
the 21-X/l to 32K words in a 21-M/10 and 65K words 
in a 21-M/20. The M/20 can add another 131K words 
to its physical address space by means of a 12990A 
Memory Extender. Bus lengths are kept to a minimum 
by mounting the memory extender directly below the 
computer and routing the bus through the bottom of 
the computer and the top of the 12990A. 

Memory is extended without a decrease in perfor 
mance by taking advantage of a characteristic of dy 
namic MOS RAMs. These memories require a small 
amount of inactive time between operations (or clocks). 
This time is sufficient to allow address translation 
and its associated delay to take place without system 
performance loss when the memory is equipped with 
the 12929A Dynamic Mapping System. 

Refreshing of the entire physical address space is 
accomplished by the refresh timer, control circuitry, 
and memory modules. The refresh timer is an oscil 
lator with a period of 31 microseconds. Every 31 /^.s 
a pulse is generated and, if the processor is powered, 
the memory is synchronized with the processor, the 
I/O system, and the dual-channel port controller and 
a refresh is performed on 1/64 of the entire memory. 
The oscillator is allowed to free run, assuring a re 
fresh every 3 I/AS, on the average. If the processor is 
not powered, no synchronization information is re 
quired and refresh occurs without synchronization. 

Memory modules (Fig. 4) decode their location with 

in the address space and can therefore be put in any 
slot in the memory backplane. Since modules vary 
from 4K words to 16K words, decoding varies with 
each module type. All control information is transfer 
red through one connector on the top of the board. 
Only power is obtained from the backplane. This 
makes the 12990A Memory Extender much less ex 
pensive, because it doesn't have to provide control 
and busing, but merely power and the mechanical en 
closure. The 12990A also makes a good powered en 
closure for user-designed applications hardware. 

Reliabi l i ty Assurance 
Because many memory parts are used in each sys 

tem, the reliability of individual memory chips plays 
an important role in the overall system reliability. 
Therefore, it was important to properly qualify the 
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The Million- Word Minicomputer Main Memory 
by John S.  E lward 

T r a d i t i o n a l l y ,  H e w l e t t - P a c k a r d  m i n i c o m p u t e r s  h a v e  b e e n  
designed wi th a word length of  16 bi ts.  The new 21 MX Ser ies,  
wh i ch  i s  compa t i b l e  w i t h  i t s  p redecesso rs ,  i s  no  excep t i on .  
M e m o r y  i s  o r g a n i z e d  i n t o  p a g e s  o f  1 0 2 4  w o r d s  e a c h .  E a c h  
memory  loca t ion  i s  g i ven  a  15 -b i t  add ress ,  the  f i ve  mos t  s ig  
n i f icant  b i ts  spec i fy ing the page number  and the ten least  s ig  
n i f i c a n t  b i t s  s p e c i f y i n g  t h e  l o c a t i o n  o r  d i s p l a c e m e n t  w i t h i n  
that page. The maximum number of pages, therefore, is 2s = 32, 
and the  max imum memory  s ize  is  32 ,768 words .  

The 1 2929A Dynamic Mapping System (DMS) alters the archi 
t ec tu re  o f  21  MX Compu te rs  t o  expand  the  memory  add ress  
s i z e  t o  2 0  b i t s ,  t h e r e b y  p r o v i d i n g  a  m a x i m u m  m a i n  m e m o r y  
s ize  o f  1 ,048,576 16-b i t  words .  I t  does  th is  w i thout  add ing  to  
the 650-nanosecond cycle t ime, so the user pays no penal ty in 
speed when he adds more memory.  The DMS is  t ransparent  to  
any  use r  who  w i shes  t o  i gno re  i t ,  bu t  i s  eas i l y  enab led  and  
cont ro l led  when needed.  

