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Abstract

" This report addresses the design and fabric;tion of a micro-

programmable, general purpose minicomputer specifically configured
( (AFITs Digital £vgincecing Lakoratory)-
for use in an educational environment’/ In"order to have utility
as an instructional aid in the ;reas of computer control and micro-
programming, it was determined that such a machine must have the
following attributes: educationally oriented human interface,
educationally oriented design, and user-microprogrammability. These
high level attributes were then used as a basis for deriving
functional and detail requirements. The Am2900 Bipolar Microprocessor
Family was used as the basis for realizing the design which satisfied
theAdefined requirements.
The project resulted in hardware which was used by students in

digital engineering classes and laboratory to investigate micro-
programming and its application to emulation. This report includes

representative microcode necessary to emulate sample PDP-11/03

instructions as a demonstration of MIME capabilities.
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I. Introduction

One of the most powerful and flexible techniques to emerge
from the continuing evolution iﬁ digital technology has been
microprogrammed computer control. The Air Force interest in this
technique results from its widespread commercial adoption and its
potential for simplifying problem solutions and giving equipment
inherent flexibility to meet chﬁnging requirements. Thus,

microprogramming has become an important facet in understanding

and utilizing current digital technology.

This investigation was largely motivated by experiences gained
during digital engineering class and laboratory work having
computer control and microprogramming techniques as a majbr topic.
The title for this thesis and the hardware which resulted from
it was chosen both because it was an approximate mnemonic for
Microprogrammable Minicomputer Emulator and because the meaning of
the word mime (i.e. to act a part or to mimic) was appropriate to
the capabilities of the envisioned machine. For a comprehensive
discussion of microprogramming the reader is referred to the many

texts (e.g. Ref 1) on the subject as well as current literature

(e.g. Ref 2). However, the presentation of a few key concepts is
necessary to provide a basis for understanding the purpose of the

project and the approach taken by the authors.




Microprogramming

In order for a computer to accomplish data processing, a series
of sequential and combinatorial events must be controlled in a
specified manner. This controiling function may be accomplished by
either of two principle broad techniques: wuse of random logic or
microprogramming.

Random logic control is implemented by providing a unique group
of logic circuitry which accepts each instruction, the status bits,
and the clock pulses as inputs and outputs the various latch and bus
gate settings as well as control pulses to the active elements. Thus,
the machine instruction set implemented by the computer and the
functions it performs are fixed by hardware. The lowest level of
control afforded to the user is the machine language operations
(i.e. add, shift, move, etc.).

Microprogramming may be defined as a technique for designing and
implementing computer control as a sequence of control signals stored
in a special memory as opposed to having them generated by hardware.
Each .group of bits is called a microword and the bits of these words
represent signal states necessary to accomplish the information
transfers which make up the machine instruction operations. This
technique allows the user to exercise control to the level of indi-
vidual register transfers which are the fundamental computer
operations.

Not only does microprogramming implement control at the register

transfer level, it also contrasts with random logic in that the control

may be changed without hardware modification. Thus an inherent
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flexihility exists to meet changing requirements without hardware
redesign.

Microprogramming technidues may be viewed as covering a spectrum
with non-encoded and highly encoded techniques at opposite ends.
Strict application of the non-encoded technique requires the micro-
word to contain a bit that corresponds to each function which is to
be controlled. Thus, the word tends to be lengthy but rather simple.
Conversely, various microword bits may be grouped together into fields
associated with specific functions. One or more levels of decoding
may then be required in order to derive the actual control signals
from the functional fields in the microword. In actual practice it

is often expedient to use a combination of both techniques.

Problem Definition

The objective of this investigation is the design and fabrication
of laboratory equipment specifically configured for use in graduate
level investigations in the areas of computer control and microprogram-
ming. Units currently available for laboratory experiments consist
of commercial off-the-shelf minicomputers and microprocessor equipment.
However, no unit totally combines user microprogrammability with a

design philosophy meant to facilitate user understanding.

Background

The authors encountered the above problem in the Minicomputer/
Microprocessor Laboratory course, EE 6.87. This course has the
objective of providing the student with an understanding of the input/
output informatjon transfers and interfaces required in minicomputer

and microproccssor operations. In addition; it is desired that the




student acquire the ability to design and utilize I/0 transfers.
Because of a desire to learn about microprogramming and also to work
with state-of-the-art technoiogy at the integrated circuit level, the
authors chose the Advanced Micro Devices 2900 Learning and Evaluation
Kit (Ref 3) as the object of their laboratory project.

The Am2900 integrated circuit family consists of bipolar Large
Scale Integration (LSI) devices designed for use in microprogrammed
systems (Ref 4:2). The devices are cascadable in four-bit increments,
thus allowing the word length and addressing capability to be
tailored to the intended application. The reader is referred to the
Am2900 Bipolar Microprocessor Family Data Book (Ref 4) for complete
information.

In order to utilize the kit in realizing the EE 6;87 objectives,
it was decided to interface one kit to act as the control unit for
J/0 occurring in the second kit. Although the authors were successful
in causing one kit to operate under the microprogrammed control of the
other, the ultimate goal of exploring I/0 transfers was not achieved.

Literature provided with the kit stated that it was primarily
intended to familiarize the user with the characteristics and perfor-
mance of the Am2900 Family and microprogramming (Ref 3:1). However,
because of the difficulties encountered in interfacing the two kits,
the authors concluded the kits were not suitéd for'investigating micro-
programmed computer control. These difficulties were in the géneral
categories of signal inaccessibility (for both monitoring and inter-
facing), limited displays, tedious programming, and limited memory.

Even though the ultimate goal was not realized, the authors gained

valuable insight into microprogramming and how its utility might best be
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demonstrated. These ideas rcsulted in the proposal of this thesis

topic.

Goal

The goal of this investigation is to provide the AFIT Digital
Engineering Laboratory with a small microprogrammable digital computer
having a generalized architecture and a configuration tailored speci-
fically for educational purposes. This unit will be sgited for use
in laboratory instruction and student design projects in the areas of
computer control and microprogramming. In addition to the hardware,

a User's Manual and sample microprograms will be providéd.

Plan of Attack

The effort consisted of several major phases:

Literature search

Minicomputer survey

Requirements definition

Design

Fabrication

Integration and checkout

Documentation
The first objective of the literature search was to determine whether
any previous work was rcleva;t to the problem. The second objective
was to clarify the concepts of microprogramming and emulation.

The second step of the effort was to obtain information about’

typical minicomputer architectures, The PDP-11, Nova, and HP21MX were

chosen for detailed analysis as they were three of the most frequently




used machines in the military research and development environment

and were representative of commercially available architectures. These
three units along with a suggested design presented in Advanced Micro
Devices (AMD) litcratpre (Ref 5) served as the basis for deriving a
generalized architecture for MIME.

