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ABSTRACT

The use of Larqge Scale Inteqratgd circuitry in processor
design coupled with the demands for increased system relia-
bility and testability have shown the need for new'design
methodologies in computer architecture. This thesis presents
.a modular desiqn procedure based on the separability of the
control actions dﬁrinq the different phases _of instruction
execution. The procassor hardwarq is segmenied into func-
tioﬂal units based on an anal}sis‘of +the instruction set,

with a microproqrammed con£roller for each'seqment. TE%ﬁ}n-
struction nicroroutines correspoﬂd to low-level tasks¢that
are execufed on the functional units under the direction of
a task sequenper‘communicafinq with the segment controllers
by means of handshake signals. In order to prove its prac-
ticality the design technique was applied +to a bit-slice
based implementation of the PDP-11 computer. The major ad-
{antaqe of this approach is the simplicity of ehch module,

which can be designed, tested and upgraded separately.
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Chapter I

TNTRODUCTION

The advent of Large Scale Integration has transformed the

"

desiqﬂjbrocess of computers. The intréduction of well de-
fined modules of inexpensive, highly complex elemegts has
led to a more systems orilented design approach. High 575*
tems softvare costs, coupled.vith the long désiqn ;imes and
the availabiliﬁy‘of inexpensive hardware, have in turn led

to more hardware intensive computer architectures.

However, the use of LSI and VLSI circuitry in procesdors
increases the difficulty of completely testing the hardware
because internal test points are often not available and the
nuerber of tests that must be performed is very lafqe. This
problem of teéfabibity has by itself stressed the need for
new design philoéophies. In adéition,fﬂléier the past few
years increased emphasis has been placed on Ehe,availahility
aspect of computer syétemslbecause nost of thé%r‘cost is now
tied up in the software that runs on the compafgtively inex;
pensive Central Processing Umits. Increasing tﬁe availabil-
it# of the CPU involves first improving the reliability of
the computer architecture through structured design techni-
ques,’ which then simplify the testing and fault location

phases.



The first' structured desiqm technique was ihtroduced by
Wilkes in 19951, The concept of Microprogramming provideﬁ
designers with a:systematic method to implement the control
structure of computers. ﬁicropnogranming only became widely
accepted in the last decade‘because of the availabili%y of
hiqh speed, high densit}, ‘lov cost memory chips for the mi-
croproqram memories as well as complex support <chips. In
the last few yvears its _use has become increasingly common
because of the introduction of bit-slice bipolar loqic pro-
ceésinq elements and their support  circuits. Their use has
enabled designers tb build custom-tailored, hoduiar, high

spaed micrqproqranmqﬂ computers.

¢+
H

An alternate approach to the -desiqgm of large 1SI proces- -
sors is the use of multi-processor systens. Microprocessors
and single chip microcompqters are also often being usgd to

implement intelligent computer subsystens.

The objective of modern design techniques is tg develop
flexible.architectures. that easily adapt to specification
changes, simplify tésting and fault location, improve the
reliability and can be easily modified for futyre expansion
or upgradinqg. One wvay to achieve this is by modularity of

design.
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This thesis  presents thé-design Qj/a modular processor
vith interacting segments using a distributed ﬁicroprogran—
red control structure. By analyzing the rgquired;infofma-
tion flou‘ﬁurinq the execution of the various instructions,
it‘is shown that the ﬁroceséor hardvare can be segmented
into functional units. Each functional unit can be then de-

'Eiﬁned with its own microprograrmed control section. The
seqments éxecute microrontines under thé direction of a task
sequencer, which coordinates the interaction of the segments
throuqgh handsha}e signals. Although épplied here to the de-

. sign of a single processor, by hsinq the proper segmentation
the concept could be applied to a wide range qf digital pfo-

CESSOLS.

Chépter 2 provides the necessar{ background for the con-
trol structure developed ip subsequernt Chaptgrs. The concept
of microprogrammed CPU control is explained by relating it
to conventional control unit designs. Then, the two features
which characterize microprogrammed control units, the con-
trol store microinstruction fo;mats and the facilitieé for
sequencing the microinstruqtiqﬁs. are explained in detail_to
show the stronq and weak points ofreach method. The next
step considers strategies to reduce the amourt of control
menory and therepy the cost of the processor. The fimnal sec-
tion contrasts microp;gqrammea control with the hardwired

épproach to shov 1its advantages and disadvantages in terms
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‘of cost of implementation, speed of operation and flexibil-"

ity and maintainability cof the desiqgn. .

Chapter 3 presents the cohcept of segmented microprogqram-
ming by considering the processor architecture defined by
the instructionlset. It is then shown that throughnfhe ana-
lysis of the instruction set, the data path resources of the
processor can be segmented into interc%nnected but functi;n—
‘ally distinct umits. Seqmepted micrqproqramminq is developed
55 a suitable control structure for the processor with par?
titioned resources after considérinq the inadequacies and
inefficiencies of adapting a conventional centralized con-
trol structure. This control technique is then examined in
detail to show 1ts positive and negative aspects ﬁith res-
pect to conventional microprogramminq schemes and to deter-
mine its applicability to different processor architectures.

Chapteré 4 and 5 use ths dgsiqn of a segmented miéropro-
grammed emulator for the ©PDP-11 minicomputer to show the
practicality and feasability of the concept. A general des-
cription. of the _PDP—11's functional architecture and in-
struction set are ﬁresented,' then- the steps for the design
proéedure based on a segmented wmicroprogrammed control
structure are given and applied ta the architecture des-
cribed. The,last sectior of Chapter 4 specifies the archi-

tecture of the emulator and provides an outline of the mi-



CILOPpPrograms neéded. Chapter 5 explalns the implementation of ’
,the,coupufational facilities and control units in sufficient

detai; to allow the units to be reélized.'

the final Chapter of this thesis gives a critical evalua-
tion of the concept of segmented microprogrammed control by
cohparinq ﬁhe efficiepcv of theJimplementatiOn,_ the design
tinme, theLparformance and the cost estimates with those of
other implementations of +he PDP~11, since the processor was
not actually built. Finallv, con51derations for future re-
search into the overlapped operation of the segments, relia-
bility enhancements and the application of;theJ'cdhcept of
task seqmentapion to other levels of conputer architecture

are proposed, ///



Chapter IIX

MICROPROGRAMMING AND MICROPROGRAMMED ARCHITECTURES

3.1 ' MTCROPROGHAAMMED CPU CONTROL “

In a ¢om er with a Von~-Neumann fype arch;teéture, the cen-~-
tral processing unit can be separated into a data-flow sec-
tion concerned_uith the movement and transformation of in-
formation and a contrél section to direct fhe operation of
the data-fléw seétion and ;nterface-uith Nenory and‘I/o dev-

ices. .

