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A User-Oriented Family of Minicomputers

HP’s minicomputer section manager discusses the
philosophy behind the design of this new computer series.

by John M. Stedman

HAT DO MINICOMPUTER USERS want? In

setting design objectives for HP’s new 21MX
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
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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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is a family of advanced
minicomputers featuring
modular design, a choice of
. semiconductor memory

B Systems, user-micropro-
grammable processors, and
customized instruction sets,
and a power system that has
unusual immunity to substandard electrical con-
ditions. The memory systems use the new 4K
RAMs, a few of which are shown here.
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Fig.1. The 21MX Series now con-
sists of two computers-M/10
and M/20-with different levels of
capability. Both are user-micro-
programmable and have semi-

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-
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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 over a wide range of temperature, humidity,
and vibration conditions.

The New Family

As aresult 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,! and are
also I/O compatible with previous HP machines. This
protects the large amount of investment in these
earlier minicomputers—over 2000 man-years of soft-
ware and over 70 peripheral interfaces supported.



The Value of User
Microprogrammability

User microprogrammability can be an extremely valuable
feature. It allows the user to customize the computer, dramati-
cally increasing performance, increasing software security, or
adding features that are important to a particular application
but are not offered in the base instruction set. For example,
benchmark programs run on an HP 21MX Computer with the
HP 12977A Fast FORTRAN Processor, an optional microcode
package, show performance increases of up to 28 times over
the same programs in software. Typical FORTRAN programs run
four to six times faster using the 12977A. Similar dramatic per-
formance increases are expected in user applications.

Input/output is another area that can benefit from special mi-
croprogramming. Since /O is under direct microcode control
in 21MX Computers, the application of microcoding for higher
throughput in I/O-intensive applications should be very prof-
itable.

Several companies concerned about easy transportability of
their sophisticated application programs are now considering
changing their software programs to microcoded subroutines
executed as machine instructions from fixed control store. The
21MX has 512 macroinstruction codes reserved for new instruc-
tions, so this approach is viable for a large number of routines.
Implementing routines in firmware is not a foolproof protection
mechanism against software pirating, but it does make the job
much more difficult.

Microprogramming of features useful in specific application
environments, but not offered in the base 21MX instruction set,
can speed execution, simplify programming, or provide useful
new architectural features. For instance, certain advantages of
a stack-oriented computer, such as subroutine linking and
parameter storage, may be easily and inexpensively incorpo-
rated into the 21MX family by user microprogramming. Two in-
structions called pusH and pop use the A accumulator as the
source and destination register to and from the memory stack.
For simplicity, the valid stack range is defined by the X register
(the lower limit) and the Y register (the upper limit). Accumula-
tor B points to the last valid stack entry. An overflow bit is set if
the stack is full and a pusH is attempted, or empty and a pPop is
attempted. B will be updated to point to the new top of the stack
if no overflow condition occurs. Implementing a stack capa-
bility of this caliber requires only 12 words of microcode, leav-
ing 244 words in a standard 256-word user control store module
for other useful architectural enhancements.

Other features that might be useful in certain applications are
a microcoded DMA that searches for key characters, special-
ized pattern recognition instructions, special arithmetic opera-
tions like complex arithmetic, or queue manipulation opera-
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
21-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 21-M/20, is one of the
many significant contributions in the 21MX family,
allowing the 21-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 Contributions

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
RAMSs 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 (1K 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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tailor the new computers to any
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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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SPECIFICATIONS
HP 21MX Computers
The 21MX Computer family is of 21-M/Series Mi
Processors (M/10 and M/20) and 21-X/Series Semioonductor Memory Systems
(N1 and X/2).
HP 21-M/SERIES PROCESSORS
User-mi

Bipolar LS| ROM Semiconductor

ard instructions)

175 microinstructions
POWER SUPPLY:
Voitage: 110 or 220V +20%
Frequency: 47.5 1o 66 Hz

p ptimi; p by tailonng
the CPU lo each application.
i by Read-Only Memory or by Writable