The purpose of the requirements definition was to translate the
overall goal into the technical requirements which when satisfied
would provide a solution to the stated problem. A top-down approach
in which each level of requirements was factored into successively
lower levels was applied until there was sufficient detail to allow
hardware design.

At various points during the design, trial circuits were bread-
boarded and analyzed to verify that they in fact fulfiilcd the
requirements. When the design was found to be deficient, the design
was iterated and then reverified. Redesign also occurred as the

result of discovering invalid assumptions about module interfaces.

After first generating an overall functional design, the individual
module design was begun. The order of the detail design was predicated
upon the philosophy of providing a means of hardware checkout as soon
as possible and retaining the greatest flexibility as long as possible.
} This resulted in the design of the control panel being accomplished
first, the processor and memory modules next, and tﬁe control unit last.

Because of time constraints, fabrication and design were overlapped.

As detail design on each module was completed, fabrication on that
module was begun. Because of the degrec of flexibility incorporated
into the functional design, no serious problems arose from. this

approach.

g




Integration and checkout were accomplished on an incremental
basis. Each module was audited for physical conformance to the doc-
umentation prior to entering module test. The module test essentially
verified the proper signal flo; through the module. 1In order to
minimize isolation problems, integration was accomplished on an
incremental basis. As each module was added td the mainframe, the
appropriate functions were verified. Detailed module test procedures
may be found in Appendix A, MIME User's Manual.

Documentation was also accomplished incrementally throughout the
entire project. The documentation was required to reflect the con-
figuration of both the design and fabrication at all times and to

facilitate the understanding and use of MIME.

Organization of Thesis

Chapter I has introduced the problem and goal and has provided
the background information necessary for understanding and evaluating
the investigation. Chapter II and III contain the MIME functional
and detail requirements respectively. These requirements served as
the project specification during MIME design. Paragraphs in these chap-
ters are numbered to facilitate correlation of the detail requirements
with the functional requirements. Appendix A, MIME User's Manual,
includes operating procedures, schematics, and a parts list which pro-
vide details of the hardware implementation. Chapter IV illustrates
the application of microprogramming to an emulation broblem. Chapter
V presents the project results, conclusions, and recommendations..
Appendix B presents the details of the configuration management proce-

dures used during the project and provides sample documentation.




Because of their volume, the wiring tables were not included in this
document, but they are available at the School of Engineering, AFIT/ENG,

Elcctrical Engineering Laboratory, Wright-Patterson AFB, OH 45433,




II. Functional Requirements

2.0 Introduction. The contents of the Problem Definition and Goal

sections were formalized to succinctly state the top level MIME require-
ment as an educationally oriented, user-microprogrammable small general
purpose digital computer. This statement included three distinct
facets. In order to insure that the final product would be appropriate
for an educational environment, it was necessary that its intended
application be given primary considération throughout the design phase.
Secondly, providing the user with the capability to microprogram MIME
entailed specific design requirements in the computer control section.
Lastly, it was necessary to generalize the architecture in order to
design MIME to have a general purpose capability. Thus, three
categories of subordinate requirements were identified. They are
educationally oriented design requirements, user—microprogrammability
requirements, and generalized architecture requirements. Each of
these was then factored into component requirements at the next lower
level and the process repeated until the functional requirements had
 been identified. The purpose of this chapter is to present the develop-
ment of the functional requirements that must be fﬁlfilled by MIME in
order to accomplish the project goal. The hierarchy of functiénal
requirements is shown in Figure 1.

The Problem Definition phase specifically addressed the need for

laboratory equipment specifically configured for usc in investipating

computer control and microprogramming, Thus, it is intended that MIME
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should have the capability to familiarize the user with basic prin-
ciples of computer control and to demonstrate the applications and
flexibility of microprogrammed control. Subsequently, MIME must allow
the user to test hisiunderstanding by executing his own microprograms.
This reflects the authors' opinion that in order for MIME to have
utility in this area, it must contribute both to the user's under-
standing of theory and to his application of practical techniques.

Although MIME was conceived as a solution to a specific problem,
it was also desired that it have potential for additional applications.
The required data transfers are one facet to be considered in deter-
mining whether or not a computer is suitable for a particular applica-
tion. These in turn dictate what data paths must be available in the
computer hardware. Thus, the fact that it was desirable for MIME to
be general purpose required that the architecture allow the implementa-
tion of an many types of transfers as possible.

In order to limit the scope of investigation, it was necessary to
define the generalized architecture to be that which would allow imple-
mentation of a specified set of operations. As indicated in the Plan
of Attack in Chapter I, the capabilities of three small commercial
digital computers and an example from AMD literature constituted that

specified set.

2.1. Educationally Oriented Desisn. Regardless of whether MIME is
employed as a demonstration tool or as a test-bed for micropfograms, the
user must be able to provide sfimuli to MIME and observe the response.
The structure of MIME must allow the user to visualize the interaction
of the hardware and firmware, and the hardware itself must.bc as simple

as possible.




An educationally oriented design also includes maintainability
-cénsiderations such aé fault isolation and component replacement.
Thus, the requirements for an educationally oriented design were
divided into the categories 6f an educationally oriented human
interface, functionally configured hardwgre, and maintainability

considerations.

2.1.1. Educationally Oriented Human Interface. The interface

between the user and MIME must allow straightforward and convenient
interaction between them. It must be straightforward in order
that the user is not frustrated by the effort requirea to use MIME.
Convenience is necessary so time required for data entry or
refrieval is minimized.

Because of the importance of the human interface, it was
designated as é major MIME function and its design was undertaken
first., Tﬁis approach was also advantageous in that the requirements
relative to other MIME modules would be available before they were

designed.

2.1.1.1. Operational Flexibility. The operational flexibility

requirement addresses the need for MIME to allow the user to accom-
plish his purpose with minimal laboratory setup or initialization.

Thus, time available for realizing learning objectives is maximized.

’

2.1.1.1.1. FExecution Modes. Depending on his objectives, a user

may employ MIME in one of several ways. For example, he may desire
to run an applications program, investigate a specific control
sequence, or test a microinstruction. Thus, execution modes to

support these objectives are required.

12




2.1.1,1.2. Data Entry. In order to enhance operational flexibility, it

is required that MIME provide a front panel data entry capability. The
user shall have the capability to select the level and type of informa-

tion to be entered.

2.1.1.1.3. Debugging Aid. Because MIME will be used in an experimental

environment, features that will facilitate software and firmware debug
are desirable. Therefore, MIME shall provide means to monitor software

and firmware program flow.

