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Abstract 

Bit-slice logic blocks are fourth-generation LSI com
ponents which are natural extensions of traditional multi
plexers, registers, decoders, counters, ALUs, etc. Their 
functionality is controlled by microprogramming, typically 
to implement CPUs and peripheral controllers where both 
speed and easy programmability are required for flexibility, 
ease of implementation and debugging, etc. Processors built 
from bit-slice logic give the designer an alternative for 
approaching the programmability of traditional fixed-
instruction-set microprocessors with a speed closer to that 
of hardwired "random" logic. 

Introduction 

The purpose of this set of annotated lecture tran
sparencies is to give a brief introduction to the use of 
bit-slice logic in microprogrammed engines (CPUs) and con
trollers. A basic understanding of the goals of the tech
nology and its potential will allow one to read the litera
ture with some idea of what the important issues and design 
parameters might be. Bit slices will be placed in the spec
trum of hardware/software building blocks, and their basic 
types and uses will be briefly illustrated. Since slices 
are controlled typically by microprograms, an elementary 
review of that subject will also be given, especially to 
stress the crucial point that working with bit slices 
requires a proper (and integrated) understanding of 
hardware, firmware and software, as well as the use of 
proper tools and methodologies for each of these levels of 
design. 

The reader is referred to Glenford J. Myers' excellent 
brand-new book Digital SX£i&m U&&Î3R X±£h LSI £JL£-SJJL££ 
Logic (Wiley-Interscience, 1980) for a full treatment, to 
Prof. V. Zacharov's lecture notes on technology in these 
Proceedings for a review of the generations of digital 
building blocks, and to Dr. C. Halatsis' lecture notes on 
software for microprocessors, also in these Proceedings, for 
a discussion of tools and methodology for working with bit 
slices. As a relevant example, the MICE PDP-11 fixed-point 
engine used for online data filtering was built at CERN 
using bit-slice technology, and is described in References 1 
and 2. 
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Review Q£ Conventional CPU Design 
Figure 1 is a high-level block diagram of a conven

tional CPU, showing both processing (data transformation in 
the APU) and control (affecting data transfers between com
ponents, registers, and activations of functional units such 
as the ALU, shifter, etc.). Figure 2 shows a typical MOS 
fixed-instruction-set microprocessor implementation of such 
a CPU, with a CPU chip for most CPU functions (including the 
instruction cycle-fetch, increment, execute, ALU functions, 
I/O functions for both memories and devices and control of 
other chips), a bus control chip for arbitrating and con
trolling the three standard busses (address, data, and con
trol) , the clock chip to provide timing pulses/waveforms to 
drive all other chips, and an Interrupt Control Unit chip to 
provide a priority interrupt mechanism. Note that memory 
and device controller chips are handled as much as possible 
in the same way, each connected to the three standard 
busses. 

Mi Slices 
With current MOS (V)LSI technology, it is possible to 

pack all of the CPU functionality for an 8-bit or even a 
16-bit processor in one or a few chips, where the limitation 
is one of pin-out - 64 pins is a reasonable upper limit with 
today's state of the art. Given the traditional 
speed/power/packing density tradeoffs between MOS and bipo
lar, the obvious question is whether a 64-pin bipolar 
microprocessor for an 8-bit or 16-bit processor is feasible. 
The answer, not surprisingly, is no, because of packing den
sity. What then is the right functionality to assign to 
bipolar chips? Figure 3 shows a simple functional decompo
sition of a CPU, where one or more function rows are 
represented by each chip of a traditional MOS microproces
sor. Bipolar bit slices, because of their lesser packing 
density, cannot even take care of an entire 16-bit row's 
functionality, so they only do a 4-bit slice worth (shown in 
the vertical ruling), but in such a way that slices can be 
chained together, four for example, to give 16-bit func
tionality. (Some families may provide only 2-bit slices and 
others may include 8-bit building blocks, particularly for 
memories.) This technique should be viewed simply as a 
natural extension of using well-known (4-bit) digital build
ing blocks for making arbitrary-size (de)multiplexors, 
registers, counters, shifters, (R)ALUs (register file plus 
ALU), etc. 

On the spectrum of hardware/software building blocks 
shown in Figure 4, it is clear that bit slices are bipolar 
LSI hardware chips providing a level of functionality 
between that of MSI random-logic components and programmable 
MOS microprocessor CPU chips, but much closer to MSI com
ponents! It is, in fact, a misnomer to speak of bit-slice 
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microprocessor chips since they can only be used as building 
blocks in a "microprocessor" CPU design, in the same way in 
which standard components such as RALUs are. Bit slices are 
hardware, not software, but require external microprogrammed 
control to regulate their functionality, as discussed below. 