Control Store.
DATA REGISTERS:
2 Accumulators
2 Index Registers
12 High-Speed Scralchpad Registers
BASE SET INSTRUCTIONS:
128 Instructions in Base Set
32 Index Register Instructions
Bit, Byte, and Word Manipuletion Instructions
Extended Arithmetic Instructions inctuding double-word integer arithmetic,
shifts, stores, and loads are standard.
High-Speed Fioating Paint.
Software compatible with previous 2100 Series Computers.
Power-Fail Interrupt aliows for orderty system shutdown.
Standard bootstrap loader in read-only memory and space for four loaders.
Flexible InputOutput—/O configuretion totaly independert of mamary con-
figuration and up to 32 additional devices added with IO extenders.
Veciored Priority Interrupt.
HIGH-SPEED CONTROL STORE:

22 line cycle power loss toleration
Switching regulator power supply

ENVIRONMENT:
Opereling temperature: 0° to 55°C

Operating, 15 000 fest
Vibration: 1 g at 44 Hz
PHYSICAL:
Height: M/10, §% in; M/20, 8% in.
Width: M0, 18 in; Mi20, 19 in.
Weight: M/10, 38 Ib; M/20, 45 Ib.

850-nancsecond systern cycle time

4096 words ol addressable control store space (only 1024 used for stand-

ROM cyde time of 325 nanoseconds

Power requirements, maximum: M/10, 400 watts
M/20, 525 watts

Crowbar input overvoltage protection
Heat dissipation: M/10, 1365 BTU/hr
M/20, 1795 BTU/hr

Altitude: Non-operating. 25 000 feel

Shock: 30 g for 11 mitiseconds. % Sine wave shape

Depth: M/10, 23%; in; M/20, 23'; in.

HP 21-X/SERIES SEMICONDUCTOR MEMORY:

18-bit word, 17th bit for parity
Uses 4K Metal-Oxid Aandom-A
PLUG-IN MEMORY MODULES:
X/1 high-density memory in 8K or 18K word modules
X/2 medium-dersity memory in 4K or 6K word modules
Each module is one board, 7-3/4 by 8-11/16 inches
Only one memory controller required per processor, regardess of how many
memory modules are used.
MEMORY VOLATILITY PROTECTION:
Ac standby mode selectable from operator's consofe
Memory sustained through loss of 10 line cycles
Power-fail recovery system available
Memory Protect allows a programmable boundary to be set, protecting all
memary below the boundary.
DUAL-CHANNEL PORT CONTROLLER:
Assignable to any two /O channels
Allows maximum transter rate of 616 666 words per second
Maximum block size 32 768 words
PRICES IN US.A.:
M/10 Processor: $4150.
M/20 Processor: $5300.
X/1 Memory: Controller, $650; 8K, $2500: 16K, $4600.
X/2 Memory: Controller, $500; 4K, $1300; 8K, $2150.
Writable Control Store: $1000.
Dual-Channel Port Cortrolier: $750.
MANUFACTURING DIVISION: DATA SYSTEMS DIVISION
11000 Wotfe Road
Cupartino, Calitornia 95014 U.S.A

Memory




Microprogrammable Central Processor
Adapts Easily to Special User Needs

The 21MX processor maintains program and [/O com-
patibility with its HP predecessors, but has a new micro-
instruction format that makes it easier to extend the instruc-

tion set.

by Philip Gordon and Jacob R. Jacobs

MONG THE DESIGN GOALS for the 21MX 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 21MX central processor, like that of the earlier
2100A Computer,! 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 21MX 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
mnew circuits, changes in the internal architecture and

thérefore 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 2100A 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
2100A 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-



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 variables during execution of a micro-
program. More registers results in fewer accesses to
main memory and hence faster execution.

Microinstruction Formats

There are actually four microinstruction word
types and four formats. The four formats and ex-
amples of typical microinstructions are:

Word Type 1

23 20 1915 14 10 9 54 0

{ OP CODE { ALUI S-FIELD lSTORE-FIELD SPECIAL-FIELD

SOP INC T A RTN
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.

LGS PASS B B L1
The B and A-registers, considered as a single 32-bit
register, are left shifted one place, logically.

Word Type 2

23 20 19 18 17 10 9 54 0

iOP CODE 1 P/C l m [ OPERAND‘STORE—FIELDISPECIAL—FIELD

IMM P L #7 S3
The value “7” is passed (P) into the lower byte (L)
of scratch register 3 (S3).