'~ The data flow section consists of data transformdtion
circuitry capable of performinq arithmetic and logical oper-
ations, some local storaqe, facilities for operands, ad-
‘dresses and status information, registers to interface with
menory and peripheral devices, and the intetcopnections/;é
enable the transfer of data between éégraqe and transforma-
tion units. °© 3

The control section interprets and executes instructioms
supplied incrementally from a. program residing 4in memory.
These instructions cause the control unit to issue sequences
of control siqnals which select the operands and the trans-

formation operations that are to be performed upon then,



move'data between locations ané select and fetch the next
instruction to be executed. |
There are téo general approaches for implementinq the
control unit. One .is to design the controller using combi-
n&tional and sequential logic circuits that function as a
finite state machine. Designe€d with the usnal?qoals of min-
imizing the.amount of hdiduare used and maxiwizing the speed
of operation, once the controller is constructed changes can
"be made only by redesigqming and phisically rewiring: the
unit, hence the name "hardwired control upit". The resulting
pattern of interconneéted gates and flip-flops 1is referred
to as "random logic", since the control unit thus designed
. has little apparent stfuctureL
Several methods cam be used to realize the hardwired con-
troller. The most formal approach,‘using sequential ci;cuit
-desiqn theory, emplovys state diagrams and state tables to
systematically minimize the number of gates and flip~flops.
The number of states and imput variablé combinations for
even nildly complex controllers render this technique ipnef-
fective because of the size of the state tables, their com-
*plexity and the amount of computations required. Other hard-
\
vired design techniques are less formal "ad hoc™ derivations
of tha 1logic circuits from flowchart descriptions of the

proposed behaviour of the control unit, They are usually



used in an iterative manner to reduce the number of compo-

-

nents .

The other approach is to consider the aﬁt;ons of control
signals as elementary low-bevel steps or "micro-operatioas".
Fach machine language instructioﬁ é;n be decomposed into se-
quences of microoperations called ﬁicforoutines. The ensen-

ble of these sequences form a microprogram, uhich is stored

in some form of control matrix.

The concept of the microprogrammed control unit was ori-
ginally introduced by M.V.Wilkes in 1951 as a systematic al-
terpative to the usual ad-hoc design techniques, Microopera-
tions corresponding to each wmachine-language instruction
selectfed a particular row of the control matrix; the columms
of the selected "row were output as the control signals. A
separate matrix contained the information regquired to selec£
subsequent rows, based on the current row address and condi-
tional status information. Bach row of the combined maﬁrix\
corresponds to a single miqrooperation with next addréss-

control and is called a microinstruction.

A microprogrammed architecture can be described from the
perspective of different users by using the concept of pro-
qramming levels. The microprograms of a digital computer

are stored im a coptrol matrix, usually implemented as a
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CO¥TEOL SIGKALS for the data path resqurces are generated by routing cootrol pulses to one of the
cotput lines of a decoding tree as selactad by the address contained in register I. The output lines
all pass into a rectifier matrix A which encodes the pulses to coparate tha variocus gates associated
vith sicrooparatioas, The output lipe= alse pass into a secoad wmatrix B, which bas Llts outputs’
coonscted throujh a oultiplexer to rCecister IXZ. This reglster contains the address of the next
microlnstrurtion %o ba perforzed and is loadad into register I just before the next cootrol pulse is
applied. By inserting a4 twvo-vay switch coatrolled by exteraal conditions, the

select eltheér of tve saparate branch addressas 1in matrix B. Finally, the Jipitial microprograsa

addraess corresponding to tie pachine language inatruction can be input from the instruction register
through the sultiplexer feeding register II.

microprograa can

N

Figqure 1: Wilkes Microprogrammed Control Unit
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L4 - w . .
high speed memory or logic array intermal to the CPU. The

R microproqrams and the data section elements they control can
"be considered as a "host" computer, fetchinqbfrom its coa~
trol memory .the proper sequences of wmicroinstructions re-
quired for the execution of different machine lanquaqge in-
structions. ‘Consequently.;, the bhost computer and the
externally supplied programs of machine lanquage -instruc-

tions define a virtual or target computer as seen by the ni-

cCroprogranmer.

Each word r=zad fronm the‘control étore is called a micro-
vord and nay fepresent one or more"ﬁicroinstfﬁctions. As in
Wilkes' microprogramming schene, éaqh‘microword must contain
sufficient ipformation to control the data path elements and
select the microprogram address that is td succeed the cur-
rent one. The next address }s supplied'by a microsequencer
vhich coatains logic circuitry tha£ can increment the pre-

sent control store address, replace it by theicontents of a

next address field of the microinstruction or generate a -

control store address based on information in the microin-
struction, the ©present microprogram address and external
conditions.

T
"

: o<
A block diagram of a nmicroprogrammed control mnit 1is

shown in Piqure 2. & mac@ine lanqﬁage instruction is {paded

into the instruction register (IR) and decoded as the start

N

/TN



[ strvcTion =ec | '

L————f————a OTHER

INSTRUCTICN

DECCDER
— ——/————® QIugn — -
. 1 I
! ADDRESS l
NEIXT 5
D - . ACESS FEGISTER
ADDRESS > MULTIFLEZER T
__I; 1
;] cevzaeL i e
& x ¥ |
- - Z i - — T MICRGSEQUENCER
[
T . MIZTCFROGRAM MEMCIY
_ pSEQ NEXT gIeCU-CE
. ceMTIcL | appacsss ceyTICL

a

MICTQIMET?UCTICY REGISTSR

I
]
PEZ0DER ' ‘

i

CCNTACL SIGHALS

EICPOSZQUENCEES genecate the address of the next alcroinstruction to be oxacutad. This next address
caz ba derived fros tha pravious address by incrementiog it, containzd in a field 4in the current
sicroinstruction or can be input as an initial addrass by the instruction decoder. The salection of

the oert address is controlled by tte curcently aexecuting microiostruction and caa depend an
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Figure 2:- A Microprogrammed Coantrol Unit
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address of the microroutine in the control memory. The ad-
dressed microword .is read out of the confﬁol store into a
microinstruction regqister. The control signals are gener-
ated either directly from &his register or tﬁrouqh subse-
quent dacoding and are applied ta the elements of the data
flow section. The next address field of the microinstruction
is applied to the microsequencer, which selects the succaaed=-
ing microprogram address\as desiqnéted by its own control

field.