2.1.1.2, Information Availability. It is required that information

concerning MIME control signals, sequential operation, and data proces-~
sing be readily available to the user. In addition, because user-
microprogrammability allows MIME to be controlled at the register
transfer level, commensurate signal availability is required. This
information is necessary in order to present a comprehensive picture of
MIME operation and allow the data flow to be monitored. It is required

that this information be clearly identified to avoid confusion.

2.1.1.2.1. Sequential Operation. In order for the user to understand

the sequential nature of computer operation, information identifying
the machine state at any arbitrary time is required. This illustrates

the logical flow of the processing.

2.1.1.2.2. Control Signals. Control Signal availability is required

to demonstrate the mechanisms by which data transfers are initiated and
controlled. The user must be able to determine whether failure of an
attempted operation was due to improper control signals or system

malfunction.

13
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2,1.1,2,3. Data. It is required that all data locations be

accessible to the user at any time during MIME operation. This
information is required to allow the.user to observe intermediate

computation and processing results.

2.1.2. Functionally Configured Hardware. 'The requirement for func-

tionally configured hardware expresses the authors' philosophy that,
from an educational viewpoint, a computer system is most easily
understood when functions can be uniquely associated with discrete
hardware. This requirement allows advantage to be taken of the

fact that most students are introduced to digital procéssing and
computer hardware by means of a functional block diagram. These dia-
gramé typically contain five functional units: Arithmetic, Control,
Memory, Input, and Output (Refs 6:27, 7:3). This approach facilitates
visualization of the data processing and transfers in terms of hard-

ware.

2.1.2.1. Functional Modularity. It is required that the hardware be

segregated according to the major function which it supports in order
to facilitate the association of the hardware with the function being
performed. The required modules shall be determined from the func-

tional grouping of the detail requirements specified in Chapter III.

2.1.2.2. Illustrative Configuration. Hardware implementation of

4

MIME functional requirqmcnts shall facilitate the visualization and
understanding of the function being performed. Consistent with educa-
tional purposes, MIME configuration shall be representative of
commercial architectures and functional implementations in order to

illustrate current hardware design approaches.

14




2.1.3. Simplified Design and Maintainability. It is required that the

MIME design be the least complex which can perform all the specified
functions. It is the authors' opinion that unnecessary sophistication
would only obscure the fundamental principles which MIME is intended
to demonstrate. Therefore, only those functions which directly result
from specified requirements shall be included.

The ease with which hardware malfunctions can be isolated and
corrected is closely associated with design comp%exity. Ease of main-
tenance is important because it has a direct impact upon the avail-
ability of MIME for use as an educational tool. Therefore, in
addition to the requirement for a simplified design, MIME shall be
structured to enhance the isolation of failures to the functional
module. Signal visibility and accessibility shall also be provided to
facilitate fault isolation to the component level. ‘Specific trouble-

shooting procedures are included in the MIME User's Manual, Appendix A.

2.2, Microprogrammability. Microprogrammability requires that control

of MIME be accomplished using microprogramming rather than random logic
to decode and execute machine instructions. Motivation for inclusion

of this requirement was discussed in Chapter I.

2.2.1., Resident Control. It is required that MIME include provision

for nonvolatile microprogram storage. Thus, MIME can be used to
demonstrate computer operation under microprogrammed control wi thout

-

the necessity of loading a microprogram cach time.

2.,2.2. User-Microprogrammability. Provision for the user to apply

microprogramming techniques to computer control must be included in




MIME. Thercfore, it is required that MIME contain alterable micro-

program storage accessible to the user.

2.3. Generalized Architecture. The initial step in defining the
requirements for a generalized architecture was the determination of i !
the functional requirements necessary to achieve equivalency to the
capabilities of the PDP-11/03, Nova, HP21MX and AMD computers

(Refs 8, 9, 10, 5). This analysis yielded four separate sets of
characteristics and capabilities which were obtained with the aid of

the following checklist (Ref 11):

Memory
Registers
Data
Instructions
Special Features
Program Status
1/0
Interrupts
Masking
Protection
Timers
States
Microprogrammability
These separate sets were then combined to form a single set describing
the required MIME capabilities and characteristics. Within this set
the following broad categories of requirements which are discussed
below were identified: instructions, data format, memory, registers,

and input/output. Each of these categories was analyzed to yield the

factors that impacted MIME architecturc.

16
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2.3.1. Instructions. In order for MIME to have an instruction capa-

bility equivalent to the target machines, it must.execute the

following classes of instructions:

Program Control

Double Precision/Word/Byte
Arithmetic, Logic and shift

Word/Byte Data Transfers

2.3.1.1. Program Control. MIME is required to execute both conditional

and unconditional versions of the following classes of program control
instructions: Branch, Jump, Jump to Subroutine, Trap, and Skip. Con-
sequently, it is necessary that MIME have the capability to test all

signals which are used conditionally by the target machine.

2.3.1.2, Arithmetic/Logic/Shifting. The arithmetic and logic

instructions required for equivalency to the target machines are listed
in Table I. The required shift and rotate capabilities are shown in

Figure 2 and Figure 3 respectively.

Table I

Arithmetic/Logic Capabilities

Arithmetic Logic
Add AND
Subtract OR .
Compare EX-OR
2's Complement Complement
Increment
Decrement

2,3.1.3. Data Transfers. In order to accomplish the previously dis-

cussed instructions, several types of information transfers are

17




CABLE

T QUALTTY PRACYT
T0 Db¢

THIS PAGE IS B

ZB0¥ COPY By

sarjrTTrqede) Surljrys paarnbay

*2 2andty

wOu

WOy O

00 — O

18

gy %
«—{0
= *rg
ALFC
b e
On L [
WO cL 0
~
—5J G
B




—— e

e “‘f -
— o
o -

=N 15

e

c}—{ 15
T[{'m

rfls

Figure 3. Required Rotate Capabilities

19

T




S

required. MIME must have the capability to control information
transfers between itself and peripheral devices. In addition, MIME
must be capable of internal register-to-register and register-to-

memory transfers.

2.3.2. Data Format. A 16 bit word length and fixed point, sign plus

2's complement representation of negative numbers were common charac-
teristics of the target machines. Because fixed point and 2's comple~
ment are a function of the instruction set capabilities, the only
constraint upon MIME architecture was the 16 bit word length. Because
a 16 bit word length was representative of the commcrcially available
architectures and also provided sufficient precision for the intended

application, MIME was required to have a 16 bit word length.