How I t  Works 
Fig. 1 shows how the DMS f i ts into the 21 MX archi tecture. I t  

rece ives  15-b i t  addresses  on  the  M-bus  f rom the  cen t ra l  p ro  
c e s s o r  ( C P U )  a n d  d u a l - c h a n n e l  p o r t  c o n t r o l l e r  ( D C P C )  a n d  
translates them into 20-bi t  addresses on the ME-bus. The CPU 
a n d  D C P C  o p e r a t e  n o r m a l l y ,  a n d  u s e r  p r o g r a m s  a r e  u n  
c h a n g e d .  I n  a n  o p e r a t i n g - s y s t e m  e n v i r o n m e n t ,  t h e  i n s t r u c  
t i o n s  t h a t  c o n t r o l  t h e  D M S  a r e  e x e c u t e d  u n d e r  a  p r i v i l e g e d  
mode and can  be  ca l led  on ly  by  the  opera t ing  sys tem.  

F ig .  2  shows how the DMS t rans la tes  15-b i t  addresses in to  
20-b i t  addresses .  The  user  p rogram works ,  as  be fo re ,  w i th in  
a log ica l  address space of  32 pages,  and the DMS per forms a 
o n e - t o - o n e  m a p p i n g  o f  t h i s  l o g i c a l  a d d r e s s  s p a c e  i n t o  t h e  
larger physical  memory space by means of  a t ranslat ion table,  
or  "map,"  consist ing of  32 12-bi t  regis ters.  The f ive most  s igni  
f icant  b i ts  o f  the incoming 15-b i t  memory address are used to  
select one of these map registers. Ten bits from the map register 
then become the most signif icant bits of the new 20-bit address. 
The ten  leas t  s ign i f i can t  b i t s  a re  the  same as  those  o f  the  in  
coming address.  The remain ing two b i ts  f rom the map regis ter  
are used to  implement  the memory-protect  features.  

There are actual ly  four  maps in the DMS. Two are dedicated 
to the CPU and two to the DCPC, one to each channel.  The two 
CPU maps,  des ignated the system map and the user  map,  are 
used for  program execut ion;  one or the other is  selected under 
program cont ro l .  The two CPU maps are  enab led by  so f tware  
commands  and  rema in  ac t i ve  un t i l  spec i f i ca l l y  d i sab led .  (An  
e x c e p t i o n  o c c u r s  w h e n  a n  i n t e r r u p t  i s  a c k n o w l e d g e d ;  t h e  
sys tem map i s  immed ia te ly  enab led  to  re tu rn  the  p rogram to  
â€¢  Phys i ca l  l im i t a t i ons  may  res t r i c t  ac tua l  memory  s i ze  t o  l ess  t han  1  M  wo rds ,  depend ing  on  
p r o c e s s o r  a n d  m e m o r y  t y p e .  

M - B u s  ME-BUS. 
Memory 

1M 16-Bit 
Words 

F ig .  1 .  Dynamic  mapp ing  sys tem (DMS) ,  when  p resen t ,  ex  
pands  the  max imum phys ica l  address  space  o f  21  MX Com 
puters f rom 32 K words to 1M words.  

an environment for processing interrupts.)  The DCPC maps are 
au tomat ica l l y  enab led  when the  DCPC requests  a  memory  cy  
c le .  The  four  maps  may address  en t i re ly  separa te  o r  over lap  
p ing areas o f  phys ica l  memory .  

I t  i s  t he  respons ib i l i t y  o f  t he  ope ra t i ng  sys tem to  l oad  the  
t r a n s l a t i o n  t a b l e s  W h e n  t h e  c o m p u t e r  i s  f i r s t  t u r n e d  o n  t h e  
c o n t e n t s  o f  t h e  m a p s  a r e  m e a n i n g l e s s  b e c a u s e  t h e  D M S  
memory  i s  vo l a t i l e .  Un t i l  t he  maps  a re  l oaded  and  t he  DMS 
e n a b l e d  u n d e r  p r o g r a m  c o n t r o l ,  t h e  D M S  h a r d w a r e  i s  c o m  
p l e t e l y  d i s a b l e d  a n d  t h e  m e m o r y  a c c e p t s  a d d r e s s e s  f r o m  
t h e  M - b u s .  T h u s  t h e  D M S  c a n  b e  i g n o r e d  i f  n o t  n e e d e d .  I n  
case of  power fai lure,  one map can be saved in about 50 micro 
seconds  and a l l  four  can  be  saved in  175  mic roseconds ;  th is  
is  wel l  wi th in  the capabi l i t ies of  the 21 MX memory and power 
systems. 