The characteristicé of different~microproqrammed contréi
units are defined by the 'microinstruction format used and
the confiquration of the sequencing capabilities._ These‘tuo
aspects determine the size requirements of the-microprogran
memory in terms of words and bits per word,“;he speed of ex~-
ecution of the microinstructions, and the complexity and

readability of the resulting microcode,

2.2 MICROINSTRUCTION FORMATS

The format of a microimnstruction relates the bits of the mi-

-crouord to the coatrol signals required by the data flow and
microsequencer sections of the processor. The.simplest way
of orgqamnizing the information contained in a microinstruc-
tion is to allocate one bit of the micdroword to each control

line. Control signals qoing to +the same functional unit or



a . SHIFTER FUNCTION ——

" elementary facility can be qroupeé into 'fields' so as to
structure ths microinstructions. Tﬁ}; allovs aLlrof the oi-
creprogrammable facilities tg¢ be controlled concurrently,
maximizing parallelisms in the execution of microoperations.
The microcode for these machines is dsually quite difficult
to generate because the microprogrammer must have detailed
knouledge of the microlevel architect;}e conmprising all the

data paths, registers and processing elements, as w2ll as a

thorough understanding of the timipng of the differeat steps.
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Fiqurz 3: Hcrizontal Microinstruction Format



~ In order to decrease the cost of the control store,  the
nadbef of bits _in the microword can be reduced by'encodidg
tde Sits in the_fieldé or occaslionally encoding groups of
fields. The lattef‘technique is used vwhen several micropro-
grampable rescurces operate in a mutually exclusive fashion;
When all the microproqrammable resources'cdn be controlled
in parailel, the microinstruction format is said to be hori-.
zontal. Dasigners often reduce the amount of paralleliss
Doésible.uhen control store word size is at‘a predium, re-
sultidq in longer execution times for a few of the microin-
étructions. This encoding may increase the amount of exter-
nal loqic and overall cycle time because the information in
the_ flélé‘“‘must be decoded before being sent to the unit
thd}:}hgng£;:>Recently the increasing use of LSTI micropro-
h:_qrammablg_resourcés with internally decoded control lines;
has 1led td fewer bits in the microword to perform a compara-

™
ble number of functions,

Further reductions in microword size are possible using
microinstrdctions contain;nq control information in a varia-
ble format. One or several fields can be used to determine
the routing of other fields 1in the same microinstruction.
The simplest form, <called bit steering, is a single lewvel
encoding in which a control field routes the other micrpin-
struction fields to the proper deceders or functional units.

Multilevel encoding uses the bits of a format control field



—: ‘ .
to define the forna£ of the rest of the micrbinstruction.
The remaining bits may contain a second level contfol field
that specifies the decodinqg and routing™ of some or all 6f )
the¢ other fiélds of the microinstruction. : The encoding gen-
erally redhces the number of microlevel facilities that canm
be controlled concurrently per microinstruction and necessi-
tates more time for thé more complex decoding circuits.

Hhen_the amount of parallelism is reduced to ;hére only a
‘finéle or very fev mlicrooperations can be.ékecuted per clock
cycle, the format is of the fertical tybe. The control store
uidth.is usually siall but there is a large number of micro=-
words. The microimstructions of this class generally con-
tain an operation code field and a control field possibly
céntainin& an address or an operand. These microinstructions
perform single microoperations, thus bearing a resemblance
to machiﬁe Ianquaqe instructions..Vertical microinstructions
usually have a variable format but may or may not be en-
codad. Since all sesquences of micfooperations have to be ex-
ecuted serially in this type of machine, execution time is
considerably slower tham that of a machine designed with a

highly parallel horizontal type microword,
Different types of microprogramming formats can be com-

bined in the design of a machine. One exanple of this is a

technique called Nanoprogramming or address driven micropro-

- 15 -
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LINITED parallelisa is appar<n* in this example of wertical microlnstruction formats (Bicradata
1630) . The sicroinstructioas res2zble mechine language instructiorns inm that oaly a single aritheatic
or logic opeératiokL caa la perroraed at a tiae; also, oparands are oftea transaitted as arguamsnts of
several fuactiIons. Altkough each sicroinstruction can perform oaly a scall auaober of operations as
limited by the aacbine's architactyre, many of these operations are quite complex. ' :

Piqure 4: Vertical Microinstruction Format

gramming, where a two-level control storz is used. The lover

or nanoprogrampming level contains nanocinstructions of a hor-
‘ n

izontal typs; the vertical upper or microprogramming level

cqntains addreses or sequeaces of addresses of nanoinstruc-

tions to be exacuted. The mnanoinstructions , and nano-level

architecture forming the host computer can present a target



-——

architecture’at the microproqramming level so as to emulqpe
other machines. Both the microprogqram and nanoprogram coﬁ-
trol'stores can be writeable ard the nanostore -can ha;e its
own ndnoSequencer. The nanocontrol store usually contains
several nanoinstructions per nanoword in order fo reduce the

control store access overhead.

A variant of nanoprogramming uses sblit control stores,
in wvhich the microinsfruqﬁions-contain some direct control
information in addition to the 'adﬁresses for a second level
control store. Either or both levels may be encoded and
horizontally or vertical;y structured. A third technique
called residual control is based on the idéa that some "en=-
vironmental"™ control informétion is static, as opposed to
dynamic, with respect to the frequency wiﬁh vhich it is al-
tere&. For a given emulation or pq:hapg only the execution
'0of a sinqle machine language instruction, some control in-
formation need only be éet up at thé,start of a series of
Ricroinstructions. It can be stored in control registers
commonly referred to ias "stats® or set-up reqgisters. This
technique reduc the hlcroproqramming to the more dynamic
control lnfofmation and decreases microword width by elini-
rating redundant informafion. A related technique allows
control of multiple resources in parallel by using vertical
instruction formats. This is effected by combining microin-
struction figlds vith setup reqister information to alter

the meaninq'of the field.
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TUG LE7TLS of control stors are used in both rarccoprogranmzalng and split-level control stores, but tha
difference is tiat the split level scheme uses control signals generated froo both control .namccies
at the saze  tige. Several wvatfiatlons exist Lo the lmpleszentation of the rpanostore and the
sicrosequencer control, ol which twe are depicted here, fTie nanoprograzsed structure of a) uses the
aiczeprodras to coatrol the sequecciag of microinstructions and usas several mnancipstructions lo
¢ack napowvard addressed Ly the alcrostore in order to reduce the coutrol store access overhead. An
alternative control mathod is siovn in L), where the microsequencer is controlled by a nasosequencer
flald, which also directs the order of exccution of tha nancinstructions. Other possibilities exist,
iocluding the use of a nanogequancer instead of the nanondﬁfass fegister. (

