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ABSTRACT

In this article we give the design and evaluation of the
CMU-11: a fully operational implementation of the PDP-11
computer architecture built with Intel 3000 Schottky bipolar
microcomputer bit-slices. This project was initiated to test
in detail the claims that LSI processor bit-slices simplify the
design of microprogrammed processors. The CMU-11 exe-
cutes approximately 240,000 instructions per second, which
is about 63 percent the speed of the PDP-11/40 and twice
the speed of the LSI-11.

We explore in some detail the additional logic that was
added to enable the Intel 3000 circuits to emulate the PDP-
11 instruction set. We specified full DEC Unibus compati-
bility, and 29 percent of the integrated circuits used to
implement the CMU-11 were required to provide buffering
and control of the Unibus. The other main sources of
inefficiency were the lack of arithmetic overflow logic in
the bit-slices and the organization of the microinstruction
control store. We show how improved LSI circuits in this
area can substantially reduce the size (and cost) of the
processor.

The set of design aids currently available at Carnegie-
Mellon University was of critical assistance in this project
and we include a critique of our use of these design aids to
show their utility in prototype design eftorts.

INTRODUCTION

Several semiconductor manufacturers huve recently devel-
oped high speed LSI circuits that are designed to simplity
the construction of microprograummed processors and de-
vice controllers. These integrated circuits are called *bit-
slices’” because they implement two or four bits of the
registers, arithmetic units, and primary data paths of a
processor. This article presents the design and evaluation of
the processor built at Camegie-Mellon University that uses

* This woerk was partially supported by 1ne Advanced Research Projects
Agency (ARPA) of the Department of Defense under contract F44620-73-C-
0074, monitored by the Air Force Office of Scientific Research.
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the Intel 3000 bit-slices and that is microprogrammed to
emulate the PDP-11 computer architecture.!** The purpose
of this project was to investigate the assertions of semicon-
ductor manufacturers that their L.SI bit-slices would in fact
simplify the design and construction of processors.

Rather than specify a new architecture (i.e., instruction
set) for this experiment in processor design, we decided to
reimplement an established computer architecture: the
PDP-11. We chose the PDP-11 architecture for several
reasons. Using an existing and well-known architecture
woulld allow others to more casily evaluate the results of
our experiment and kept us from consciously or uncon-
sciously tailoring the processor architecture to fit the capa-
bilities and idiosyncrasies of the LSI bit-slices. Another
reason is that PDP-11’s are in extensive use at Carnegie-
Mellon Univ. in a wide variety of applications and, if our
experiment was successful, the processor could be put to
work on any one of several practical tasks. It was this
second reason that helped establish a criteria that proved to
be critical: we demanded that the processor we constructed
support the standard DEC Unibus® that is common to all
PDP-11's except the LSI-11. Finally, the PDP-11 architec-
ture is an unusually good test of the capabilities of a bit-
slice circuit family because it is a relatively complete
architecture with numerous addressing modes and instruc-
tion formats. we brgin

WWTn the next section,with a description of
the design of the CMU-11 processor. We then discuss the
performance, cost and implementation difficulties uncov-
ered during the design and testing of the machine. In
addition to the evaluation of the LSI bit-slice circuits for
general-purpose processors, we are interested in the prob-
lems of computer design in general. For this reason, a fairly
complete set of digital design automation aids are availuble
at Carnegie-Mellon University: an interactive drawing
package that generates engineering drawings, wire-lists, and
aids in engineering changes; a digital simulation system that
is interfaced to the drawing system; and microprogram
assemblers. A later section of this paper reviews our

* We gratefully acknowledze the donation of 3000 microcomputer sets by
both Intel and Signetics Corporations.
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echricncés with these design aids and we draw some
conclusions concerning the process of designing and debug-
ging prototypes of digital systems built with LSI circuits.

'ORGANIZATION OF THE CMU-11

Figure 1 is a register-transfer level diagram of the CM U-
11 microprogrammuable processor. The processor’s compo-
nents are arranged in the diagram into three sections: the
data part, control part, and Unibus interfuce. We were able
to build the entire processor on a single board and Figure 2
is a top view of the CMU-11.

The data paths and working registers

The data part of the processor is designed around the
3002 (central processing element) bit-slice. A single 3002
circuit implements a 2-bit slice of the data paths and hence

eight 3002°s have been used in the CMU-1L Although not
explicitly shown in Figure 1, the 3003 curry-lookaheuad
circuit is also used. With the 3003, the 3002 array is capeble
of cycling through operations every 150 ns. However, other
delays in the clgek and control part dictate that the CMU-
11 has a 200 gscc micro-cycle time. The eight general-
purpuse working registers of the PDP-11 architecture can
be kept in the register scratchpad on the 3002's, and the
three remaining internal registers, R8, R9, and T are
sufficient for source and destination operand computations
as well as other intermediate results. The Program Status
(PS) and Instruction Register (IR) were not possible to
Slocate within the 3002°s without a severe loss in perform-
ance.