To put it another way, bipolar LSI technology, coupled 
with microprogramming as the control technique, have 
resulted in a new medium for digital design which gives an 
excellent compromise between the speed of random (hardwired) 
bipolar logic and the flexibility of the programmable 
microprocessor CPU chip. Cycle times for bit-slice designs 
vary from roughly 100 to 250 nsec (compared to 15-100 for 
the fastest ECL SSI designs). While not as fast as discrete 
hardware, bit-slice processors are also not as easy to pro
gram as conventional microprocessors because, as we shall 
see, microprogramming involves far more intimate knowledge 
of hardware than does even assembly-language programming for 
a conventional microprocessor. Nonetheless, the speed 
advantage of a factor of typically 2-5 over such MOS 
microprocessors may often allow the use of bit slices where 
previously a (non-programmable) hardwired design would have 
been required. Furthermore, bit slices, by their very 
nature, allow processor width appropriate to the problem, 
thereby avoiding the time multiplexing of busses of conven
tional microprocessors whose widths are often too small. 

In Figure 5 we see a high-level diagram of a conven
tional 4-bit ALU slice making a 16-bit ALU. Each ALU slice 
communicates with three data busses, two inputs (A and B) 
and one output (0); the 16-bit operands are split so that 
the high-order bits (0-3) are handled by the high-order 
slice, 4-7 by the second slice, etc. All four slices 
operate in parallel under the control of the 7-bit shared 
opcode bus which has them all execute the same ALU function. 
(Only the control of carry-in and carry-out may differ in 
first and last stages.) Status is propagated in the normal 
fashion between stages, resulting in 16-bit status at the 
output of the high-order stage. Also, for ALU slices, 
look-ahead carry logic is typically available. 

In addition to ALU slices (with or without built-in 
register file), manufacturer families typically support a 
sequencer (or microprogram controller) slice for controlling 
all other slices (and additional MSI/SSI logic such as mul
tiplexors and registers), external register file slice, 
priority interrupt controller slice, DMA controller slice, 
memory interface slice, etc., all of which are compatible 
with conventional logic and memories in the same technology. 
The most important (R)ALU and sequencer slices are discussed 
in more detail below. 

A typical design for a bit-slice-based processor is 
shown in Figure 6. Note the 16-bit arithmetic section made 
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from 4 RALU slices, whose status bits are fed, along with 
other status bits, to the control section. A 12-bit, 3-
slice microsequencer fetches microinstruction control words 
from the microprogram control store and stores each for exe
cution in a pipeline register, in effect a microinstruction 
register. Bits in the control word are used to condition 
("program") each of the slices, busses, and other (discrete) 
logic in the processor to carry out the selected functional
ity for the duration of the microcycle. Again, this 
microprogrammed control will be explained in more detail 
below. 

A slightly more detailed design is shown in Figure 7, 
which is based on the Motorola 10800 family of slices. A 
16-bit ALU is made from 4 ALU slices plus look ahead carry 
chips, taking operands from an external register file made 
from two 8-bit dual-ported slices. An 8-bit, 2-slice 
sequencer receives the low-order bits from the IB and OB 
busses and reads from 256 locations of control store. Some 
of the individual fields of the microinstruction are shown 
in the pipeline register. Finally, a 16-bit memory inter
face, using 4 slices, controls an external memory and pro
vides addressing via effective address arithmetic using 
address data from the register file. 

A data filtering engine designed at CERN DD which can 
be microprogrammed directly or programmed in PDP 11 assem
bler or Fortran via an emulator for the PDP 11 (i.e., a 
microprogrammed interpreter) is shown in Figure 8. At this 
level of detail it is very similar to the previous design, 
using a 12-bit sequencer and a 118 bit-wide 
microinstruction/control store format. Note again the divi
sion of the microinstruction into fields controlling both 
the slices and the additional logic required to glue the 
slices together (such as the target instruction decoding 
ROMs). 

This glue is added to the basic bit slices both to pro
vide simple functionality which they don't have (e.g. addi
tional 4-bit multiplexor "slices", registers, counters, 
memories, etc. preexisting in the logic family) and to 
bypass functionality of a slice which is too slow to be 
utilized. Thus the auxiliary address control is sometimes 
used to bypass the 10803 memory interface address calcula
tion when to use it would require an extra cycle. Simi
larly, the target instruction decoding ROM gives single-
cycle mapping of a PDP 11 target instruction address mode to 
the microsubroutine to do the corresponding address calcula
tion, bypassing the multi-microcycle functionality of the 
10801 sequencer to do the next microaddress calculation. 