2.3.3. Memory.. As a result of having a 16 bit word length, the

addressing capability of the target machines was 64K words. In
addition, they also included the ability to address individual eight
bit bytes. MIME was required to include capability for a 64K X 16 bit
word .addressable memeory. Pseudo byte addressability results from

the byte operation capability of the processor,

2.3.4. Repisters. The target machines contained both general and

special purpose registers. Special purpose registers consisted of
those dedicated for use as a Program Counter (PC), Memory Address
Register (MAR), Memory Buffer Register (MBR), and Instruction Register
(IR), accumulators, indexing registers, and stack pointer. Also
included in the target machines were a maximum of six general purpose
registers. It was required that registers sufficient to fulfill the

same functions be included in MIME,

20




2.3.5. Input/Output. Requirements under paragraph 2.1.1. specified

that comprehensive data entry and display capability be included in

the human interface in order to provide flexibility and convenience to
the operator. However, paragraph 2,1.1. did not specify the capability
desirable for loading complete programs into MIME using an assembly

or higher order language. In order to provide the capability of inter-
facing with external devices, it is required that MIME be capable of
performing DMA and vectofed priority interrupt I/0 information

transfers.

Summmary

This chapter has presented the functional requirements determined
to bé requisite for meeting the project goal. These functional
requirements will be used as the basis for the development of detail

requirements presented in the next chapter.
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III. Detail Functional Requirements

3. Introduction. The purpose of this chapter is to provide the

detail requirements which were derived to satisfy the functional
requirements identified in Chapter II. This chapter is organized

by functional categories in consonance with the functional modular-
ity requirement of Chapter II. Table II illustrates the relationship

between the functional and detail requirements.

3.1. Bussing. The target machines included both single and multiple
bus structures. Because the required information transfers could

be implemented in either structure, the architec@ural generalization
imposed no constraints. However, it was the authors' opinion that
separate busses would facilitate visualization of the information
transfers. Thus, it was required that MIME include a Data Bus

(DB), Address Bus (AB), Microaddress Bus (MAB), and Microdata Bus

(MDB) .

3.2. Front Panel. The requirement for a human interface shall be

met by the MIME Front Panel (FP) module. It shall have the following

characteristics and capabilities.

3.2.1. Debupging Aid. The FP shall provide a stand-alone capability

without dependence on other MIME modules. It was desired that the
FP always be available to the user without the necessity of having

resident software or firmware.

22




Table II
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Detail Requirements Chapter III Ghaptes Tl
: Paragraph Paragraph
AB, DB, MAB, MDB 3.1. 2ellag 20184 25,
Handwired FP 3.2.1. 2.1.12.1.3., 2.852.0.,
2.1.3.
Power Control 3.2.2.
Operating Modes 3.2.2. 2eleld, 1,
Hexadecimal Micro Data Entry 3230 2l 02, 2:1.2.3,
Hex/Octal Macro Data Entry 3.2.3. 2ey 232,
Register Load Capability 32535 Zaliolely; 2vledicla2.
M%mory Location Load Capabil- 342 .3 2ol Aisdny 2l -3ele2s
ity
Register Display Capability 3.2.4. 2.1.1.1.3., 2.1.1.2.2.
2alelc2.30, 2,302,
2.1.3.
Memory Location Display 3.2.4, Zel 1l 8, 20122,
Capability 2ol ol .2.8, 2Tl
2513
FP Display Registers Je2:4. 2eliel 2., 213
State Indicators 3<2.4, 211231,
Condition Code Indicators 324 ., Zolelel et 2l alaZus
3.3. 2.1.3.
Test Points 3.2.4. ZadsLeledey BalaliZay
2.1.3.
Macro Breakpoint Registers 3.2.4. 2+1:1.1.3,
Word/Byte/Double Precision Je3s vl 2636205 24343
ALU .
General Purpose Registers 3.3. 2iley 261:3ey B3l
2.3.4.
Auxiliary Shifting Register 3.3, 2.3.1,
Data Transfers JeFs E3lss Svduln




Table II (Continued)

Detail Requirement Cg:i:::agﬁl i:ﬁg&;;?;r
Microword Mask/Constant 3.3. 2.3.1.
Memory Capacity 3.4. 2.3.2., 2.3.3.
MAR, MBR 3.4. 203:3ley: 2l 208 0 g 2. L2202,
PC, IR 3.5. 201:2:.1., 241.2.2.; 2.3.4.
Decoding and Sequencing 3.5. 2.1., 2.1.2.1,, 2.3.1.
Clock Generation 3.5. 2.3,
Mapping 3.5. Sk Bt B, 5.
Microinstruction Capabil- 3.5, 2.31.
ities
Microinstruction Pipelining 3.5. 2.1.2.2,
Microbreakpoint Register 3.5. 2.1.1.1.3.
User Writable CS 3.6. 2.2.2,
Read Only CS 3.6. AN i
Vectored Priority Interrupt 3ol 235t ey 2035006
WCR, BAR, DFF 3.7, 2:1.2:205 2.3:34y 23.5.
MIME Portability $.8. 2.1,
Chassis 3.8. 2ty 2003,
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Table III

MIME Operating Modes

Mode Use

RUN : Continuous automatic
program execution

Auto Step Execute macroinstructions
at an observable rate

Single Step Execute one macroinstruc-
tion on each manual
actuation

Auto Microstep Execute microinstructions

at an observable rate

Single Microstep Execute one microinstruc-
tion on each manual
actuation

Pause Interrupts clock without

changing state of MIME

Reset Reinitialize MIME for
program start

Halt Halts program execution
in the fetch state

Because the FP could be independently verified to be operational,
it could be used in the checkout of other MIME modules and trouble-

shooting would be simplified.

3.2.2. Control. The FP shall provide means to contrel the

application of power to MIME. It shall also allow selection of the
operating modes given in Table III. These modes were required to

provide the operational flexibility specified in 2.1.1.1.1.
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Table IV
Displays
Macro Level Micro Level
All Registers Micro Address
ALU Output cs
DB PL Register
AB Microbreakpoint Register
Memory Keyboard Entry
Keyboard Entry

3.2.3. Data Entry. Micro level data shall be entered in hexadec-

imal format in order to minimize the number of characters required
for a microword. The user shall have the option of entering macro
level data in either hexadecimal or octal format. An octal format
is required for consistency with the target machines, but the hexa-
decimal format is required for future flexibility.

So that the operator is given as much flexibility as possible,
the capability to load any register or memory location from the

front panel is required.

3.2.4. Displays. In order to support the functional requirements

of Chapter 1I, the FP shall provide the operator with the capability
to selectively display the items listed in Table IV. This compre-~

hensive display capability is required in order to provide visibility
for all facets of internal MIME operations and facilitate malfunction

identification. However, it is also desirable to limit the complexity
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of the FP design and limit the quantity of information to that which
can be easily assimilated by the operator. Thus, it is required that
the FP include only one display register each for the macro and
micro level.

The FP shall provide indicators whigh identify to the operator
thé source of the current display or the destination of the keyboard
entry. This is necessary in order to avoid confusior between
various parameters.