Pigqure S: Nanoprogramming and Split-Level Microprogramming



2.3 SEQ ING MICROINSTEUCTIONS

once the micr&instructicn format has been defined, interp;e-
tatidn ‘of machine lanquaq; instructions can be accomplished
bi exacuting sequeﬁces of microinstructions from the confrol
store. The microsequencer controls the timing of the fetch
and execution of tﬁe uicroinstruction; and generates the ad-
dress of the next nicroinstnuction? In the sinﬁlést case,
the @microroutines correspond to consecutive locations in
control store, with few branches.required. The next micro-
progran address is obtained by incrementing the control
store'address register or by loading it with another ad-
dress. Microprogram addresses may originate from the in-.
struction decoder, speciallloqu, hardwired inputs or a
field in the microinstructiom. _ Each nictoinstruction mnust
contain a microsequencer control field to épecify uhether.to
continue sequentially in the microroutine or to load a dif-
ferent address. Entering a new address performs a N = 2n;way
upcondi tional branch, =& being the number of bits in the ad-
dress fiaeald. This jump may simply overwrite the present mi-
croprogram address, be added to it as .am offset or perform a
restricted range jump by changing only some of the low order
microaddress bits.

Cconditions that may produce alternate execution paths re-~

quire dscision making capabilities in the microsequencer. A

npo branch" test result causes the picroinstruction at the

~



next séquential microaddress to be executed, If the branch
conditi;n is true;' there may be one or more branch ad-
dresses., Iﬁ.the simplest case the microsequencer would usé
a branch condition test field to choose betwveen the next se-
quential microimstruction aﬁd the microword at the address
defined by a next address f£ield in the current microinstruc-
tion. A flwav branch can he implemented by storing twvo ad-
dressaes in the next address field and selecting the outcome
vith a wider test selection field. Cascaded branches can be

used whare there are more tham two branclk paths. . A more

'conplex branch scheme assembles the next address by combin-

ing the contents of the next address field of the microin-

- struction with the condition flags. This is a powerful

technique for nmultiway branching and leads to compact micro-

codz because of the high utilization of the microimstruc-

tions by the different microroutines.

All of the abo;e sequencing methéds can qé applied to
both vertical and horizonial microinstructions. Vertical
type microinstructions commonly have sequential microcoﬁe,
N-way branch and granch—on-conditionf ;microinstructions
strongly resembling pachine lanquage instructions. Because
of the few microoperations perforrmed by each microinstruc-
tion of this type, it beconmes easier and more desirable_to
share microinstructions.betyeen microroutines, Horizon£a1

picroinstructions usually contain a next address field and

- 20 -



use highly conplex branch logic in order to share:as_many of

the microimstructions as possible between microroutines.

"

+ Another way ‘'to reduce Epe amount.of redundant microcode
is to use subroutines. Tﬂe sharing of microinstructions re-
sults in an overall reduction in the number of microwords,
although it does require more bits in the next address con-
trol field. 1In orde; to 1um§itéfa'su5routine, the microse-
quencer must store the address to which it will return on
completion 6f execution of the ‘subroutine. The return ad-
dress can be storéd by adding to the hardware a subréutine
and loop return address stack with a stack pointer to indi-
cate the.-top element of the stack.lnlstack permits more than
one leval of subrputine or loop. to be used. Hoéever, £he'
microsequencer field must contaim bits to control the stack

and stack pointer, as well as an expanded source address se-

Wy
:

lection.- -

The second function performed by the microsequencer is
the +timing of the microoperations im a microimstruction,
vhich can be either synchromous or asynchronous.

synchronous clocking of all the microop?rations fixes the

. ' £

execution times of all microinmstructions,{ although they cam
execute in a monophase or polyphase manner. Monophase exe-

cntion occurs when there is a single simul taneous_issue of

- 21 -
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control siqéals in a clock cycle. When the major clock éycle
is subdivided into sub-cycles or phases the execution 'is
termed polyphase. This‘techniquel allows control signals to
be generated 5£ each phase and interaction amongst the m%-
croprogrammable resources, albeit at greater expense and
complexity sf the microsequencer., A related scheme has sev-
eral micro;nstructions contained in a single microword, re-
ducing the controi store acceséinq overhead at the expense
~of a wider microvord and more complex timing circuitry.
. -

The timing relationships between phases in polyphase exe-
putiou.aie usually fixed but can be altered by includinq.a
clock control field in the @picroinstruction which acts witkh
cycle stretching logic in the clock circuitry. Yarying the
cycle length can achieve a higher overall throughput by ex-
tending the e¢ycle lenqth,qu the  slower miéroinstructions,
thereby reducing the number of control store accesses for
. the operation. variable timing is often used with polyphase
operation when thé méﬁ;ry aécess time is a multiple or sub-
multiple of the basic cycle 1length or when certain micrcop-

erations cannot be performed in a single c¢ycle.

Asynchronous execution of microinstructions can be accom-
plished by including a "wailt™ or "fetch® field in +the mi-

croinstruction that inhibits further execution of microoper-

ations until the receptiog of completion signals from other

- 23 -



{specified) . elements in the procéséor. This field can be
used to decrease processor idle time on nemory references
vhere the accessmtime is not an inteqral nulfiple of the cy~-
cle time (eq, only wait 2.5 cycles instead of 3 coﬁpiete cy-
cles). This scheme is well siyited for a prdcessor with dis~-
tributed control or one in which the desigmer wants to add
processing elements with different execution speeds, for in-
stance, different family models or later upgrading the sys-
tem. Few systems are complefelv asynchronous, most haviang a
system clock and using the wailt or fetch indication field
only occasionally. ! \\\

The microsequencer also contrgls the timing o;H;he fetch-
ing of the next microimnstruction. This fetch can occur seri-
ally upon completion of the current m;croinstruction or be
overlapped with the execution of the currently addressed mi-
croinstruction. Serial fetchimqg is simplest to implement and
eliminates problems arising from condiiional branches de-
pending on information only available at the end of the ni-~
croinstruction. The cycle time 1s considerably lengthened
since the microinstruction fetch time 1is not‘negliqeable in

comparaison to the shortest microinstruction execution time.