IMM C U #7 S3
The ones-complement (C) of the value ““7” is placed
into the upper byte (U) of scratch register 3.
Word Type 3

23 20 19 15 14 13 54 0

{OP CODE;CONDITION 1 RJS l ADDRESS (8-bits)| SPECIAL-FIELD

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

JMP RUN RJS *+3 CNDX
Jump to control store location three addresses beyond
the current one only if the computer is not (R]S) in
the RUN mode.

Word Type 4
23 20 19 17 16 54 0
I OP CODE I | ADDRESS (12 bits) | SPECIAL-FIELD -
JSB #1234 UNCD

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 controlling the front panel and implementing
the automatic bootstrap loader.

Two additional modules implement 2100-
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 Operation

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, flip-
flops and combinatorial next-state logic are used to
establish the current phase and the next phase. To
minimize costs, it was decided to eliminate 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:



(0] SPECIAL ALU STORE S-BUS
(1) READ INC PNM P
(2) PASS IR TAB
(3) READ JTAB PASS CM 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).

LABEL OP SPECIAL ALU STORE S-BUS
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(5) AD* PASS L CAB
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Testing the 21MX Processor
by Cleaborn C. Riggins and Richard L. Hammons

To test the 21MX Processor, which is housed on a single
printed circuit board, the special automatic test system shown
in Fig. 1 was developed.

During the definition phase of the product, the design team
established objectives that were considered necessary to have
a competitive product. The cost objective called for a labor
content that represented a factor of four improvement over
the present HP minicomputer, the 2100A. From the labor con-
tent, the allowable test time was extracted. After considering
the various alternatives, it became obvious that general-pur-
pose test systems would not meet the test time goal. To meet
this target, a tester would have to give the processor a complete
test at CPU speed in ten minutes or less, and troubleshoot
failures to the failing component 85% of the time in less than
three minutes.

How the Problems Were Solved

The ten minute limitation was relatively easy to meet. The
21MX s controlled by the microprocessor control store, a ROM.
The ROM was replaced with a high speed RAM, the HP12908B
Writable Control Store, and a set of microdiagnostics were writ-
ten to exercise the processor and detect faults. To make the
test a complete one, a memory subsystem is used in conjunc-
tion with the software diagnostics to check the processor with
memory. An |/O simulator was designed to test the I/O control
and logic.

Testing at CPU speed was a more difficult requirement to
meet because the control store is located some distance away
electrically. This problem was solved by using terminated
twisted-pair wires and by selecting RAMs for the writable con-
trol store that will operate at faster than average speeds.

The troubleshooting requirement was the toughest. The
microdiagnostic will detect a problem in a few seconds, but lo-
cating the failing component in less than three minutes is diffi-
cult. Atroubleshooting tree is impractical because of the size of
the tree. Any circuit changes would require a change in the tree

Fig. 1 Special test system completely checks 21MX CPU in
ten minutes or less and troubleshoots failures to the compo-
nent level 85% of the time in three minutes or less.

and a lengthy rewrite of the diagnostics.

For the system to correctly isolate a faulty device at least 85%
of the time, it had to be able to distinguish between equivalent
faults. For example, to a downstream device, an inverter that al-
ways outputs alogic one is equivalent to a device driving that in-
verter always outputting a logic zero. The solution to this prob-
lem was to provide the system with visibility to every node in the
unit under test.

Because a unit as complex as the 21MX CPU would be likely
to undergo several production changes inits lifetime, particular-
ly in the first few production runs, the system had to be able to
accommodate changes in the design of the CPU with a mini-
mum of reprogramming effort (less than one man-week for a ty-
pical minor circuit change). This was accomplished by having
the system acquire the data needed for the fault isolation rou-
tines by memorizing the responses of a known-good unit to the
test stimuli. This allows most circuitry changes to be accommo-
dated in just a few hours.

The System

A block diagram of the system is shown in Fig. 2. The basic
system is an HP S310 Data System consisting of a 2100S Com-
puter with 32K memory; a 7900A Disc Drive, a 12960A Magnetic
Tape Drive, a 2600A CRT Terminal, and a 12925A Photoreader.
Also included are two 12908B Writable Control Store (WCS)
units and a specially designed card that controls operation of
the UUT (unit under test).

The special interface card provides all clock pulses to the
UUT and can be programmed to generate a single clock pulse,
a specific number of clock pulses in a burst mode, or a contin-
uous string 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 off all clock signals to the UUT, at a
specific address.