This points out that the designer need not, indeed can
not use all the functionality of a slice, and must supple
ment it with standard components to provide missing func
tionality or to bypass functionality that is too slow. On 
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the average, however, most functions can be executed by the 
slices if one studies the data sheets very carefully to see 
how the many data and control functions can be marshalled. 
This is no small task, given the often-cryptic and idiosyn
cratic descriptions on the sheets; what's worse, slices are 
notoriously unstructured and asymmetrical (unorthogonal) -
only certain combinations of data flows and internal opera
tions work, for reasons typically left unspecified. Experi
mentation may be required to find out exactly what a slice 
is capable of! 
Review oj Microprogramming 

Each bit slice has typically one or more (4-bit) 
operand data pins and from 5 to 20 control pins which condi
tion its data and control paths/options/functions, much in 
the way that a classical ALU has two 4-bit source operands, 
a 4-bit destination operand, and a 5-bit opcode to select 
among 16 arithmetic and 16 logic functions to be applied to 
the sources (and destination). Rather than getting lost in 
the details of controlling each individual pin on each 
slice, let's step back a moment and look at the problem of 
control in digital computers. 

Figure 9 shows a finite-state graph representation of 
the fetch-increment-execute instruction cycle, with much 
detail hidden by the use of macro states. A transition is 
made from State^ to Statej as a function of input, either a 
clock pulse or a clocked/strobed data/control input. States 
can be implemented via registers, transitions by changing 
the contents of those registers. Any finite-state graph can 
be implemented as a collection of flip-flops/registers and 
combinatorial logic controlling the inputs to the registers 
(using a synthesis technique not needed here). 

What is important to us is the notion that all actions 
in a computer can be divided into source -> destination data 
flows (register transfers) and activations of processing 
(data transformation) functions such as ALU or shifter 
units. The latter process can be symbolized as a +V -> pro
cessing unit "transfer" (Figure 10a). As with the state 
graph formalism, the trick is to be complete in the enumera
tion: itemize all states and transitions in and out of them; 
itemize all registers, processing units, data paths and con
trol paths, and show which is active under which conditions 
(Figure 10b). In Figure 10c we show a method of synthesiz
ing control of an individual source -> destination register 
transfer. The control network enabling both the data flow 
and its strobing into the destination flip-flop is simply an 
enumeration of the form: "if it's an add instruction 
(corresponding to a certain bit pattern in the opcode bits 
of the instruction register ig, i], ..., ij), and it's clock 
pulse 2 and major phase 3 QL if it's the subtract instruc
tion. .. ". 
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In its most elementary form, then, the design of a 
digital network such as a controller or CPU consists of 
enumerating all registers, functional units, paths, and 
their control networks. Wilkes realized as early as 1951 
that the control networks were the essence of the design of 
the control, and that they could be collected in a diode 
matrix ROM to provide both an orderly design procedure and 
an orderly overview of the result (Figure 11). Calling the 
set of control actions (enablings of transfers and activa
tions) at each clock pulse a microinstruction, the collec
tion of diodes in a row of the matrix is its binary 
representation, and a sequence of microinstructions carries 
out the sequences of transfers/activations which correspond 
to a target-level or macrolevel instruction. To be more 
precise, the static target opcode (e.g., PDP 11 add regis
ter, indexed storage instruction) is mapped to a sequence 
of microinstructions, each of which (in Wilkes1 design) 
specifies the micro address of its successor, and which in 
concert do opcode decoding, address calculation/operand 
fetch, and finally opcode execution using the ALU followed 
by destination loading. Each bit in each microinstruction 
controls a single resource/register transfer/activation, and 
we see that typically multiple activities take place during 
each microinstruction cycle. 

In modern implementations, the diode matrix becomes a 
(writable) high-speed control store, and individual bits 
still control individual gates or, grouped in fields, they 
control the operations of combinatorial and sequential logic 
such as multiplexors, ALU slices, sequencer slices, etc. 

It should be noted that microprogrammed control allows 
easy changes in the control of the basic hardware components 
but does involve a typical instruction fetch, decode, 
increment/next microaddress calculation cycle, which takes 
time. Pipelining the instruction fetch and execution via a 
microinstruction pipeline register cuts down some of this 
time, but causes the problem that conditional branching 
tests and status of the ALU are set during a previous 
microinstruction, something the microprogrammer needs to be 
conscious of. 