For display purposes, two of the general purpose registers shall
be designated as breakpoint registers. This provision is a debugging
aid which allows the operator to halt MIME when the contents of the

PC-and breakpoint register match. Although any of the general

purpose registers could be used, two shall be designated for this
purpose as a convenicnce to the operator. Indicators to advise the
operator of the machine state and arithmetic condition codes are

also required in order to provide the user with information concerning

the processing status.

In order to enhance debugging capability as well as routine
monitoring pf MIME operations, it is required that any control
signals not displayable on the front panel be accessible via test
points for logic analyzer or oscilloscope display. These signals

shall include clock, synchronization, and interrupt request signals.

3.3. Arithmetic Logic Unit (ALU). The proccssing.requirements

identified in Chapter II shall be fulfilled by the Arithmetic Logic

Unit (ALU). This module shall contain a processor capable of
performing 16 bit word, 8 bit byte, and double precision operations

in accordance with paragraph 2.3.1. requircments.
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The target machine processors include such special purpose
registers as accumulators, index registers, and stack pointers, and
as many as six general purpose registers. However, because each
target machine has a different set of these special purpose
registers, greater flexibility is obtained by using general purpose
registers. General purpose registers are also required for the
microprogrammer's use without disturbing the contents of registers
currently inruse of the mécro level. Therefore, the ALU shall
include 16 general purpose registers and 1 auxiliary shifting
register,

It shall be possible to transfer data between the DB and general
purpose registers and to obtain operands from the DB or registers.
Results of operations shall be stored in the ALU registers or output
directly to the DB. This allows the greatest possible flexibility
for the user. The ALU shall also be capable of gating 16 bits of
the pipeline onto the DB for use as a macro level constant or mask.

she ALU shall make available flags that indicate the results of
arithmetic operations. These flags may be used by the Computer
Control Unit as the basis for conditional branches. The ALU shall
accept control signals which determine the type of operation, operand

source(s), and result destination.

3.4. Memory. The Memory module shall provide for main program storage.
It shall have a maximum capacity of 64K x 16 bit words. The module
shall include a Mcmory Address Register (MAR) to latch the address of
the memory location being referenced and allow either synchronous or

asynchronous operation. The module shall also include a Memory Buffer
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Register (MBR) to isolate the memory and DB from each other. The
MBR serves to protect the memory and also facilitates the illustra-
tion of information flow during a memory reference. The MAR and
MBR shall be implemented as dis;retc hardware registers to facili-
tate illustration of transfers and to allow hardwired signal
accessibility. In order to simplify the module circuitry, the

memory shall be static type random access storage.

3.5. Computer Control Unit. The Computer Control Unit (CCU) module

shall exercise overall control over MIME operations and shall

provide signals to control all information transfers. The CCU

shall contain the Program Counter (PC) and Instruction Register (IR).
The PC is required to hold the address of the currently executing
instruction and the IR to contain that instruction. The PC and IR
shall be able to act as either a source or destination for data
relative to the DB. These registers shall be implemented as discrete
hardware registers to facilitate illustration of their function and
to allow hardwired signal acceésibiliﬁ&f‘

The CCU shall provide decoding of macroinstructions, micro-
instruction sequencing, and control signal decoding. It shall also
generate master clock pulses,

In order to provide flexibility, the CCU shall be able to map
macroinstruction operation codes into microroutine starting addresses.
Microinstruction sequencing capabilities of conditional branching,
conditional looping, and four-level conditional nested subroutining
are required to illustrate reprcsentative microprogramming techniques.

To illustrate the pipelining technique of overlapping the fetch and
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execution cycles, the CCU shall includc first-level pipelining of
microinstructions (Ref 12).

As a debugging aid to the microprogrammer, the CCU shall
include a micro breakpoint régister and provision for halting MIME

when the microaddress matches the register contents.

3.6. Control Store. The Control Store (CS) module shall provide

microprogram storage. It shall include both user-writable and
read-only memory to allow user microprogrammability and resident
control respectively. An input/output buffer shall interface the

microdata bus with the CS.

3.7. Input/Output. The Input/Output (I/0) module shall handle all

data transfers between MIME and external devices. It shall include
an Input/Output Buffer (IOB) register which shall be used as the
data interface with external devices.

The I/0 module shall provide eight levels of vectored priority
interrupt. Because MIME is intended for use in the educational
environment, the authors do not foresee any occasion which will
require more than eight levels of interrupt priority. In addition,
the technique for handling more than eight levels remains essentially
the same. Thus, the authors fecl that eight levels provide
sufficient capability and adequately demonstrate interrupt driven I/0.
Therefore, MIME shall include provisibn for handling up to eight
levels of vectored pfiority interrupts.

The 1I/0 module shall notify the CCU of pending interrupts and
identify the highest priority device requiring service by providing

an interrupt vector. The module shall provide the capability for

30
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interrupt nesting and selective interrupt marking. It shall be
possible to display and load the registers contairing the mask and
status iniormation. This provides the user access to the fundamental
components of I/0 processing.

The I/0 module ghall include a Word Count Register (WCR), Base
Address Register (BAR), and Direction Flip Flop (DFF) for use in

accomplishing DMA (I/0) transfers,

3.8, Chassis. MIME shall be self-contained, requiring only connec-

tion to 110 vac, 50-60 Hz for operation. It shall be housed in a
portable cabinet configured to allow access to all internal components
for troubleshooting and replacement. These requirements provide the
flexibility needed for use in the educational environment. Cooling

shall be provided by a chassis mounted fan.

Summagx

This chapter has presented MIME detail requirements by functional
category which were derived from the functional requirements of
Chapter II.. The derivation may be traced using Table II and Figure 1.
Hardware was then selected to implement the detail requirements as

discussed in the next chapter.
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IV. Hardware Realization

Introduction

Chapters II and III have presented the functional and detail
requirements respectively which MIME was designed to fulfill. The
detail requirements presehted in Table II of Chapter III were then used
as the basis for hardware design. This chapter presents an overview of
the hardware realization and discusses the significant imﬁlcmentation
choices. The reader is referred to Appendix A for a complete
description of the hardware. Figure 4 illustrates the completed MIME

hardware.

Architecture

Figure 5 contains a functional block diagram illustrating the MIME
architecture which resulted from the functional grouping of the detail
requirements described in Chapter III and summarized in Table II. MIME
is a bus oriented, functionally modularized digital computer having the
general characteristics summarized in Table V. The implementation of
each module will be discussed briefly.