The UUT is connected to the system by means of a vacuum-
operated “bed of nails” fixture that makes contact with the UUT
in approximately 1400 places, about 400 of which are the nor-
mal inputs and outputs of the CPU, The other 1000 contacts are
used to connect each individual node in the UUT to the node
state registers. The node state registers allow the system com-
puter to examine the state of any node inthe UUT as itis current-
ly, as it was at the end of the preceding CPU clock cycle, or as it
was at the end of the CPU cycle before that.

The peripheral hardware unit contains a standard 21MX
power supply and a 4K memory subsystem with dual-channel
port control and memory protect options. Also included is an
1/0O simulator that is used to test the UUT's I/O functions.

Also shown on the block diagram, although not part of the
CPU test hardware, is the 21MX battery pack tester. This tester
is controlled by the CPU test system computer and all of its con-
trol inputs and status reports go through the CPU test system
console. However, the operation of this tester is independent of
the CPU test system software and transparent to it.

The Software

The CPU test system software, which was written in HP As-
sembly Language and HP ALGOL, runs under control of the HP
Real-Time Executive operating system with the RTE file
management package.

The major part of the testing is done via microdiagnostics. A
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segment of diagnostic (there are currently 20 segments of 512
words each) is loaded into the WCS and executed by the UUT.
A failure results in a halt in the UUT, and this is detected by the
system computer.

For functions that cannot be verified with microcode (1/O sig-
nals, for example) the test system uses the system’s clock con-
trol and/or breakpoint capabilities to begin execution of se-
lected functions at full system speed and then to stop in mid-
stream and examine selected nodes via the node state regis-
ters to determine if the unit is functioning properly.

Whenever an error is detected, either by the system or by a
microdiagnostic, the fault analysis process is initiated. A start-
ing point is specified for each possible error halt by the diagnos-
tic programmer. Starting at the specified node, the system com-
pares the state of the node against the data memorized from
the known-good unit. If an error is detected, then the inputs to
the device driving that node are examined. If one of these

Fig. 2. 21MX CPU test system.
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nodes is found to be bad then the search shifts to the inputs for
that node. This process continues until a device is reached
whose inputs are all good while its output is bad. This, then, is
the bad device.

Pertinent failure information is communicated to the opera-
tor, who takes the appropriate action. The system requires the
operator to indicate the action being taken, and this informa-
tion, along with data describing the failure, is saved on the disc.
The system then has on file data describing all tests and all ail-
ures for every board tested on the system. Each board has a
unique serial number and this number is entered to identify
a board before starting a test.

The system is presently on line and has been used to test
over 400 processors with promising results. Execution time of
the test is below ariginal goals and the system has been suc-
cessful in diagnosing a high percentage of component failures.

The LUT maps the microprocessor to statement (4)
if the INDIRECT bit is set in the instruction; otherwise
statement (5) will be executed. Statement {4) is
labeled aD*I, 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, ]MP AD*I would execute a
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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



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 aroutine 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 1BL feature the operator places the de-

Half or
Interrupt?

Fetch

Interrupt
Instruction

Instruction

n-Way Branch

Fig. 2. 21MX microprocessor
controls the front panel as well
as program execution. This dia-
gram shows the flow of control

through the various machine
phases.




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 internally 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).? 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,
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Fig. 3. Entire 21MX CPU is on a single eight-layer board.
User-generated microprograms may be put into program-
mable read-only memories in modular control-store assem-
blies, which mount underneath the processor board along
with the basic 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



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
[/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.

Time Marches On

The breadboard of the 241MX Computer was built
in a 2100A chassis and used the 2100A’s power sup-
ply and core memory. A 2155A [/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. &

References

1. C.T. Leis, ‘“‘Microprogramming, ROMs, Firmware, and
All That,” Hewlett-Packard Journal, October 1971.

2. T.M. Whitney, F. Rodé, and C.C. Tung, “The ‘Powerful
Pocketful’: an Electronic Calculator Challenges the Slide
Rule,” Hewlett-Packard Journal, June 1972.

3. F.F. Coury, “Microprogramming and Writable Control
Store,” Hewlett-Packard Journal, July 1972.

Philip Gordon (left)

Phil Gordon received his BSEE degree from the University
of California at Berkeley in 1972 and joined HP the same year.
As a project engineer working onthe 21MX family, he has con-
tributed to many aspects of the design, particularly the CPU.
Phil was born in Huntington Park, California, near Los Angeles,
and now lives in Santa Clara. When he takes a vacation he
usually heads for the mountains, backpacking or hiking if
it's summer, skiing or snowshoeing if it's not.