The relatively generous number of input and output lines
of the 3002’s are used to good advantage. The D(15 : 0)
and A(I5 : 0) buses feed the Unibus Data and Address
lines respectively. In addition, the D bus allowed access to
the extra data paths necessary to include the PS register
and to facilitate the byte swap operation needed by many of

Figure |—Register transfer level diagram
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Figure 2—CMU-11 processor board

the PDP-11's instructiory The M(15 : 0) bus is used as the
principle data input bus. The Function bus, F(6 : 0),
specifies both the operation to be performed by the arith-
metic/logic unit as well as the selection of the register in the
scratchpad to be involved in the operation. The K(15 : 0)
bus is used to input masks or constants from the microin-
struction. The 3000 circuit set makes frequent use of the K
lines to specify masks (usually all zeros or all ones) that
effectively extend the operation code on the Function bus.

Control part

The control part of the CMU-11 uses the 3¢01 Micropro-
gram Control Unit and a 512 word control store** with 32
bit microinstructions. Figure 4 shows the format of the
microinstruction and Table | briefly describes the function
of each of the fields. A microinstruction buffer register was
included in the design to allow the overlap of the fetch of
the next microinstruction with the execution of the current
microinstruction which is a common technique to improve
the performance of microprogrammed processors.

The *‘next-address logic™ of the 3001 has been aug-
mented by additional microbranch control logic external to
the 3001. This external logic uses the contents of the
Instruction Register, the condition codes in the PS, and the
PLA field from the microinstruction register to determine
the AC(6 : 0) lines to input to the 3001.

The other major section of control logic that had to be
added to the design was the Processor Status logic to
control the setting of the 4-bit condition code in the PS
register and control access to the PS. B facy the PS

non

** In order to expedite the debugging of the microprogram for tiCMUJ 1,
we built a fast, simple writable control store for the CMU-11. 45¢ec access
time, 1024 bit RAM packages were used to assure a writable control store as
fast as the final ROM control store. The writuble control store is interfaced
to a Unibus (of a PDP-11 other than the CMU-11) for initial loading of
microprogrums. Figure 3 shows the CMU-11 interfuced to the supporting
PDP-11 and writable control store.
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" Figure 3—CMU- 11 system with associated PDP-11

register is defined as primary memory location 177776 in
the PDP-11 architecture requires special logic to load and
store the PS.

Interfuce to the unibus

A significant fraction of the components of the CMU-1}
are devoted to the support of the Unibus. Given the
demanding electrical requirements of the Unibus, the tri-
state A, D, and M lines of the 3002 array could not be
directly attached to the Unibus. Instead, separate trans-
ceiver packages had to be used to provide. this buffering.

Due to the asynchronous operation of the Unibus and
interrupt and non-processor requests (i.e., direct-memory
access request via the Unibus) it was not practical to drive

the Unibus directly from fields in the microinstructio was
, a bus control and timing sectionA‘adaca to the

processor. The rest of the processor interfaces to this
control unit via the UC(7 : 0) field in the microinstruc-
tion. See Table I for a description of the functions of the
subfields within UC(7 : 0).

Console functions

In place of a stundard front panel, the CMU-11 has front
panel functions accessible from a standard teletype at-
tached to the Unibus. Memory locations can be examined
and loaded by typing the octal address followed by a slash.
The current value is displayed and a new value may be
entered it desired, followed by a carriage return. The
processor may also be started and continued from the
teletypeyand there is a halt switch on the front panel which
causes the machine to return to the console microprogram.
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Figure 4—Microinstruction format

This use of a teletype for a console is similar to the console
teletype used by the LSI-11.* In order to make it easier to
maintain the processor, we have added a microprocessor
console which displays the microprogram address and al-
lows the microprocessor to be single-stepped. The micro-
console proved invaluable for debugging the prototype

several representative instruction times and by running a
set of benchmarks on the machine. Evaluating the cost of
the CMU-11 has been more difficult. Rather than try to
compare the price of existing PDP-11 implementations with
the cost of the CMU-11, we chose instead to compare it
with other PDP-11"s with respect to circuit complexity. The

processor.

EVALUATION OF CMU-11 DESIGN

other significant costs, i.e., development costs, are di-
cusssed in a later section.