Reviewing some other microprogramming terminology, we 
see that the microprogram often is used to create a virtual 
target machine by interpreting its instruction set - this 
interpreter, stored in control store ("firmware") is called 
the emulator. Emulation allows an arbitrary host microar
chitecture to simulate a standard target architecture such 
as the IBM 370 or the PDP 11 to achieve a family of dissimi
lar processors, each with a different technology, host 
architecture, and price/performance ratio, but the instruc
tion set, and therefore the software, are compatible. Con
versely, the microprogram may simply implement a standard 
algorithm such as an FFT or peripheral controller to create 
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a fixed-function, nonprogrammble black box. In the case of 
MICE, one can control the lowest-level hardware by micropro
gramming for maximum speed (after adding special-purpose 
hardware, of course) but at the cost of considerable 
hardware knowledge and idiosyncratic (micro) assembler pro
gramming. A much simpler but slower form of programming can 
be done using the PDP 11 emulator, either in standard PDP 11 
assembler or Fortran. Algorithms requiring speed can be 
directly microcoded and invoked as extended target instruc
tions from normal PDP 11 code. Floating-point accelerators 
or Fortran assists are commercial implementations of this 
notion. 

The next bit of terminology is horizontal versus verti
cal microprogramming. Wilkes' model of one line/resource is 
fully horizontal (Figure 13a) in that the control word is as 
wide as the number of individual resources to control 
(potentially many hundreds of bits). More typically, bits 
are grouped and then decoded with control slices, random 
logic, and with on-slice decoding. Multiple-instruction 
formats such as those encountered with "normal" target 
architectures result (Figure 13b), and several vertical, 
compressed instructions may be required to implement the 
equivalent of one wide horizontal instruction. Note that 
the horizontal instruction allows potentially greater paral
lelism and is faster, since there is no decoding - it is, 
however, a great deal messier to "program". Vertical 
instruction formats often have a three-address structure, 
operating on two register source operands to produce a third 
register destination operand. Simultaneously, memory 
read/write operations and completion tests may be performed. 

Note, then, several characteristics of microprogram
ming: 
1. It is control of the lowest-level hardware components, 

involving a thorough understanding of timing; 
2. It is the lowest-level "bit-flicking" available; 
3. The host architectures are frequently very complex, 

with many data and control flows possible - emulators 
create more "reasonable" target architectures; 

4. Target memory read/write is effectively I/O which must 
be carefully timed; 

5. Code for conventional microprocessors stored in ROMs is 
erroneously called "firmware" and has nothing to do 
with microprogramming. 
Figure 14 shows again some distinctions between 

hardware, firmware and software implementations: firmware 
affords the best tradeoff for many cases between speed and 
programming flexibility for ease of design, alteration, etc. 
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Microprogramming is like assembly language programming in 
that algorithms and top-down structured design are 
paramount, as is the use of proper design, implementation, 
debugging and documentation tools. It is also like hardware 
design in that bottom-up hardware considerations con
sistently intrude (parallelism, critical races, bus con
flicts, timing). For the experienced designer it is an 
extremely effective tool, and is the only way to take advan
tage of the bit slice medium. 
M Overview oj: AMP and Motorola Bit Slices 

The AMD 2900 family and Motorola 10800 family represent 
the current state of the art in bit-slice logic. The 2900 
series logic, based primarily on LSTTL technology, has the 
largest variety of devices of any available bit-slice pro
cessor family. At the other end of the bit-slice spectrum, 
the 10800 series logic utilizes ECL technology and offers 
the fastest cycle times. A brief overview of each family 
follows. 

AMD has defined eight fundamental system functions that 
the 2900 family is to support: 
1. Data manipulation; 
2. Microprogram control; 
3. Macroprogram control; 
4. Priority interrupt; 
5. Direct memory access; 
6. I/O control; 
7. Memory control; 
8. Front panel control. 

There are over 50 device types to choose from, provid-
ing the designer with a great deal of flexibility in 
tailoring his system. 

The most popular bit-slice device is the 2901 RALU, 
shown in Figure 15. Each slice is 4 bits wide, and any 
number of 2901's can be connected together for longer word 
lengths. The eight-function ALU performs addition, two sub
traction operations, and five logic functions. The 16 
registers are stored in a two-port RAM, enabling simultane
ous access to two working registers. The same basic archi
tecture is maintained in two other RALU devices, the 2903 
and 29203, which have added features such as built-in multi
plication and division logic. An example of a microprogram 
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sequencer, the 2909, is shown in Figure 16. The internal 
push-pop stack is four words deep and is used to nest sub
routines. The 2909 can select its output address from any 
one of four sources: 
1. the stack; 
2. the program counter; 
3. an internal register; 
4. an external direct input. 