Jacob R. Jacobs (right)

Jake Jacobs received his BSEE and MSEE degrees in 1965
and 1966 from the University of California at Berkeley. Since
coming toHP in 1969, he has worked on the I/O systemfor the
HP 3000 Computer, designed the controller for the 7900
Disc Drive, and been responsible for the 21MX CPU design,
front-panel design, and basic instruction set microprogram-
ming. He's now an engineering section manager at HP's
Data Systems Division. Jake was born in New York City. He’s
married, has two children, and lives in Mountain View, Califor-
nia. His hobby is photography, but he now spends much of
his spare time studying for his MBA degree at the University
of Santa Clara. He's a member of ACM.

Cleaborn C. Riggins (left)

Cle Riggins is production engineering manager at HP's Data
Systems Division. Born in Dill, Oklahoma, Cle served in the
U.S. Air Force for four years, then enrolled at Oklahoma State
University, graduating in 1960 with a BSEE degree. He joined
HP the same year as a development engineer, later becoming
electronic tooling supervisor and then production engineering
supervisor. In 1970 he received his MSEE degree from Santa
Clara University. He's a member of IEEE. Cle enjoys fishing,
woodworking, and suburbanliving in San Jose, California with
his wife and three children.

Richard L. Hammons (right)

Rich Hammons was project leader for the 21MX CPU tester.
He joined HP in 1962 after two years at the University of
California at Berkeley, starting as an electronic assembler.
He later served as a production supervisor, a production test
technician, and an electronic tooling engineer. Self-taught in
digital electronics and software design, Rich has been in-
volved in numerous electronic tooling projects for 2000 and
3000 computer systems. He and his wife and two children
live in Morgan Hill, California, and are currently busy putting
the finishing touches on a home they built themselves. To get
away from it all, they favor camping and waterskiing.

14




All Semiconductor Memory Selected for
New Minicomputer Series

Considerations of cost, reliability, power, density, and
speed all pointed to the 4K RAM as the best choice.

by Robert J. Frankenberg

O 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
18X 23-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
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core stack. This is true. However, the cycle times of
many of these core systems have been in the 1-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.

Reliability 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

*Computed using Rome Air Development Center methods.



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 +5%.

Density, Speed, Expandability

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 Volatility

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.

4K RAM Chosen
Taking all of the constraints into account, it became
obvious that semiconductor memory was the best
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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 1K 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 1K 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
21MX’s completion date. We then committed the pro-
duct to 4K RAMs.

Implications 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
torequire 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/1.

The basic elements of these two memory systems
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Fig. 1. Two memory systems allow 21MX Computers to use
4K RAMs from many manufacturers.

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 standard feature, as in all 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 parity 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

have withstood many severe vibration 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 21MX 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 still have small-system perfor-
mance. Both memory systems are designed as one-
million-word memories to avoid the necessity of
redesign should further expansion be required in the
future.

Design Details

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
signal from the memory to the processor. Power
status signals from the power system via the /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.

Ablock 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/1
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

Powef Status

Address, Data

& and Control

Refresh
Intormation

and Control

Address,Data,
Control

Memory
Module

Fig. 2. Memory system is logi-
cally and physically separate from
the rest of the computer. Memory
runs asynchronously with the
processor, synchronizing only
to refresh.

Memory
Module
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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/1 and 21-X/2 ad-
dress 1M words of memory, but physical space avail-
ability and bus lengths limit the expandability of
the 21-X/1 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 toa 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 RAMSs. 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 us
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 31us, 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-
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To Module
Controls

Address Fig. 3. Memory controller block

diagram. MEMORY MANAGER
ACTIVE signal tells the memory to
ook at a 20-bit address bus in-
stead of the normal 15-bijt bus.
This expands the memory ad-
dress space from 32K words to
M words.

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.

Reliability 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. Elward

Traditionally, Hewlett-Packard minicomputers have been
designed with a word length of 16 bits. The new 21MX Series,
which is compatible with its predecessors, is no exception.
Memory is organized into pages of 1024 words each. Each
memory location is given a 15-bit address, the five most sig-
nificant bits specifying the page number and the ten least sig-
nificant bits specifying the location or displacement within
that page. The maximum number of pages, therefore, is 25 = 32,
and the maximum memory size is 32,768 words.