Performance of the CMU-11

The critical questions to be asked about this design

concern cost and performance. It has been fairly easy to
evaluate the performance of the CMU-11 by looking at

The CMU-11 runs at a microinstruction cycle time of 200
nsec. The specifications for the Intel 3000 microcomputer

TABLE I—Description of Microinstruction Fields

Micro Instruction Selector. Specifies it MIY
control, or PS control.

: 0) is a byte constant used by the least significant byte of the K input lines
of the 3002 array. K(8) is extended to feed the most significant byte of the K input lines.
Unibus Control

Cl1, CO Control. Specified the Ct and CO lines on the Unibus.

Check Word. Tests whether a word address is specitied in Unibus operation.
Puause. Halt processor clock until completion of Unibus operation.

Get Bus. Request access of Unibus for a data transter.

Extended Micro Instruction Code. I set, defines alternate meaning for PLA2

2) should define a constant, unibus

0).
Register Address. Specified which input register address multiplexor should be used.
Processor Status Control

Set PS Register. Controls loading of PS.

Shift Control

Carry Coatrol

Set Destination Sign. Controls latching of sign of destination operand in flag external to

Sct Source Sign. Analogous to PS(6).

Special Branch Control. Used by microbranch fogic to tell which fields of IR and PS to
exumine for branch conditions.

MCU Flag Control. Controls testing and setting of tlugs in 3001 (MCU).

"“'C?@Cumml. Drives Fuuction Bus of 3002 (CPE) array.

MWS(L : 0):= MI(L : 0) .
K(8 : 0):= MKI0 : 2) Literal. K(7
UC7 : 0):= MK9 : 2)
ucQ : o
UC(2)
Uuc@3)
UC4)
ucC(s)
uc(? : 6)
PS(7 : 0):= MK9 : 2)
PS(0)
PS(3 : 1)
PS(5 : 4)
PS(6)
3002°s.
PS()
PLA(2 : 0):= MI\3 : 1)
FC{3 : 0):= MIKI7 : 19
F(6 : 0):= MI(24 : 18)
AC(6 : 0) := MI3t : 25)

Address Control. Connected directly to the AC(6 : 0) bus of the 3001 (MCU). This is the
one field of the wicro instruction not butfered in the micro instruction register. (The
Microprogrum Address Register internal to the MCU performs the bufferning function.)
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tamily state that it is possible to build a 16 bit minicomputer
with a 150 nsec. cycle time. However, given our objective
to design as cost-effective an implementation as possible,
we avoided the sensitive and complex timing circuits that
would be required to approach a 150 nsec. cycle time.

If we had used clocks with sufticient buffering and pulse
shaping, a worst-case analysis shows that with the particu-
lar 1C packages used in the CMU-11, we could approach a
149 nsec. cycle time with Intel 3000 packages and a 126
nsec. cycle time with Signetics’ version of the 3000 set. We
have in fact replaced the Intel 3000 circuits with the
Signetics circuits and although the CMU-I1 continues to
run reliably at 200 nsec., we cannot reduce the cycle time
below 200 nsec.: the critical path is in the control part and
not the 3002 array.

Tables II and IlI show the execution time for six of the
most frequently executed instructions and the eight ad-
dressing modes of the PDP-11. The instructions in Table Il
assume a register-to-register operation (i.e., a source and
destination mode of 0). Table 11l shows the additional time
that is added to the instruction execution time for the
various source addressing modes.t The destination mode
times are about the same as the given source mode times.

In order to measure the performance of the CMU-11 for
various instruction mixes, several benchmarks were col-
lected and run on the CMU-11, an LSI-11, and a PDP-11/
40. Four benchmarks were collected that attempt to span a
reasonable range of applications common to minicompu-
ters:

Quicksort. This is a program that uses Hoare’s quicksort
procedure to sort a set of 16 bit integers. The benchmark

also includes a pseudorandom number generator to pro-

vide the initial data.

Trigonometric Functions. A set of trigonometric, float-
ing-point routines. We do not assume the existence of a
floating point option on any of the processors and hence
this benchmark heavily exercises software floating point
emulation routines.

Partiul Differential Equations. A program that uses a
straightforward iterative relaxation technique to solve a
partial differential equation over a two-dimensional
space. Fixed-point values are used.

Text Searching. Searches an input string for names in a

t In particular, the times in Table IIl are the source addresses modes time
for the CMU-11 as measured on the BIS instruction. Addressing times on the
other instructions are similar to the BIS times.