Front Panel. The FP was designed to mect the requirements specified
in paragraph 3.2. Because of the quantity of parts required, it was
physically implemented on two circuit cards. The displays and controls
which form the cabinet front panel along with some logic circuitry
were mounted on a circuit card designated FP1. The remaining components
were mounted on a circuit card designated FP2. The reader is referred to

Appendix A for a complete description of front panel operation.
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Figure 4. MIME Hardware

Table V

MIME Characteristics

16 bit data word
16 general purpose registers (16 bits)
10 special purpose registers (16 bits)

machine instruction capabilities
program control
double/precision/word/byte arithmetic,
logic, and shift
word/byte data transfers

64K words main memory capacity
synchronous memory references
8 levels vectored priority interrupt

64 bit microword
4K microwords Control Store capacity

1.43 MHz clock

110 vac, 50-60 Hz, 2 amps
21 amp @ 5 v
1.6 amp @ =5 v
2.4 amp @ 12 v
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Arithmetic Logic Unit. The ALU circuit card contains all the cir-

cuitry necessary to meet the specifications of paragraph 3.3. The ALU
is built around four Am2901 microprocessor chips (Ref 4:5-16) and
includes various multiplexers and registers. It incorporates lookahead
carry using the Am2902 (Ref 4:17-18).

.

Computer Control Unit. The CCU was designed to meet the specifi-

cations of paragraph 3.5. This module was also implemented on two
circuit cards which were designated CCU1 and CCU2. The heart of the CCU
capability results from the use of the Am29803, Am29811, Am2909, and
Am2911 (Ref 12:2-2 to 2-21). These components provide ﬁhe decoding,
decision making, and sequencing capabilities required for the CCU.

Control Store. The CS module.provides the microprogram storage

specified in paragraph 3.6. and is contained on one circuit card
designated Cs1. 1t also includes the circuitry necessary for micro-
addres; decoding. It consists of both RAM and EPROM storage for the
reasons discussed in the detail requirements. In anticipation of CS
expansion (See Recommendations, Chapter VI), this card was designated
Cs1, gnd an appropriate card rack position was left vacant for a second
CS card.

Memory. .The MEM module provides the main program storage for MIME
and consists of RAM elements as specified in paragraph 3.4. It is
designated MEM1 in anticipation of expansion and contains the circuitry
necessary to decode addrcssés and implement the MAR and MBR.

Input/Output. The I/0 module contains the BAR and WCR and provides
eight levels of vectored priority interrupt as specified in paragraph 3.7.
for use in accomplishing I/0 transfers. The Am2914 (Ref 4:66-73) provides

the interrupt capability.

i
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Parts Selection

There were a number of times during the design phase when more than
one specific hardware iﬁplementation appeared capable of satisfying the
specified requirements. When this occurrgd, it was necessary to
determine the most desirable alternative. This section summarizes those
choices deemed significant and the criteria applied in the decision
process.

Am2900 Family. It would have been possible to consider micro-

processor families other than the Am2900 series. Howevef, the choice

of the Am2900 integrated circuit family as the basic building blocks

of MIME was the result of the following considerations: As indicated

in Chapter I, the authors were familiar with it from a previous project.
More significantly, the Am2900 family represented commercially avail-
able state-of-the-art technology, provided the most powerful capabilities
available in microprogrammable microprocessors, and illustrated the use
of bit-slice technology.

Control Store Memory Selection. In keeping with the requirement

for flexibility specified in paragraph 3.6., the CS included both read/
write and read-only storage. This approach allowed for both user exper-
imentation and a nonvolatile resident control function.

Static type random access memory was chosen for the read/write
portion of CS in order to minimize support circuitry required for dynamic
RAM (Ref 13:3-19). Even though a read-only cabability was required, it
was still desirable to have the capabilily to alter the resident control
or to implement additional instruction sects. Thus an electrically pro-
grammable, ultraviolet erasable, Programmable Read-Only Memory was chosen

as the rcad-only portion of CS. It was also desired that the EPROM be
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compatible with a Read-Only Memory (ROM) to allow substitution of ROM
as an optional means of decreasing CS access time.

It was determined from Eommercial data that a representative instruc-
tion set required approximately 1K of CS for microprogrammed implementa-
tion (Ref 10:1-1). Thus, MIME was initially provided with 1024 words of
EPROM storage in CS.

Because it was the authors' opinion that the writable CS would be
used primarily for experiments and debugging, it was decided to provide
only 256 words initially. Additionally, because CS is manually loaded
from the front panel keyboard in hexadecimal format as specified in
paragraph 3.2., it was felt that nd more than 256 words would be utilized.

‘Selection of the actual memory chips involved tradeoffs among access
time, bit density, pin configuration, and cost. It was necessary that
the access time be sufficient to meet the overall timing goals discussed
under Clock Considerations. Bit density and pin configuration were
significant factors in minimizing the required circuit card area and
it was desired to obtain the lowest feasible cost per bit.

Component Mounting and Interconnection. Wire wrap circuit

boards with built-in IC sockets were used for all cards except FP1. These
were mounted in a card rack and interconnected using edge and cable
connectors. Augat 8136-URG5 cards were chosen for the following reasons:

1. Convenient IC replacement.

2. Built-in VCC and ground planes.

3. Large capacity edge connectors.

4. Rugged construction.

5. Available mounting rack.

6. Available extender card.
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These characteristics were deemed desirable because of the one-of-a-
kind nature of MIME and its intended laboratory use.

Clock Considerations. Information transfers between MIME modules

are synchronously controlled using a single phase symmetrical clock.
The decision to utilsze synchronous transfers was considered carefully
by the authors. Asynchronous transfers would have allowed MIME to
operate at the fastest speed possible by basing the clock frequency on
the fastest module and skipping clock cycles to accomodate the slower
modules. A disadvantage of asynchronous operation was that it required
additional logic to control the clock.

Synchronous operations base the clock frequency on the slowest
operation which results in a simpler but slower machine. Table VI lists
approximate speeds of the MIME modules which impacted this decision. The
CCU/CS entries are the sum of CCU next microaddress-:computation time and
CS access time. Thus, each CCU/CS entry is the total time required to
compute the address of and fetch the next microword. This time is the
minimum clock cycle utilizable with the particular CS implementation.

Based on this information, the fastest possible operation mode is
achieved with a ROM CS implementation and asynchronous memory references.
The slowest mode is achieved using synchronous operation with EPROM CS
implementation. Approximate microinstruction execution rates are 3.33
MHz and 1.43 MHz respectively. The EPROM CS implehentation was chosen
and the substitution of ROM left as a potential enhancement. The re-
quired clock was therefore determined to be 1.43 % 0.05 MHz. Provision
for asynchronous control was included in the CCU to provide flexibility.
This approach provided the simplicity desired for an educational envi-

ronment and also the potential for future increcases in operating speed.
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Table VI
Module Cycle Time
(Approximate)
Modules Cycle Times

ALU : 300 ns

MEM 400
CCU/CS(EPROM) 675
CCU/CS(RAM) 475
CCU/CS(ROM) 300

Power Considerations

Power requirements were determined for each circuit card individually
by summing the typical power requirements for each IC. All IC's required
a V€€ of plus 5 volts except the EPROM's which also required minus 5 and
plus 12 volts. The voltage and current requirements are given in
Table VII.