The 12929A Dynamic Mapping System (DMS) alters the archi-
tecture of 21MX Computers to expand the memory address
size to 20 bits, thereby providing a maximum main memory
size of 1,048,576 16-bit words.* It does this without adding to
the 650-nanosecond cycle time, so the user pays no penalty in
speed when he adds more memory. The DMS is transparent to
any user who wishes to ignore it, but is easily enabled and
controlled when needed.

How It Works

Fig. 1 shows how the DMS fits into the 21MX architecture. It
receives 15-bit addresses on the M-bus from the central pro-
cessor (CPU) and dual-channel port controller (DCPC) and
translates them into 20-bit addresses on the ME-bus. The CPU
and DCPC operate normally, and user programs are un-
changed. In an operating-system environment, the instruc-
tions that control the DMS are executed under a privileged
mode and can be called only by the operating system.

Fig. 2 shows how the DMS translates 15-bit addresses into
20-bit addresses. The user program works, as before, within
a logical address space of 32 pages, and the DMS performs a
one-to-one mapping of this logical address space into the
larger physical memory space by means of a transiation table,
or "map,” consisting of 32 12-bit registers. The five most signi-
ficant bits of the incoming 15-bit memory address are used to
select one of these map registers. Ten bits from the map register
then become the most significant bits of the new 20-bit address.
The ten least significant bits are the same as those of the in-
coming address. The remaining two bits from the map register
are used to implement the memory-protect features.

There are actually four maps in the DMS. Two are dedicated
to the CPU and two to the DCPC, one to each channel. The two
CPU maps, designated the system map and the user map, are
used for program execution; one or the other is selected under
program control. The two CPU maps are enabled by software
commands and remain active until specifically disabled. (An
exception occurs when an interrupt is acknowledged; the
system map is immediately enabled to return the program to

* Physical limitations may restrict actual memory size to less than 1M words, depending on
processor and memory type.

M-Bus
T 3
s s 15 Memory
S-B 1M 16-Bit
-Bus
4.—-—‘-‘ ‘iyw—o‘“ o %% ,/16 »
A ES

“s s 15 16

Fig. 1. Dynamic mapping system (DMS), when present, ex-
pands the maximum physical address space of 21MX Com-
puters from 32K words to TM words.

an environment for processing interrupts.) The DCPC maps are
automatically enabled when the DCPC requests a memory cy-
cle. The four maps may address entirely separate or overlap-
ping areas of physical memory.

It is the responsibility of the operating system to load the
translation tables. When the computer is first turned on the
contents of the maps are meaningless because the DMS
memory is volatile. Until the maps are loaded and the DMS
enabled under program control, the DMS hardware is com-
pletely disabled and the memory accepts addresses from
the M-bus. Thus the DMS can be ignored if not needed. In
case of power failure, one map can be saved in about 50 micro-
seconds and all four can be saved in 175 microseconds; this
is well within the capabilities of the 21MX memory and power
systems.

It was possible to insert the DMS into the existing 21MX ar-
chitecture without affecting the design of the CPU or DCPC
mainly because of the multi-bus 21MX design. A hybrid pack-
age consisting of hardware and firmware, the DMS can be in-
stalled in the field. The 21MX memory system has been de-
signed to recognize the presence of the DMS and respond to
the ME-bus.

DMS firmware implements over 45 special assembly-lan-
gauge instructions, including the fast FORTRAN group. DMS
commands may also be included in user-generated micro-
programs.

System Enhancement Features
The DMS was designed to be a powerful tool for the system
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Fig. 2. DMS maps 32-page Jogical address space into a
1024-page physical address space. Translation tables are
loaded by the operating System.
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programmer. Individual memory pages may be protected
against writing and/or reading. Many DMS instructions are
privileged and may not be executed with memory protect
enabled.

A key feature is the ability of the programmer to segment the
base page (addresses 0to 2000s). A ten-bit “base-page fence”
stored in the DMS separates this page into a portion that will be
mapped and a portion that will reference physical memory
directly. This allows common parameters to be shared by two
or more maps. The ten bits of the base-page fence are stored
in a 16-bit status register along with other information about
the state of the DMS.