Overlapped fetching can be made possible by storing the
_current microimstruction in a control store data register,

thereby permitting the output of the control store to changé

-_éu-—



during its execution.\Pipeliﬁinq qreatiy increases the effi-
ciency im the case of the shorter microinstructions, bup‘re—
quires more complex circuitrf' and might 1lead to an addi-
tional fetch in the case of conditional branches. The se-
quencer can be designed to overcome this drawback by making
a "best guess" of.the outcome of the branch conditiom. If
the selected outcoqeloccurs, no time is lost; if it doesn't,
a null micrdig§£ruction is executad and a cycle is lost. Al~
ternately, the czgle length can be extended . for micreoin-
structions with branch conditions, “solving the pfoblgm but

slowing execution somewhat.

2.4  SICROPROGRAM OPTIMIZATION

In most processors, there are benefits to be derived from
nclever™ microcode, which requires an intricate knowledge of
micidproqrammabie architectural resources, machine timing
and micfoinstruction format specifications. This is to be
" contrasted with conventional softvareauhich empﬁasizes clar-
ity and maintainability. Hencé fyere is a tradecff between
the speed of execution, the size of niqroproqram nenory re-

“quirad and the testability and reliability of the microcode.

Whatever the c¢holice of microinstruction format and se-
guencer it is usually desirable to reduce the size of the
microprogram wmemory to a ninimum. From an architectural

point of view, large control stores need more addressing



bits and hence wider microinstructions. More-microcode méans
more dabugging time for the protofype. In teras of produc-
tion costs, i;rqer microproqram memories usually mean higher
memory costs, more printed circuit board area, qreater power
supply demands rhd'lonqer assembly.times. The greater number

of chips in the microprogram memory and the sequencer also

reduces the testability and reliability of the control unit.

In some'caégéliarqef control stores are used to keep the
" decoding and microsequencer logic simple and the cycle time
down. Microprogrammed VLSI chips introduce reasons to re-
duce thé size of the éontrol memory but npot necessarily to
minimize it. Althouqh chip area is at a premium, memory ar-
rays are the most compact form of intéqrated circuitry. Re-
cent analyses of die area . requirements of dynamic RAMs (16)
show that memory arrays occupy only about 40% of the total
areé. the rest being taken up by address decoders, sense am-

plifiers, latching circuitry and bonding pads,

Microprogram optimrzation is one vay to increase opera-

. ) <
can be crucial in some applications,

resulting im a reduction or possibly minimization of the

tional efficiency

size and format of the microimnstructions and/or execution
time of the microprograms. The numerous strategles are clas-
sified under four broad cateqories : word dimension reduc-
tion, bit dimension reduction, state reduction and heuristic

reduction (6).



\

Beduéinq the iord dimension decreases the control amaemory
size, the number of addressing bits required and'tha execu-
tion tinme. This tvpé of optimization is usuvally performed
by a microassembler in the microinstruction genaration phase
from code written in a higher lefel lhnquaqe'in tefms of
sinqgle microoperatious. These techniques are usually used

‘ . o ‘
with horizontal microprogramming formats to merge micrOOpe;—
ations across Sseveral ;icroinstructions. This is accon-
plished by combining a means of detecting nicrooperations
that can be executed in parallel,q-'a resource allocation
scheme which can overcome conflicting demahds fronm sgveral

- sources and a scheduling method to take into account the

data and operational dependencies betwveen microoperations.

Thé reduction of the number of bits in the microvord de-
pends on theﬁ encoding used 1n the nicroinstructién format.
In completely decoded microinstructions, mutually exclusive
ﬁicrooperations can be encodad to reduce Imicrouord length
before being grouped into fields. - The number of fields in
the microinstructions can be reduced by using a .variable
format. Hast techniques formulate the problem in the frame-
work of switching theory inlterms- of set coverings of the
prime-implicant type to strive for minimality of control
store size. However, there is the tradeoff involved between

control memory size and the flexibility and modifyability of

the microproqrams. If the microinstruction format is ini-
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tiallv horfzéntal and complete;y decoded and‘is subsqquently
minimally encoded, most of the adv%ntaqes of microproqrau-
_ninq are lost because of the exten$ive output dgcdder‘neces-
safv to.qenerate the control signals, and the microprogram

is used only to sequence the words in the control store.w

The state reducfion technique considers the microprogram-
med computer as two interacting finite-state machines : a
control paft and an operate part, descrihbed by state transi-
tion tables. The number of states of the control part can be

reduced through state minimization techniques.

The three mathods outlined require larée memory and eie-
cution time overheads, . even 1n the case of fhe algorithms
not considering. all ﬁossibilities. The state rTeduction
method is virtually useless for digital computer design be-
cause of the very large number of states of the control part

of the pfocessor.

Rd-boc heuristic reduction techniques can be easily ap~
plied .with a small amount ;f effort but domn't guarantee a
minimal control store size. The application of these tech-
niques depends upon the size of the planmed <control store
and the type of encoding of the control fie}ds rgquired‘by

the microproqiammable facilities. Some of the simplest math-

ods involve reducing the size of the next 'address field, by

_28-



shuffling the micrgroutineéhfq léssen thq branch range or by
using local branching with a bésé address register and an
offset contained in the microinstruction, Other techniques
use exterﬁal conditions to activate output selectors or com-

bine particular microinstruction fields with the contents of .

residual control registers to define the functioh‘ of a re-

source. Many of the other reduction methods are of acadenié

interest .only at present, but are oriented toward micropro-

~,

L

‘ram generation from higher level languages which allow the -
user to write microprograms without being tooc familiar with

the host machine architecture.

2.5 ADVANTAGES ARD DISADVANTAGES OF MICROPROGRAMMED

Wilkes' primary reéson for introducinq_thé concept of micro-
progranming uaé‘to provide a systemafic and structu;ed ap-
proach to the organization and desigpdof diqital compuéeré,
Instead of the hardwired interconnection of combimratorial
and seqﬁential lodic circults to qeﬁerate the necessary con-
trol and timing siganls, the controi information could be
stored in a'm;eqular memorv.or logic array and accessed
through machine language type ﬁrodramminq procedures. This
results in a w@ore modular machine organizationn and in de-
siqhs that are easier tc produce and understand; they also
require less desigmn time and less use of lo; density logic

circuits.



AliiEroprgqranned eontrd& upit is more adaptable'-tolde-
sign cﬁanqes.l Final deflnition of ' the instruction set can
be postpeneq or modified late 1e‘tﬂe desien cvcie uithout’
substantially affecting the hardware design, hy simply el-‘
tering the content of the microprodran'memory. 1 Conversely,
changes in data flo&\hardware vhile “in theVQesiqn stage are

easily accomodated by redefining or 'adding bits in the mi-

croinstruction fields.

quradlnq an instruction set after. completiEn ef_the de=- -
sign stage is also feasible, by using addltional 1ocations
in control store to implement' the new or redesigned qechlne
language instructions in microcode." No additional harduare_
is required, although.the -macr01nstruct10ns will execute
more eloulv than "~ they uould had they been implemented wvith
extra circuitrv..‘In_an archltecture desaned ulth possible
upgrading in nind, _extre hardvare can be_added on and its
control assumed by new m;crognstr5ctions; The eicroword may
" have to be uidened in efdet to provide the additional con-

trol signals.