The slice is 4 bits wide and cascadable to any number 
of microwords. Some of the other more popular devices 
include the 2914 Vectored Priority Interrupt Controller, and 
2930 Program Control Unit and the 2940 DMA Address Genera
tor. 

In contrast to the rich assortment of parts in the 2900 
family, there are only a few in the 10800 series. They 
include the 10800 ALU, the 10801 Microsequencer Control, the 
10803 Memory Interfact Function, the 10806 Dual Access 
Stack, and the 10808 Shifter Function. Although primitive, 
the 10800 family is very fast. The 10800 ALU, for example, 
can operate at a 15 MHZ clock rate, which represents a cycle 
time of 60ns. 

The 10800 ALU is shown in Figure 17. Like the 2901 
ALU, it is a 4-bit slice and fully expandable to larger word 
lengths by connecting devices in parallel. The significant 
difference between the 2900 and 10800 architecture is the 
lack of an internal register file in the 10800. The 10806 
Dual Access Stack is designed to perform this function 
externally. The 10801 Microsequence slice is shown in Fig
ure 18. Similar to the 2909, the 10801 has an internal 
stack for nesting subroutines and is 4 words deep. The 
10803 Memory Interface slice is shown in Figure 19. This 
device generates memory addresses and provides for the 
bidirectional transfer of processor data. It contains both 
the MAR (Memory Address Register) and the MDR (Memory Data 
Register). The ALU in the 10803 has 7 functions; addition, 
subtraction, and 5 logic operations. Unlike the 10800, the 
10803 maintains an internal register file consisting of four 
words. 

MI££ ££ an Example 
Figure 20 is a more detailed version of the block 

diagram of Figure 8, shown to illustrate the separate number 
of fields and which chips/gates they control (in 
balloons). Typical flows are to do a three-address ALU 
operation on the register file, while doing a target memory 
fetch, and determining the next microaddress. Pipelining at 
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both the micro level and the emulated target level is 
employed to give overlap speed for combinations of opera
tions that don't cause bus or slice contention. 
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Fig. 11 Wilkes microprogrammed control 

- Each layer creates an abstract/virtual machine 
for the level above, at 10:1 cycle cost. 

- Emulator hides host idiosyncrasies, resources. 
- Software layers selectively mask lower-level 
architecture. 

Fig. 12 Microprogramming terminology 
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(a) Horizontal, fully decoded (Wilkes model): 

1 bit/resource controlled =>fully parallel CTL. 

SEQUENCER RALU I/O 

| I -: ! . . : : : . „ 
-24-128 

(b) Vertical, partially encoded, multi-format, = "normal" 

24-

RALU format |RALUop| R J ~ Re | Rç | M R | M W | M P Z | T I 

1 1 l 

DECODERS 

Dl DC 

Bfo*ma? JBRANCHop' Condition Branch add 

NB: S t i l l messy, requires int imate hardware knowledge 

- Horizontal hardest to "program", but po ten t ia l l y faster due to para l le l ism. 
A good uassmb with macros can approximate v e r t i c a l . 

- Vert ical easier (e .g . "user microprogrammable" m in is ) , but takes more instruc
t ions/cycles per macro operation since less potent ial para l le l ism. 

Fig. 13 Microprogramming d i s t i n c t i o n s 

Mem I /O 

"Hard" wired target = fixed host. 
(Fastest, but most complex, least regular . ) 

Mem I/O 
I I 

FIXED HOST VARIABLE CS 

if 
— I -

• nni"* L u ° j D 3? 
* T T T - | 

n „SSt/MSi 
U • GLUE Û n D 

I ICLOCK /"SEQ I 

npTLi!™ 
ROM 

iM 
)PROM "Firm" y prog'd target = f ixed host + var iable CS 

(minis, main frames, even uP's: also pro
grammable black boxes = SPEC PURP COMP). 

FIXED TARGET 
VARIABLE TARGET 

MEMORY 

TARGET 

SOFT OR HARD 
RAM I D I S K 

SOFTWARE "Soft" application system = fixed target + 
variable TM easiest to change, most general, 
but slowest. 

Fig. 14 Hardware, firmware and software 
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F i g . 15 4 - b i t AMD 2901 RALU s l i c e 
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F i g . 17 4 - b i t ALU s l i c e M10800 
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Fig. 18 4 -b i t microsequencer s l i c e M10801 
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Fig. 19 4 -b i t memory in t e r f ace s l i c e M10803 
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