I t  was possib le to  inser t  the DMS into the ex is t ing 21 MX ar  
ch i t ec tu re  w i t hou t  a f f ec t i ng  t he  des ign  o f  t he  CPU o r  DCPC 
main ly  because o f  the  mul t i -bus  21 MX des ign.  A  hybr id  pack  
age  cons is t ing  o f  hardware  and  f i rmware ,  the  DMS can be  in  
s ta l l ed  i n  t he  f i e l d .  The  21  MX memory  sys tem has  been  de  
s igned to  recogn ize  the  presence o f  the  DMS and respond to  
the ME-bus. 

DMS f i rmware  imp lemen ts  ove r  45  spec i a l  assemb l y - I an -  
gauge ins t ruc t ions ,  inc lud ing  the  fas t  FORTRAN group .  DMS 
c o m m a n d s  m a y  a l s o  b e  i n c l u d e d  i n  u s e r - g e n e r a t e d  m i c r o  
programs. 

System Enhancement  Features  
The DMS was designed to be a powerfu l  too l  for  the system 

1 1  1 0  9 8 7 6 5 4 3 2 1 0  

M-Bus  

5  B i ts  
DMS 

T rans la t i on  
T a b l e  

29 
30 
31 

1 0 B i t s  

10 Bits 

M-Bus  

I 
7 

6 
5  

4  

3 

2 

1 
0  

F i g .  2 .  D M S  m a p s  3 2 - p a g e  l o g i c a l  a d d r e s s  s p a c e  i n t o  a  
1024-page  phys i ca l  add ress  space .  T rans la t i on  tab les  a re  
loaded by  the  opera t ing  sys tem.  
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p r o g r a m m e r .  I n d i v i d u a l  m e m o r y  p a g e s  m a y  b e  p r o t e c t e d  
a g a i n s t  w r i t i n g  a n d / o r  r e a d i n g .  M a n y  D M S  i n s t r u c t i o n s  a r e  
p r i v i l e g e d  a n d  m a y  n o t  b e  e x e c u t e d  w i t h  m e m o r y  p r o t e c t  
enabled.  

A key feature is  the abi l i ty  of  the programmer to segment the 
base page (addresses 0 to 2000s).  A ten-bi t  "base-page fence" 
stored in the DMS separates this page into a port ion that wi l l  be 
m a p p e d  a n d  a  p o r t i o n  t h a t  w i l l  r e f e r e n c e  p h y s i c a l  m e m o r y  
d i rec t l y .  Th is  a l lows common parameters  to  be  shared  by  two 
or  more maps.  The ten b i ts  o f  the base-page fence are  s tored 
in  a  16 -b i t  s ta tus  reg is te r  a long  w i th  o the r  i n fo rmat ion  abou t  
the s tate of  the DMS. 

A n o t h e r  1 6 - b i t  D M S  r e g i s t e r ,  t h e  v i o l a t i o n  r e g i s t e r ,  i s  a c  
t i va ted  wheneve r  a  p rog ram a t t emp ts  a  p r i v i l eged  ope ra t i on  
in a non-pr iv i leged mode or when an at tempt is made to access 

a  protected area o f  memory.  A program in ter rupt  is  generated 
to s ignal  the v io lat ion and the v io lat ion register  stores speci f ic  
information about the violat ion. 

Seve ra l  i ns t r uc t i ons  a re  p rov ided  f o r  exchang ing  da ta  be  
t w e e n  p r o g r a m  a r e a s  a n d  t o  m o v e  w o r d s  o r  b y t e s  f r o m  o n e  
memory locat ion to  another .  When the system map is  enabled 
the operat ing system can,  for  example,  move a b lock of  words 
i n t o  t h e  u s e r ' s  m e m o r y  s p a c e  o r  f r o m  o n e  p l a c e  t o  a n o t h e r  
wi th in the user 's  space.  