Another 16-bit DMS register, the violation register, is ac-
tivated whenever a program attempts a privileged operation
in a non-privileged mode or when an attempt is made to access

a protected area of memory. A program interrupt is generated
to signal the violation and the violation register stores specific
information about the violation.

Several instructions are provided for exchanging data be-
tween program areas and to move words or bytes from one
memory location to another. When the system map is enabled
the operating system can, for example, move a block of words
into the user's memory space or from one place to another
within the user’s space.

If a program needs more than 32K words of memory space
a process similar to virtual memory may be used. However,
instead of moving program segments to and from a disc, all
that is required is a simple map swap, taking microseconds
instead of milliseconds.

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

Robert J. Frankenberg

21MX project manager Bob Frankenberg joined HP in 1969
with two years of college and four years in the U.S. Air Force
under his belt. Starting out as a test technician, he evoived into
a computer designer, contributing to the development of the
2116C and designing the memory systems for the 2100A and
21MX Computers. Author of several patent applications and
instructor in computer fundamentals, Bob received his BS
degree in computer engineering this year from San Jose
State University. Bob was born in Wisconsin and now lives in
San Jose. He's married and has a small son. Now that he has
his degree, he hopes to have more time to indulge his in-
terests, which include fishing, painting, restoring a 1935
Chevrolet, and inventing consumer electronic devices.

125°C, a system heat run for at least 24 hours at 55°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. '

John S. Elward

Jack Elward received his BS degree in electrical engineering
fromthe University of Michigan (his home state) in 1972, and
came to HP the same year to work on the 21MX. He helped
with the CPU and power supply and designed the dynamic
mapping system for the M/20. A sports-minded bachelor,
Jack plays tennis, racquetball, squash, paddleball, football,
and softball. He's also studying for his MS degree in com-
puter engineering at Stanford University, and expects to
receive it in December. He lives in Cupertino, California.
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A Computer Power System for Severe
Operating Conditions

The power supply system of 21MX Series Computers differs
in many respects from the power supplies of other minicorn-
puters. Itis less vulnerable to poor ac line conditions than

the supplies of mostminicomputers of similar size and cost.

by Richard C. Van Brunt

i S MINICOMPUTERS ARE USED in increasingly
2. 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-Fail/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
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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-fail/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.

21MX Power Supply Characteristics

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 +20%, which means the computer can
be turned on for line voltages as low as 88 Vac on a



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.

Protection for Critical 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
21MX 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:
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21-M/20 21-M/10

OUTPUT

TERMINAL OPERATE STANDBY OPERATE STANDBY
VOLTAGE CURRENT CURRENT CURRENT CURRENT
+5V (CPU,l/O) 35 * 25 -
-2V (CPU,JO) 5 - 5 *
+12V (I/0) 2 » 15 *
-12V (I/O) 2 * 1.5 *
+5V {(mem) 5 5 5 5
+12.5V {(mem) 1.0 0.5 1.5 5
—12.5V {mem) 1.0 0.5 1.5 .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 21MX
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-



Preregulator Stage

Slow
Turn-off
Circuit

110/220Vac | :
+20% RIS
- Limiting,
‘Rectifiers |

Control
and Drive
Circuits

Control Feedback

. T3V (M)

Series 125V M)
de-to-dc (G Reaviators 25V (M
Converter » 1‘_(.l’

(Memory)
Charger

Powet Fail
Recovery
Cirguit

Protection
Circuits

de-to-dc
Converter
(CPU,IIO)

Series
Regulators ‘i

Fig. 1. 27MX power supply efficiency is approximately 70%. Optional battery preserves memory
contents in case of line power failure.

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 samewhat
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 115 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-
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ing transistor into an auxiliary circuit during its turn-
off transition. This turn-off period in a switching
regulator is almost always 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.

Dc-to-Dc Converters

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 /O circuits. This allows the
high-current +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 1/O interface cards



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 1969 after graduat-
ing from Massachusetts Institute of Technology with a BSEE
degree. He was extensively involved in the development of the
power supply forthe 2100 Computer, and was responsible for
development of the 21MX power supply. Originally from Con-
necticut, Dick is an avid skier, figure skater, and swimmer, but
has set these interests aside for the present to build a house
that he’s designed on a 47-acre parcel of land in the Santa
Cruz mountains. The house will have a power supply, of
course: Dick plans to generate and store his own electricity.
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