T

TABLE [I—Execution Tanes of Common lostractions

Basic execution time (microseconds)

Instruction

LS1-11 CMU-11 POP-1140

MOV 3.50 2.06 0.90
CMP 3.50 2 0.99
ASIL. 3.85 2.46 0.99
ADD 2.46 3.83 0.99
BRX (branch) 3.50 2.82 1.76

(nu branch) 3.50 1.48 1.40
ISR 6.40 4.39 2.94

symbol table. This benchmark mukes extensive usc of the
byte and compare features in the instruction set.

Table IV shows the exccution times on the LSI-11, CMU-
11, and PDP-11/40 tor each of the four benchmarks. From
these results we see the CMU-11 is approximately twice as
fast as the LSI-11 and 63 percent of the speed of the PDP-
11/40. As expected, there is a moderate amount of variation
in the relative performance of the three machines for the
different benchmarks. The two dominant effects that can be
seen in Table 1V are that the PDP-11/40 design has optim-
ized register-to-register operations more than either the
LSI-11 or the CMU-11 (as demonstrated in the partial
difterential equation benchmark). Byte operations are more
efficiently performed in the CMU-11 because of its byte-
swap data path provided by the D and I buses. The last line
in Table IV is the data published by O’Loughlin® in an
article comparing the different DEC PDP-11 implementa-
tions. ’

It is mildly disappointing that the CMU-11, built with
Schottky TTL bit-slices could not equal the performance of
the PDP-11/40, built with standard TTL circuits. The next
two sections will examine in detail where performance was
lost (and gained) in the CMU-11 design. Before continuing
with this review of the design, we turn to a brief discussion
of the cost of the CMU-11.

A principle objective of the 3000 microcomputer bit-slice
packages is to simplify the design of processors like the
CMU-11. Table V is a summary of the complexity (meas-
ured in integrated circuits) of the CMU-11. There are two
columns in Table IV. A simple count of the number of
integrated circuit packages used in the CMU-llgand a
column that converts the design to *"16-pin equivalent’
packages (a measure of the size of the design in a standard

TABLE Ill—Execution Times for the Source Addressing Modes

Addressing mode LSi-11 CMU-1I PDP-11/40
0: Register 0.00 psec 0.00 pesec 0.00 psec
1: Register Deferred .40 1.21 0.78

2: Autoincrement 1.40 0.64 0.%4

3: Autoincrement Deferred 3.50 1.91 1.74

4: Autodecrement 2.10 1.00 0.84

5. Autodecrement Deferred 4.20 2.28 1.74

6: Indexed 4.20 1.78 1.46

7

: Indexed Deferred

6.30 2.99 2.36
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TABLE IV—Performance of CML

7
..",'.—’1 I Relutive o Other PDP-11s

Execution times relative to PDP-11/40"

Benchmarks

LSI-11 !/ 11710 11720 CMU-11 1140 11745
Quicksort 2.88 (366) 1.48 (188) 1.0 {127)
Partial Diff. Eqn. 3.48 (268) | 1.75 (135) L0
Trig. Functions 3.36 (11]) 1.57¢52) 1.033)
Text Searching 2.76 (1}\_&) 1.45 (107) 1.0(74)
Average S.QY —_— — 1.6 1.0 —_
O'Loughlin’s Data 2.32 1.85 — 1.0 0.91

_ * Numbers in parentheses are the absolute run times in seconds for the benchmarks.

unit). Table VII gives a breakdown of the actual cost of the
CMU-11 at January, 1976 prices.

It is surprising that less than 20 percent of the design is
now in the data part of the processor: the part of the
processor largely implemented with the LSI bit-slices. A
larger part of the design, 29 percent, is needed just to
interface to the PDP-11 Unibus.

In order to put the 144 package complexity of the CMU-
11 in perspective, the IC package couats for other PDP-11’s
are: PDP-11/10—203 packages; PDP-11/40—417; and PDP-
11/45—696. The LSI-11 is able to implement the basic
processor in 42 packages but does not interface to a
Unibus. It is clear that the bit-slices do not approach the
economy of the Western Digital NMOS microcomputer
circuits which were specifically designed to emulate the
PDP-11.