I f  a  p rogram needs more  than 32K words  o f  memory  space 
a  p rocess  s im i l a r  t o  v i r t ua l  memory  may  be  used .  Howeve r ,  
i ns tead  o f  mov ing  p rog ram segmen ts  to  and  f rom a  d i sc ,  a l l  
t ha t  i s  r equ i red  i s  a  s imp le  map  swap ,  t ak ing  m ic roseconds  
instead of  mi l l iseconds. 

memory parts, provide adequate testing capability, 
and establish good manufacturing screening processes. 

Memory parts were qualified initially by indivi 
dual part tests. This was accomplished by the use of 
special testers and temperature-controlled ovens. 
Some parts were then opened and inspected for work 
manship and design tolerances to determine the 
manufacturer's quality control level. All memory 
systems and manufacturers' parts were then sent 
through HP's stringent environmental tests, which 
include extended heat, cold, humidity, shock, and 
vibration, as well as system performance checks. 

Manufacturing process screens were then estab 
lished, including an extended dynamic burn-in at 

R o b e r t  J .  F r a n k e n b e r g  
21  MX pro jec t  manager  Bob Frankenberg  jo ined  HP in  1969 
wi th two years of  col lege and four years in the U.S.  Air  Force 
under into belt. Starting out as a test technician, he evolved into 
a  computer  des igner ,  cont r ibut ing to  the deve lopment  o f  the 
21 16C and designing the memory systems for the 21 OOA and 
21 MX Computers.  Author  of  severa l  patent  appl icat ions and 
ins t ruc to r  in  computer  fundamenta ls ,  Bob rece ived h is  BS 
degree  in  compute r  eng ineer ing  th is  year  f rom San Jose  
State Univers i ty .  Bob was born in  Wisconsin and now l ives in  
San Jose. He's marr ied and has a smal l  son. Now that he has 
h i s  degree ,  he  hopes  to  have  more  t ime  to  i ndu lge  h i s  i n  
te res ts ,  wh ich inc lude f ish ing,  pa in t ing ,  res tor ing a  1935 
Chevro le t ,  and invent ing  consumer  e lec t ron ic  dev ices .  

125PC, a system heat run for at least 24 hours at 55Â°C, 
power cycling for 48 hours, and several quality as 
surance checks at various points in the process. These 
screens are aided by a randomly sampled complete 
characterization of each manufacturer's parts to 
monitor the manufacturers' process control. A quick- 
response (demand reporting) failure reporting com 
puter system covers any in-process part failures, and 
an overall failure reporting computer system reports 
any part failures from the receipt of the parts to the 
end of HP's repair service on the computer. 

The screens and the instantaneous failure reporting 
give an excellent means of screening out weak parts, 
detecting the presence of bad part lots, and assuring 
manufacturer quality control. Such efforts are es 
sential for the manufacture of reliable, high-quality 
memory systems. .2" 

John S.  E lward 
Jack Elward received his BS degree in electr ical  engineer ing 
from the University of Michigan (his home state) in 1 972, and 
came to HP the same year to work on the 21 MX. He helped 
w i th  the  CPU and  power  supp ly  and  des igned  the  dynamic  
mapp ing  sys tem fo r  the  M/20 .  A  spor ts -minded bache lo r ,  
Jack p lays tenn is ,  racquetba l l ,  squash,  paddlebal l ,  footba l l ,  
and  Sof tba l l .  He 's  a lso  s tudy ing  fo r  h is  MS degree  in  com 
puter  eng ineer ing a t  Stanford  Univers i ty ,  and expects  to  
receive i t  in  December.  He l ives in  Cuper t ino,  Cal i forn ia.  
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A Computer Power System for Severe 
Operating Conditions 
The power supply system of 21 MX Series Computers differs 
in many respects from the power suppl ies of other minicom 
puters.  I t  is  less vulnerable to poor ac l ine condi t ions than 
the supplies of most minicomputers of similar size and cost. 

by Richard  C.  Van Brunt  

AS MINICOMPUTERS ARE USED in increasingly 
diverse applications the physical operating en 

vironments to which they are subjected can be ex 
tremely demanding. Typical is a minicomputer- 
based navigation system aboard an oil tanker. It is 
subject to salt spray, the vibration of the engines, and 
a power-line voltage that varies dramatically as mas 
sive electric cargo pumps are turned on, suddenly 
straining the ship's electrical system. 