Power was distribufcd to each circuit card in the card rack (see
Chassis section which follows) via the edge connectors and wire-wrap
wire. No information concerning the current carrying capacity of 30
gauge wire-wrap was available so the authors experimentally determined
that a single wire 12-18 inches in length could carry .5 amp over an
extended time period without discernable heat build-up. The number of
power connections to each card was then detcxmincd using .5 amp as the

wire capacity and the requirements listed in Table VII.
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Table VII

Power Requirements

Voltage (v) Current (amp)
FP2 ) 2.0
Cs1 5 1.9
CS1 -5 1.62
Cs1 12 2.34
CCul 5 1.9
CCu2 5 1.9
ALU o 1.55
MEM1 5 6.0
1/0 5 2.05
FP1 5 4.3
Table VIII
MIME Cost Summary
FP1 668.00
FpP2 243.00
ALU 295.00
MEM1 207 .00
CS1 380.00
CCu1 250.00
CCu2 243.00
1/0 217.00
Wire 75.00
Extender Cord 58.00
Fabrication
Electrical 3,200.00
Chassis 680.00
Chassis
Card Rack 48.00
Edge Connectors 75.00
Ribbon Cable 10.00
Connectors 35.00
Fan 15.00
Miscellancous 25.00
Total $ 6,724.00




Chassis

Figure 6 is a representation of the chassis configuration which was
designed to satisfy the requirements of paragraph 3.8. The circuit card
positions in the cafd rack are illustrated in Figure 7. All circuit
cards are rack mounted except for FP1 which is directly attached to the
hinged cabinet front panel. The optimum angle for the front panel is
such that it is perpendicular to the user's line of sight (Ref 14:42).
The actual front panel slope was determined experimentally based on

anticipated bench top operation and the viewing angle for an individual

of medium height.

The area at the rear of the chassis is reserved for installation of
power supplies which are not yet available. The cabinet was vented and
provision made for a chassis mounted fan in order to assure adequate

cooling.

Cost

Table VIII contains a breakdown of the estimated costs for MIME.

The estimate for each circuit card includes the cost of the card and the 1
components mounted on it. The estimated total costs for wire and fabri- :
cation are also included in Table VIII. Fabrication is divided into two i

categories: electrical and cabinet.

Summary

This chapter has prescnted a brief description of thc MIME hardware
that resulted from the design and fabrication effort. 1In addition, the
areas of significant design decisions have becen described. Appendix A
contains the qomplctc description of the hardware and operating proce-

dures.
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Figure 6. MIME Chassis

Figure 7. Circuit Card Positions




V. Emulation Example

Introduction

One significant application for microprogramming is emulation,
which may be defined in a number of ways. It may be defined as the
use of microprogramming to reproduce some of the hardware functions
of the target machine not present on the host machine (Ref 15:265).
Alternatively, emulation may be defined as the ability of one machine
to execute the machine language instructions of another machine
(Ref 16:15), or the combined hardware/software interpretation of the
machine instructions of one machine by another (Ref 6:475).

Emulation is of interest in the military environment because of
its potential for achieving software compatibility among different
machines and mitigating the effects of rapid hardware obsolescence
(Ref 17:29). The significance of emulation relative to the educational
purposes of this project is the demonstration of the concepts of micro-
programming applied to emulation. Although execution timing equiva-
lency would also be required for a valid emulation in a realtime
environment, it is not necessary for demonstration of the concept.
Thus, the net effect of emulation would be the cabability of running
the target machine language programs on another machine with identical
processing results. Therefore, for the purposes of this project,
emulation has been defined as the ability of MIME to execute the
machine instructions of another machine in a way such that the pro-

cessing results are equivalent. The remaining scctions of this chapter
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discuss the relationship between emulation and microprogramming, a

general approach to emulation, and a specific emulation example.

Microprogramming and Emulation

A specific seq&ence of operations are necessary in order to execute'
each machine language instruction of a program. First, the instruction
must be fetched from the memory. Then the op code portion of the
instruction must be decoded to determine the desired operation.
Finally, the control signals necessary to accomblish the required
transfers must be generated. The first two steps, fetch and decode,
are essentially identical for all instructions of a given machine. The
final step, control signal generation, is unique for each particular
instruction. In a microprogrammed machine such as MIME, fetch and
decode are controlled by a microprogram executive which branches to the
particular micromodule (series of microinstructions) required to control
the transfers of each machine level instruction. Thus, each machine
instruction is implemented as a micromodule at the register transfer
level.

In order to emulate a particular instruction set, the same three
steps are necessary: fetch, decode, and execution. Emulation is
possible only if the emulator hardware is capable of fetching and
decoding the instruction controlling transfers within its architecture
to arrive at results equivalent to those of the target machine. Thus,
the first requisite for eﬁulation is the availability of a versatile
architecture, one which is in fact capable of the necessary decoding
and processing.

Given this, onc must devise a method of cnntro]ling.thc required

register transfers in a flexible manner. As discussed in Chapter I, a
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microprogrammable machine such as MIME has an inherent flexibility at
the register transfer level. This gives the microprogrammer complete
control of every information transfer possible within the emulator
hardware and makes it possible to emulate equivalent register transfers
of the target machine. Thus, the utility of microprogramming applied

to emulation is readily demonstrated.

General Approach to Emulation

Assuming that the emulator hardware is capable of emulating the

target machine, the first step is to specify the high level microprogram

flow necessary for instruction fetch, decode, and execution. The
example shown in Figure 8 includes interrupt I/0 handling as specified
in baragraph 35l

The next step is to express the fetch, decode, and interrupt

handling routines in Register Transfer Language (RTL). An example of

this is included in the PDP-11/03 example at the end of this chapter.
Next, each machine instruction must be described in RTL. The
authors found the following three step process useful:
1. Read instruction description in target machine handbook.
2. Represent target machine transfers in RTL.
3. Represent emulator transfers in RTL.