Another measure Wl
prosasias of how efficiently the CMU-11 microprocessor is
able to emulate the PDP-11 architecture is given by the size

TABLE V—Integrated Circuit Statistics

No. 16 pin
No. IC equivalent
Processor component puackages packages
DATA PART
3002 (CPE) Array 8 20
PS and Instruction Registers 6 6
Misc. 4 5
subtotal 18 31 (19%)
CONTROL PART
Control Store ROMs 8 8
Micro Instruction Register 10 10
3001 (MCU) I 3
Microbranch logic 26 27
PS Control 6 16
Misc. 18 18
subtotal 79 82 (32%%)
UNIBUS INTERFACE
Bus Tranceivers and Inverters 19 19
Unibus Control 28 28
subtotal 47 47 (29%%)
Total 144 160

' &.

of t«he microprograms. Table VI gives the size of micropro-
grams for several PDP-11 processors. It is somewhat sur-
prising that the CMU-11 uses fewer bits in its control store
than any of the other processors except the LSI-11. This is
in lurge part due to the fact the 11/10, 11/40, and 11/45 use
MSI arithmetic/logic packages that did not have as useful a
set of primitive operations as the 3002 ALU.

USI\NG
SOME PITFALLS

BReddanith the 3000 BIT-SLICES ‘ AND WAQKNS,

CLATHR OTUERS
Since the CMU-11 project was started, a number of
different bit-slice chips have become available whose orga-
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Figure 5—The Am2901—A 4 bil bipolar microprocessor slice
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TABLE Vi—Cost Breakdown for CMU-1)

Prices
Components Single Units Quantities of 100+
LST Microcomputer parts 3207 $i25
(Intel 3001, 3002's, 3003) (184)* ’
PROMS
(3601, 3602, 3604, 745168) 204 136
SSIMSI Parts 179 158
Integrated Circuit Subtotal 540 419
Augut Wirewrap Board 379 {use printed circuit)
Wirewrapping 107 -—
Total 31076 —

* Signetics prices

nizations are significantly different from the 3000 circuits
and which provide an interesting contrast. Two of the more
interesting bit-slice chips are the Advanced Micro Devices
Am290i and the Monolithic Memories Inc. MMI16701.
These bit-slice chips have a very similar data path organiza-
tion with only minor differences, the Am2901 being the
faster device. Because of the similarity of these devices, we
will limit the discussion here to the Am2901, but all of the
microinstruction sequences discussed will work on both bit-
slice sets.

The basic data path of the Am2901 is shown in Figure 5.
The chip contains a register file of 16 4-bit accumulators
and an accumulator extension register, the Q register. In
one microinstruction, two operands can be read out of the
register file, passed through the ALU, the result ewnabe
wasittea shifted left or right, and written back into the
register file. In parallel with this, there is an addressing
mode which controls the RAM and Q shifters allowing the
output of the ALU and the Q register to be right shifted
simultaneously, which is well suited for the inner loop of
multiply or divide instructions.

1/O Buses

The main advantage of the 3000 bit-slice over the Am?2901
is its five fully parallel data buses for transferring data in
and out of the chip. It has two tri-state output buses (the A
and D buses) and three input buses (M, I, and K). If the
minicomputer to be emulated has 3 fairly short /O and
memory buses, the 3000 buses can directly drive them,
resulting in a substantial savings in bus driver packages. In
the CMU-11, we needed to drive a DEC Unibus, so we had

to use separate bus drivers and receivers. Once external
bus drivers are addecbthe advantage of the two output
buses for the address and data is minimal, because an
equivaleat external address register can be loaded as fast as
the existing internal address register and combination bus
drivers/latches are available (e.g., Am2903). The savings
realized by having three input buses is the cost of adding
eight dual 4-to-1 line multiplexer chlps at the input to the
bit-slice chips. The saving achieve ¢ five buses n
the 3000 bit-slices over the AMME290!’s single input and
single output bus is 12 16-pin circuits, plus three bits in the
control store (two for the select lines on the input multi-
plexer, and one to control loading of the address register).

Arithmetic overflow with the 3000

One of the biggest problems encountered with the PDP-
11 implementation using the 3000 bit-slice was detection of
arithmetic overflow. The 3000 bit-slice has no overflow
output and the signals needed to directly detect overflow
are not available at the extermal pin connections. This
results in considerable overhead in emulating instructions
which must detect overtlow (e.g., instructions that set the §
bit in the PS register of the PDP-11). The CMU-11 overflow
handling was implemented with two external fip-flops
which contain the signs of the source and destination
operands. After an instruction is fctghcd its operands are
first fetched either from memory or from the register stack,
and are put in the source and destination registers within
the 3002. As the cperands are fetched, the source and
destination flip-flops are set to the signs of the operands.
When an instruction is executed the overflow logic can use

TABLE VII—PDP-11 Control Store Sizes

LSI-11 PSP-11/10* AVsCMU-11 PDP-11/40* PDP-11/45*
22 bits X 512 words 40 bits x 239 32 bits x 287 words 56 bits x 251 64 bits % 256
(includes console) words (without console) words words

414 words (with console)

* [O'Loughlin 1975]