Other HP minicomputers have been used aboard 
airplanes and on factory floors, near arc welders in an 
automobile assembly plant, and controlling giant 
electric motors in paper mills amid steam, chemical 
fumes, and load-induced line-voltage fluctuations. 

Experience with these types of environments was 
one factor that significantly influenced the design of 
the 21MX Computer and especially its power supply. 
Other factors that influenced the power supply de 
sign were the wide range of power-line voltages in 
different parts of the world, projections of increasing 
power shortages, brownouts, and blackouts and, 
more significant, the use of a volatile semiconductor 
memory system instead of core memory. 

Computers have always been more seriously vul 
nerable to power interruptions and voltage variations 
than many other types of electrical equipment. Often 
large and expensive uninterruptable power instal 
lations are required to protect computer systems be 
cause a several-millisecond line-voltage transient, 
hardly enough to make the lights flicker, might wipe 
out hours of work or thousands of dollars. 

Power-Fai l /Auto-Restart  
One approach to making computers immune to 

power failures is called power-fail/auto-restart. With 
this system the computer must sense a power failure 

while there is still enough energy stored in the power 
supply to permit the computer to store certain key 
information in a memory that will not lose its con 
tents when the power is removed. When power is re 
stored the computer can pick up where it left off or 
perform any special restart procedure programmed 
by the user. Power-faii/auto-restart has always been 
available on HP computers. 

Although power-fail/auto-restart is adequate in 
many situations it has the disadvantage that com 
puter operation is interrupted during the line-power 
fault. In many real-time operations this can be bother 
some or even unacceptable. Many of the "power fail 
ures" that cause a computer to enter the power-fail/ 
auto-restart mode are only transients; for example, 
the line voltage may drop out of tolerance for a few 
cycles, or an automatic switchover may disconnect 
the power but then restore it in just the time re 
quired for mechanical contacts to open and close. 

In real-time systems, it is often in these very situa 
tions that the computer is most required to perform 
adjustments or acquire data. If the computer goes 
momentarily out of service during such an interval 
it may be necessary to restart a complex process or 
operation, possibly at great expense. However, if the 
computer could continue operation through such a 
transient and keep the system under control much 
time and expense might be saved. 

21 MX Power Supply Character ist ics 
The power supply system of Hewlett-Packard 

21MX Series Computers is less vulnerable to poor 
line environments than any other minicomputer of 
similar capability and cost. The line voltage rating is 
110/220 Vac Â±20%, which means the computer can 
be turned on for line voltages as low as 88 Vac on a 
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nominal 110- volt line or 176 Vac on a nominal 220- 
volt line. Once the computer has been turned on it 
will continue to operate indefinitely even if the vol 
tage dips to 70 Vac or lower. The computer is unaf 
fected by line frequency variations between 47 and 
64 Hz. 

When operating at nominal line voltage the power 
supply's internal energy storage is sufficient for the 
computer to continue operating for a complete vol 
tage cutoff lasting between two and ten line cycles at 
60 Hz (32 to 160 milliseconds), depending on how 
heavily the system is loaded. A battery powered 
standby system is provided for the memory, so in the 
event of a power failure lasting longer than ten line 
cycles the contents of the semiconductor memory 
will remain valid for a period of at least two hours. 
The battery supplied is nickel-cadmium. Longer 
standby periods may be obtained by using a larger 
external nickel-cadmium battery. 

The power supply operates in three different 
modes: operate, line standby, and battery standby. 
The computer does not distinguish between the line 
standby mode and the battery standby mode, but 
these two states are entirely different within the 
power supply. 

In the operate mode, all output voltages are present 
and current is available up to the full capacity of each 
output. In the two standby modes, only those voltages 
necessary to permit the semiconductor memory to 
retain its contents are present. As the two names 
imply, the line standby mode receives input power 
from the line, while the battery standby mode oper 
ates on power from the storage battery. 

21-M/20 21-M/10 

Protect ion for Cri t ical  Circuits 
Due to the relatively high replacement cost of the 

circuits using the output voltages of the power sup 
ply, especially the memory modules and the CPU 
board, all output voltages are protected against over- 
voltages, whether caused by a power supply failure 
or by a short to an external source of power. Similarly, 
the outputs of the supply are protected against over- 
current, which might be caused by a component fail 
ure or a misplaced screwdriver. 