The most difficult step is the transition from target machine RTL

to emulator RTL. There is, not necessarily a one-to-one correspondence
between the transfers. The end result of the processing must be the
same, but the intermediate sfeps may be different. This process must

be repeated for each instruction of the target machine.

s o b

As the last step, the RTL for the emulator is converted to appro-
priate microcode. This, of course, may be done incrementally as cach
instruction is specified in RTL.
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Figure 8. Microprogram Flow

Emulation Example

In order to demonstrate the flexibility of microprogramming and its
application to emulation, this section presents éhe emulation of several
sample instructions using the MIME architecture. As discussed in the
introduction to this chapter, emulation is considered to be the capabil-
ity of MIME to execute the instructions of another machine with the

same processing results.
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Table IX

Sample PDP-11/03 Instructions

Instruction 3 -
Type Mnemonic Instruction Op Code
Single Operand COM(B) g:’:‘gif}:i’:gn /051DD
Move Source to

Double Operand MOV(B) B0 /1SSDD

Signed Condi- Branch if

tional Branch s 20 i

Program Control RTS gﬁﬁ‘;gﬁtfzgm 00020R
104400 -

Trap TRAP Trap 104777
/+ 1/0

As a result of the development approach discussed in Chapter I,
the authors were familiar with the instruction sets of four minicompu-
ters. Of these, the PDP-11/03 instruction set was considered to be
the most flexible and powerful. Therefore, sample instructions for
emulation were drawn from it (Ref 8:3.1-5.15). The particular instruc-
tions chosen are listed in Table IX. These were chosen in order to
illustrate a variety of microprogramming techniques.

The authors used the approach discussed in the previous section
to emulate the selected in;tructions. Therefore, the discussion of
this example consists of two parts: High Level Microprogram Flow and

Individual Instruction Modules.

Hiph Level Microprogram Flow. The flowchart of Figure 9 shows the

microprogram structure used to emulate the PDP-11/03. Each named
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block represents a microcode module. Modules above the division line
control interrupt handling, fetching, and decoding for all machine
instructions. Modules below the line are unique to a particular
machine instruction.

Emulation of a particular machine instruction begins with the
Instruction Fetch module (IFTCH) which fetches the next instruction
from memory if no interrupts are pending. As shown in Figure 10,
IFTCH shifts the PC right one place before loading it into the MAR.
This is necessary in order to map the PDP-11/03 memory address space
into the MIME address space. The corresponding memory word is then
fetched from memory to the MBR and subsequently loaded into the IR.
Tﬁe.PC is then incremented by two so that it points to the next
sequential instruction.

rhe DECODE module illustrated in Figure 11 controls the decoding
of the instruction op code to arrive at the corresponding micromodule
starting address. This is accomplished in part by using a PROM to
map the op code portion of the IR into starting addresses of other
micromodules. If the op code is octal 0002, IR bits 5§, 4, and 3 are
tested. If IR5,4,3, equals octal 0, a branch to the RTS instruction
module is accomplished. Otherwise a branch is made to one of 16
condition code set/clear modules by testing IR bits 3, 2, 1, and O.
If the op code is octal 0000, IR bits 5, 4, and 3 are again tested.
In this instance, if IR5,4:3 equals 0, IR bits 2, 1, and 0 are tested
to control a branch to one of 8 instruction modules. An invalid
instruction has been specified if IR 5,4,3 equals 0. If the op code is
other than 0000 or 0002, the mapping PROM output is the starting

address of a particular instruction module.
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The Interrupt Handler (INTHNDL) module stacks the current PC and
CCR in memory and loads a new PC and CCR from pre-assigned memory loca-
~tions. The PC then contains the address of the first instruction of the
machine language interrupt service routine. Referring to Figure 12,
this is accomplished by first calling the micro subroutine PUSH. PUSH
decrements R6 (used as the stack pointer) by two, loads the new contents
of R6 into the MAR, stores the PC. in the memory location addressed by
the MAR, and returas. The PC is then stored in the memory addressed by
R6. The CCR is similarly pushed onto the stack. The interrupting de-
vice is identified by an interrupt vector (IV2,1,0). This vector is
used to branch to the particular module necessary to load the MAR with
the address of the new PC. The new CCR is in the next sequential loca-
tion. The PC now points to the machine language interrupt service
routine. To execute this instruction, a branch back to IFTCH of
Figure 10 is accomplished. After testing for higher priority interrupts,
this instruction is executed using the emulation structure discussed in
the preceeding paragraphs.

Individual Instruction Modules. The following paragraphs discuss

the micro level modules used to implement the register transfers required
for each emulated PDP-11/03 instruction of this example.

COM(B) replaces the word (byte) contents of the destination address
with its logical complement. Using the decoding élgorithm discussed in
the previous section, COM and COMB are decoded to separate starting
addresses. Thus, they will be discussed as separate modules. As shown
in Figure 13, COM begins by calling the DSTDCD micro subroutine to

compute and load the MAR with the effective address of the operand

(memory reference mode). The reader is referred to the PDP-11/03

Processor Handbook for a comprchensive discussion of instruction formats
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and addressing modes (Ref 8:3.1-3.19). If the operand is located in
memory, micro subroutine OPFTCH is called to fetch the operand and load
it into the ALU Data Buffer Register (DBR). The operand is then comple-
mented and loaded into the MBR. Condition codes specified by COM are
generated and stored in the CCR at this tiﬁe. The MBR is then stored
in the initial memory location. This completes execution of memory
reference COM so the COM module branches back to the IFTCH. Register
reference COM as shown in Figure 13 is similar to the memory reference,
but it omits the memory read and write cycles. COMB is also shown in
Figure 14. It differs from COM in that only the specifiea byte is
complemented. Register reference implies lower byte, whereas the least
significant MAR bit must be tested to find the applicable memory
reference byte.

MOV(B) transfers the source operand to the destination location.
As shown in Figure 15, MOV calls SRCDCD to find the source operand.
OFFTCH is called if memory reference, resulting in the operand being
loaded into the ALU DBR. Register reference operands are also loaded
into the DBR. The operand is then placed in the Q register and appro-
priate condition codes generated. DSTDCD is called to determine the
destination location, and the operand is stored accordingly. Finally,
MOV branches back to IFTCH. As shown in Figure 16, MOVB differs in
several respects. First, memory reference sources and destinations re-
quire testing to determine the pertinent byte. Second, the source byte
must be aligned with the destination byte using SWABQ if they are not
both upper or lower. In addition, only a single byte of memory is
written into for memory rcference destinations. Finally, MOVB requires

sign extension through the upper byte for register destinations.
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BGE is a conditional branch if greater than or equal to zero which
adds two times the offset (sign extended) to the PC if condition codes N
and V are both set or clear. The BGE module, shown in Figure 17, begins
by testing condition codes N an& V. If they are not both set or clear,
the module branches back to IFTCH. Otherwige, the IR is multiplied by 2
and loaded into the lower byte of ALU general purpose register 13 (R13)
while the PC is loaded into the DBR. Based on IR bit 7, the lower byte
of R13 is sign extended through the upper byte. R13 is then added to
the DBR which contains the PC and the result loaded back into the PC.
Micro branching back to IFTCH allows the macro branch to occur when the
new PC is used to fetch the next instruction, assuming no interrupt.

RTS, return from subroutine, loads the contents of the specified
register into the PC, and pops the memory stack into the register. Re-
ferring to Figure 18, the RTS module first loads R into the PC and then
calls micro subroutine POP to retrieve the top e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>