' nicroproqrammlnq produces a v1rtna1 architecture as seen

by thecmachlne 1anquaqe lével .user, while implementing it on

“

a host archltecture uhich nay be radically dlfferent This

bl
feature is often used when an older machine is replaced by a

new-one. In orde;'to,retaln compatlblllty with the user's

-
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software investment, ‘which is usually significantly higher
than the cost of the hardware, the manufacturer can provide
additiénal microcode to emulate the older machine while al-
lowing the usér to take fﬂii advantage of the new yarduaFe .

facilitias by using the *native-mode! microproqrgns. i "

- & pre

A more recent approach is to use a writable control store
(WCS). This technique can solve the problem of providing two
or more “targat machine environments with a single host at-_

_chitecturs, It also simplifies later extensiofs to the in- .

o~

stfﬁct?pn set, as vell as ailowinq in some cases useﬁ nibrq;
programming. This last cphcéﬁtJinvoivés changing the.cqptfol,
stéfe,conteﬁtﬁﬂhder pfogrammer control to.permit the user to
tailof'the machine . to the specific needs d% the‘application, ; //

thus producing ﬁ*.Earget machine that(is rore efficient énd

conceptually simpler to program for the application. In some

microp:oqrammaﬁlé-probessors there is a:pasic_ set of ni-

croinstructions provided in firmware, with a separate area
for user microprograms.. In other machimes, the entire coan-

trol store can be changed and loaded frém or stored in main

Wemory. : - oo .

Fa

» “

e .

9

A writeable control store (WCS) is dlso_nsefﬁi to imple-

ment often used sequences of code or subroutines. Micropro-

‘gramming these sifiple routines saves the hardware that would

be required in a hardwired implementation and eliminates thé

- . -

-
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memory space required by a_purelv software realization. In
many applications microprogramming is more efficient than

software and more flexible than special dedicated harduare.

Microprogramming can be used to interpret directly High
Level Langquaqge (HLL) instructions. There is much ongoing
reeearch and controversy in this area. performance and ef-
ficlency is ihcreased by nicroprogranming language transla-
fors end/or compilers instead of using conventional machine
lanquage software instructioﬁs. An extension of the WCS idea
called dynamic picroprogramming allows the microprograms to
be changed by the operating system, soO that one microprogran
eould be used te compile a HLL program while another micro-
proqram could be used to execute‘the machine language in-
structiens. However, this approach can ;ead to problems in
pultiproqramming environments where the computer is continu-
ally changing the user program it is executing according to

an operating e#stem scheﬁulinq proqram}

Finall# there is the maintenance aspect to consider. The

data flov section of the machlne is often mpore uniform in

de51qn and conceptually cleaner in. 1avout and structure when
microproqrammed. ‘The actual number of components may or may
not be greater, but the number of different kinds of devices
is often‘:educed due to the reqularlty of the structure., Si-

milarly the intercohpection patterns are simpler and easier
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to trace. Documzntaton of the processor for servicing pur-

poses is also simplified.

Microprogramming permits simplification of the diaqnostic

broqrams, wh?bh are used for checking, ‘locatinq_and isoiat-
{

ing defective hardware components. Most of the important
'paths in the processor must be intact in order to execute
the diagnostics since the rou;ines are loadgd from main me~
mory. Microprogrammed diagnostig¢s or microdiaqnostics.can
either reside permanently 1in the control store, be imple-
mented as plug in coampatible modules or stored in aain me-
mory and used through a WCS. k Host-architecture leyel diag-
nostics permit selected bit patterns to‘tegt each individual
control path, dat; path and data processing unit, Once a de-
fective section is‘located, specifié tests for that section
can be initiated so as to pinpoint the malfunction more ac-
cd;atelv. In the case of a defective processing component in
thé data flow section, a writeable control store éould lqaﬁ
a set of microroutines from main memory to execute the oper-
atigns reqularly pecformed by the walfunctioning unit on
some other unit, résulting in a graceful degradation of sys-
tenm performance, as oppcsed to a complete system failure.

There are certain drawbacks to using microprogrammed con-

Il

trol units. The design of a contrcl umit with a coatrol me-.

mory and a nmicrosequencer may be too expensive as compared



to the cost of a hardwired implementation. This cost differ-
ential is usuvally offset by the enhanced testability and
maintainability of the microcode, as well as the reducad
cost of servicing over the lifetime of the machine. How-
ever, there are a few cases where this cost may not be war-
ranted. If the digital systenm to be - controlled does not re-
quire nwmany microoperationé or control decisions, the
hardware approach is more economical. As system complexity
jpncreases the microprogramming costs rise much more slowly
than those af the hardwired control unit. After the ini-
tially higher outlay for the microsequencer and control me-
mory, the additional cost is mostly due to microcode that
must be written and'its support documentation. The complex-
ity at which both implementations are equai in cost has feen
decreasing steadily over the!past ten years, hecause of a
lover initial cost for the microprogrammed control units, so
that hardwired systems are becoming less cost-effective with

time.

ﬁhen the production rums are very small, hardwired sys-
tens are usually preferred. The cost of mask proqrﬁmmiﬁq
the ROM's, which is spréad over all the devices, is still’
high with respect to the cost of the hardwired altermative.
This problem has been alleviated by the introduction of user
progranmable ROM's or PROMs of the same size, organization

and speed of the ROMs.
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The major drawback of microprogramming is the :eductioh
in execution speed of the processor. In high speed applica-
tions, the évcle time may be longer when microprogrammed be-
cause control store fetches occur sequentially, although
several microopeQAtions can bé overlapped or executed in
parallél. This aspect can be remedied somewhat by the use of
a decentr?lized control structure which allows more paEal;
lelisnm, althougqh the hardwired approach will always be
faster by a slight margin because bofh logic and memory im-
prove in speed and_densigg with new technological develdp—

ments,

A writeable contrecl store can lead to opératinq systen
level problems_because of the multiplicity of execution en-
vironments and iibféries of microcode, causing an opera-
tional loss of efficiency. There are also some disadvantages
of using microdiagnostics, such as not being able to catch
iﬂtermittent failures or <check to see if the machine meets

the architectural specifications.