Unlike many power supplies, which current-limit 
to a maximum value when an output is shorted, the 
21 MX power supply completely shuts off the vol 
tages involved in an overload until manually reset 
from the front panel. This reaction helps prevent 
fires caused by inner-layer PC board shorts and other 
insidious forms of damage. 

The supply output voltages and their current 
ratings, in amperes, are as follows: 

OUTPUT 
TERMINAL 
VOLTAGE 

+ 5V (CPU.I/O) 
-2V (CPU.I/O) 
+ 12V (I/O) 
-12V (I/O) 
+ 5V (mem) 
+ 12. 5V (mem) 
-12.5V (mem) 

OPERATE STANDBY OPERATE STANDBY 
CURRENT CURRENT CURRENT CURRENT 

3 5  2 5  
5  *  5  
2  1 . 5  
2 

Ã­ 

1.0 

i.o 

5 
D.5 
0.5 

5 
L.S 

i 
.5  
.5 

'Indicates that this output voltage is zero in standby mode. 

The total output power available is 300 watts in 
the M/20 and 235 watts in the M/10. The efficiency is 
approximately 70%, depending upon which outputs 
are most heavily loaded. 

Basic Principles 
The design of the 21MX power supply is based on 

several physical properties: 
The energy storage in a capacitor is proportional 
to the capacitance and the voltage squared, while 
the physical size of an aluminum electrolytic 
capacitor is proportional to the capacitance and 
the first power of the voltage rating. This results 
in a value of energy storage per unit volume 
which, within certain physical limits, increases 
directly in proportion to the voltage to which 
the capacitor is charged. By using higher voltages 
it has been possible to extend the holdup time 
and reduce the volume of capacitors over that re 
quired for a more conventional approach. 
The size and weight of power magnetic com 
ponents are reduced as the operating frequency is 
increased. An operating frequency of 20 kHz per 
mits all of the power transformers of the 21 MX 
power supply to be mounted directly on printed 
circuit boards, resulting in reduced fabrication 
and assembly costs. 
For a given power level, control at a high vol 
tage and low current is inherently more efficient 
than at a low voltage and high current. This is 
because of the power lost by the relatively fixed 
forward voltage drop across a semiconductor 
junction. 
Within certain upper limits on frequency, a 
switching regulator is inherently more efficient 
than an active-region regulator such as shunt or 
series pass. Furthermore, this efficiency is re 
latively insensitive to input/output voltage dif 
ferentials. As a result, a very wide input voltage 
range is permissible without significantly reduc 
ing efficiency. This aspect, coupled with the high 
storage voltage, allows a voltage drop of nearly 
50% of the voltage on the energy storage capaci- 
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P r e r e g u l a t o r  S t a g e  
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T u r n - o n  

S u r g e  
Limit ing. 
Rect i f ie rs  

Fig. Optional preserves memory power supply efficiency is approximately 70%. Optional battery preserves memory 
contents in  case of  l ine power fa i lure.  

tor, thus permitting nearly 75% of the stored 
energy to be extracted in the event of a momentary 
line-voltage interruption. 
The frequency at which the switching losses 
of appropriate power transistors begin to ap 
proach and exceed the static losses is somewhat 
above the frequency at which acoustic noise be 
comes inaudible to the human ear. Thus, an 
operating frequency of 20 kHz is a good compro 
mise between the switching losses in the power 
transistors, the physical size of magnetic com 
ponents and the undesirability of audible acous 
tic noise. 

Power Supply Design 
A simplified block diagram of the 21MX power 

supply is shown in Fig. 1. Power from the ac input 
line passes through an RFI filter and a turn-on surge- 
limit circuit. It is then rectified (in the case of 11 5 Vac 
operation the voltage is also doubled) and stored in 
the input ripple-filter capacitors at a voltage ranging 
between 180 and 380 Vdc depending upon the line 
voltage and load. 