.
h

To conclude, there are several facts that can be gathered
about microprogramiied .Control Unit iﬁplementations. Ehe
cost of the implementation is determined by the size of the
control store, the amoﬁht and cémplexity of 'the hardware
needed‘external to the'coﬁtrol memory.to decode and sequence

the microinstructions and the maintainability of the micro-
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code. Its speed of operation is dependant upon the timihq
scheme and the levels of complexity of ihe micrdsequencer,
the branch logic and amicroinstruction decoding circultry.
Finally, the flexibility of a control unit results directly
frém the simplicity of the enco&inq of the fields and the
writing of the microprogqrams by_utilizinqlfhe sequenciﬁq fa-

cilities provided by the hardware of the microsequencer.



Chapter IIT

FUNCTIONAL DIVISION CF THE cpU

The instruction set is the starting point of any “de§ﬁ§§n
tecﬁnique and defines the architecture of thé "computer.
Classification of the instructions provides a structufed way
of examining the functions performed by the architectural
resources of the CPU., By first breaking down the execution .
of an instruction into a series of linked low-level tasks
and then considering the hardware rTesources neeéed by these
tasks, it will be shown . that thé CPU can be segmented into
functional upits and that a decentrali&ed microprogrammed
control scheme is the simplest way of CAnttoll;ng these

functional units.

Y

3.1  INSTRUCTION BREAKDOWN

3.1.1 Instruction classes

Instructions for qene;al—reqis{er 6r“aCChmulator type pro-
Cessors canm be separated into five different classes baséd
on the number of operﬁnds and the type of operation to be
performed : double operand, singie- operand, move
(lqad/store), progran con;rol and system control, Using
Backus-Naur Form, these classes can be expressed as shown in

Table 1.
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TABLE 1

Instruction Classes

double operand

single operand

pove

progqram control
system control

<op code 1><operand 1><operand 2><result>
coda 2><operand><resultd> :

code 3I><source><destination>

code 4><address>

<op cod2 5><address>

44 22 g3 d1 b
ow it nn
AAN
000
Do T

aa 44 44 84 W2

where <op code i> ::=<operation j><modifier k>
' | <operation j><condition k>
| <operand value>
{<addressing mode><address>
¢address> ::=<reqgister address>|<memory address>
| <displacemant>|<null field>

The main characteristics of these instruction classes are

detailed below.

Double operand (Dop) instructions perform an arithmetic
or logic qperation betweén fuo operands and store the result
at the destination address provided. Single operand (Sop)
class instructions operate on a single. operand from a source
address and store the transformed result at a specified des-
tination address. The last source address'feference& before
the op. phase is usually also used as the rgsult destination
address, except for computers which have 3;address inst;uc-
tion formats. Also, the Sop class of instructions have a
greater ranqge of arithmetic and 1logic 6pgrations than those
of tha Dop class because more bits of the instruction are

available to encode additional functions.



Move-type instructions transfer data or instructions ﬁrom
one ragister or memory location to another. There is no\mo-
dification of the data during the operation. This‘class in-
cludes move, load, store ang axchange operations, which may
be performed between memOry, CPU registers or input/output
(I/0) registers. These instructions contain both the source
and destination addresses either implicitly or exp;icifly,
althouqgh oﬁe of the addresses may be implied by the opcode

for special operations such as stack manipulations or the

loading of special purpose registers.

The last two classes deal with the sequencing of instruc-
tions to the CPU and the interfaéinq with the console and
peripheral dev%éés. The proqramccontrol class cpnsisté of
the branch and short 1umé.,m§Ub;9utine call and return, ex-
tended address jump ani~conditioﬁ qéde moé&fication instruc-
tions. The system cog@rols are thé basic¢c operator CPU,éom*
mands such as halt, Héit, reset, egb, as well_as safiuare
interrupt ard return instrﬁétions and input/output control
instructions.

A general characteristic of .the iﬁ?fruction classes is .
that‘eéch instruction can be brokea down or pipeliﬁeﬁ into
five distinct phases consiétinq of an Iustrﬁctioh Fatch

phase, three execution phases to execute the decoded in-

structions and a final phase to service interrupts. The in-
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struction fetch and decode phase 1is performed for all inp-
étructipns.

The three execution phases éeal with the di%ferent as-
pects of the execution of the instruction QS‘it affects the
phvsigal resources of the processor. These exacution phaées
are centéred around the arithmetic or logic operation to be
. performed and are 1abélled the pre-operation (pre-op) phase,
the operatiﬁn (op) phase and th; post-operation (post-op)
phasé. Each of these execution phases gives rise to a task
or tasks out of a subset available only to that particular

phase., These tasks perform the sub-operations necessary for

the completion of each execution phase.

5 R - . -~

The Service phase is only executed when an interrubt oc-
cufs. The CPU then storgs the éurrgnt processor state in me-
" @mory and cﬁanqes the brpqram'address to therirst instruc-
tion of the Ainterrupting routine. This instruction 1is
fetched when thé processor executes the next InStrucﬁiqn

" - Fetch phase.

The execution -phases and tasks performed in-a typiéal
double operand instructioﬁ are as fbllows. FPirst, the ope-.
rands_ are fetched and sent to buffers in the arithmetic
‘logic ci}cui; during the pre-op phase. Next there is the ar-

ithmetic or lodic operation phase, which transforms the
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data, places it in a result buffer and updates the condition
codes. Finally, durinq the post~op phase, the data from the
respl; buffer is stored in general purpose registers or ne-
morﬁ.

-The”In;truction phase breakdown -descr;bed is a‘qenefal
model and thus not directly appliéable to all instructions a
PLOCESSOr may sxecute, since all three executipn phase# are
not always vperformed. Double and single operand instruc-
tions execute all three phases except on "test" type in-
Struétions, vhere there is no post-op phase because the re-
sult is not stored. Move instructions theoretically should
execuie only the pre- and post-operation phases, but in sonme
processbrs, su&b as the PDP-11, the condition codes are mo -
difiad, so tHat these instructions nust be considered as
performing a null op phase operation. . brogram and systenm
control instructions that affect the status £lags must also
perform an op phase; otherwise they may execute any combina-
tiomn of the phasés. Finally, w®many of tﬁe complex systenm

control imnstructions are actually "hardwired" macros of ma-

chine lanquage instructions. They are included for comnplete~

.ness in the instruction set and execute as pre- and/or

post-op sequences.
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3.1.2. Exacution Phases

The execution phases uillLbe examined in detail as they
vould be performed on a conventional multiple reqgister CPU .
in order to establish the hardware';esoufce requirenents of
each phase, The pre-operation phase fetches one or two ope-
rands from the geperal purpose reqisters_of from memory and
stores them in the ALU opéerand buffers. In éccessing the
operands it may ﬁée the ALU +to pérform simple_éalcuiqtious
vith the addresses for inde;inq(_increpentinq‘gnd decrement -
ing. This phasé may also store values in the. general regis-
ters or memory.ﬂThese functioné reéuire access to the ménory
address register, the memory data bﬁffer register; the gen=-
eral purpose reqisters,mfhe ALU input and output buffers and

the output of the processor status register.