From this variable dc voltage at the input capaci 
tors the power passes through a 20-kHz transistor 
switching-regulator circuit. This circuit uses a 
pulse-width-modulated transistor and diode switch 
with a filter choke to step the input voltage efficiently 
down to a regulated intermediate voltage of approxi 
mately 160 Vdc. 

The efficiency and reliability of the preregulator 
circuit are enhanced by the use of a slow-turn-off 
circuit, which diverts current away from the switch 

ing transistor into an auxiliary circuit during its turn- 
off transition. This turn-off period in a switching 
regulator is almost dlways the period of greatest in 
stantaneous power dissipation. 

The effect of the slow-turn-off circuit is to reduce 
the collector current to approximately 25% of its ini 
tial value before the collector-emitter voltage has 
reached 25% of its final value. This reduces the peak 
and average power dissipation during the turn-off in 
terval by a factor of approximately 16, to 125 watts 
peak and 1.25 watts average, and results in a preregu- 
lator-stage efficiency of greater than 96%, thereby 
improving the reliability of the circuit and reducing 
cooling problems. As a result of this high efficiency 
the preregulator switching transistor can be mounted 
directly on a printed circuit board with a heat sinking 
area of less than 20 square centimeters. 

D c - t o - D c  C o n v e r t e r s  
At the output of the preregulator stage are two dc- 

to-dc converters, which step the relatively high vol 
tage and low current down to the final low-voltage 
high-current outputs and provide transformer isola 
tion between the computer circuits and the ac power 
line. 

One of the dc-to-dc converters is used mainly to 
power memory-related circuits while the other con 
verter powers CPU and I/O circuits. This allows the 
high-current -Ã­- 5 volt supply for the CPU to be shut 
off without affecting memory voltages. Thus a line 
standby state can be provided, so semiconduc 
tor memory contents can be kept intact when shut 
ting off all other power to change I/O interface cards 
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or to reduce power consumption when the computer 
is not in active use. This line standby feature is also 
coordinated with the protection circuits so that if an 
overvoltage or overcurrent should occur in the CPU 
or I/O area those voltages will be automatically shut 
off separately from the memory voltages, thereby 
maintaining the memory contents until the cause of 
the problem can be determined or the misplaced tool 
removed. 

The two-converter approach also allows memory 
operation to be extended in the event that the optional 
battery standby system, or "power fail recovery sys 
tem," is not used. The CPU and I/O voltages are auto 
matically shut off before the preregulator input vol 
tage becomes too low for the preregulator to regulate. 
With this high-power load now removed from the 
preregulator, the remaining energy still stored in the 
input capacitors will provide memory voltage regula 
tion for an additional 100 ms or more in the event of 
a total line loss. In the event of a voltage drop only, 
the reduced loading in this state will allow the pre 
regulator to maintain the memory voltages indefi 
nitely for line voltages as low as 50 Vac. 

The voltage at which the CPU converter is turned 
off is factory-preset to allow the computer to be 
turned on for a line voltage of 88 Vac. However, this 
voltage level can be readjusted to increase the memo 
ry hold-up time at the expense of low-line CPU 
operation. 

If the optional power fail recovery system is used 
the battery operated power supply will maintain the 
memory contents during power outages of two hours 
or more. 

The power supply package consists entirely of 
printed circuit board assemblies. It requires a mini 
mum of hand wiring in assembly and can be removed 
easily from the computer for field replacement. Re 
pairs can be handled at the factory as part of the regu 
lar board exchange program. .- 

Richard C.  Van Brunt  
Dick Van Brunt joined HP in the summer of 1 969 after graduat 
ing f rom Massachusetts Inst i tute of  Technology wi th a BSEE 
degree. He was extensively involved in the development of the 
power supply for the 21 00 Computer, and was responsible for 
development of  the 21 MX power supply.  Original ly f rom Con 
necticut, Dick is an avid skier, f igure skater, and swimmer, but 
has set these interests aside for the present to bui ld a house 
that  he 's  des igned on a  47-acre  parce l  o f  land in  the Santa  
Cruz mounta ins .  The house wi l l  have a  power  supp ly ,  o f  
course:  Dick plans to generate and store his own electr ic i ty.  
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