. The opetation ﬁﬁase is concerned with the actual arith-
metic or loéicai operation and is the only phase im which
the contents of the Processor Status Word (PSW) <cap be
chanqed.' This phase needs an ALU ciréuit with a wide range
-of fﬁnctions. It must also access the ALU input huffers, the
f;esulp buffer, the condition codes in the PSW and a scratch
”pad memory for intermediate results.

The post-op phase stores the op-phase result into the
general registers or memory for the ©Dop, Sop and Move

classes of instructions. The program and system control



clasées require mére complex post—~op tasks that may calcu-
. late addresses and interact with the console, processor sta-
tus and I/0 functioﬂg. This phase accesses the general re-
qisteré, the memory address reqister, the memory data regis-
‘ter, the ALU, the PSW output, the I/0 hardvare and the
console. It also accesses the Instruction Register in order
to extract cbnstants and offsets for program control in-

structions and when fetching nev instructionms, F

The above shows that the resources required for fhe.pre-'
and post-op phases consist of memory andl‘bperand accessing
hardvare which is the same for\ both phases except for the
Iﬁstruction Register and the I/ 0 functioas, although the
latter can be functionally isolated. All three phases nced
an ALU, but the ALU of the op phase must perform more com-
plex arithmetic operations as well as -logical functions,
Therefore it's circuitry would be more complex and sevsral
~times slower than the ALU required by the other phases. In
most cases it is more efficient im terms of execution time
to provide a separate address modification unit (AMU} for
the pre- and post-op phéses. The addition of this AMU al-
lows the op-phase ALU and PSW to be separated from the rest

of the resources.

The hardware can now be partitioned into three function-

ally distlnct seqpents : the op—phése ALU and P5W, the me-
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' mory-and operand accessing resources and the I1/0 hardware

' (see Figuré 7). Each of these seéqments canAperfdrh;d-set.of‘

'_tasks that is distinctﬂfrom those;executed by the}other‘Seqé
nents. .The decodad ‘instruction merely has to spec;fy the'

tasks dand the order in which thev are’ to be executed

1.
R

3.1.3 ' Sednentedlérocessgr.drchrtectugéxv' i; =
Oriqrnallv a centralized controI structure vas con51dered
’ Houever; seqmentlnq the" harduare resources and breakinq the'
instrubtlons down into ppases and tasks .SUQQested restruc;'
_turinq the'control'mechanisn so.,that-each segnent would be- -
come a separate functlonal unit'uith. its onn. controiler.
'_Each segment could then functlon 1ndependently and 1nteract
vith the other seqments by tranSmlttlng or recelving data
‘over lnterconnectlnq llnes.- Tﬁe' 1nteractlon betueen the_
seqments vould be controlled b7 means of handshake signals.
exchanqed Hlth a sequenc1nq ‘unit, -which uodld 1n1tiate and
terminate the dlfferent tasks according to the order_speci—

fied by the instruction. -

'The-architecture ‘of-the Seqmentkd Processor can be re-

: p . « , "

"fiped with these developménts so that each segment is tai-
‘lored to its specific functiéns. A block diagram of the Gen~

' eral Purpose Seqmented Processor is shown in Figure 8.

£
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SEGEZETATION of the processor 15 extendad to the cootrol structure as shown. Central to the conttol
of tha CPU {s the Handshake Fequenca control unit, vhich orders tha execution of the tasks speclfied
by the lpstruction decoder for the ACU, BACU apnd I/CCU through haaodshake signalliamg 1lines to and
fros these units, This distributed control schema allows the data flow and control kardware for each
segmant to be desigoned and mcdified separately.

Pigure 8: General Purpose Segmented Processor
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In the architecture_bf Fidure 8, the Arithmetic ;:}Qent
perforas all the arithmetic and logic operations Spécifigd
b} the op codes of the instructions. It cogtains all thé\
data registers of the procéssor, vhich can be qenerﬁl pur-—-
pose, scratch pdd or dedicated registers for integer, float-
ing point, extended lenqth or other-tvpés of operands. There
can ‘be more than one general arithmetic/logic circuit, suéh

as wpulti bit shifters, hardware multipliers and dividers as

well as floating point units,

The Memory Access segment interacts ~“with main Remory an§
has accegs to the arithhetic.seqment's input and outpﬁt buf-
fers. | It consists of most of the non-data registers,luhich
include ‘the proqraﬁ.counter, stack pointer, index and other
addressing reqisters that can be used for indirect gddfess-
ing and table accessing. There is a simple arithmetic cir-
cuit to perform additions and suhtractions for offsets and

loops, as well as incremehtinq or decrementing.

_Thé I/0 segment conmuﬁicates directly uith all extérnal
de;ices except memory. It contains theAinput and output data
buf fers and the priority interrupt syétem. This segment may
also have a direct memory access cpntrolier and event coun-
ters to facilitatg interfacing with high speed or special

purpose peripherals.
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The resf of the ﬁrocessor circuitry decodes the ins%?uc-
_tions and.controls the order‘df execution of the phases and
tasks by éequedcing handshake signals to and from the con-
trol uni{s of each segment ‘through a Han@éhake Controller.
In ofder to show the' Qaliditf of the proposed_distribdted

control structure, it will* now be developed from the concept

of execution phases and tasks.

3.2 CONTROL STRUCTOURE
The control structure of the processor with seﬁménted re-
sources has to decode the instructions into execution

phases, each phase specifying a task or'set.of tasks to be

-~

executed on the associated segment. Tho InSt;uction Decoder-

also must specify the order of execution of the fasks,in'the

phases.

With this information ihe controi structure must be able
to initiate and terminate the phases and tasks in the right
éequence, allow .consecutive or councurrent opératon of the
phases and tasks as determined by their resource reqﬁire—
ments and supe;vise thelr interaction without incu:ring siq—'
nificant logic or delay overhead. It must also be a flexi-
ble design so és t0 allow .changes to be made in.thé tasks of
each segqment. Finally, the con£r01 structure is'to be mi-
croprogrammed 1n order +to provide a wmore structured and

systematic design approach. Each execution phase task can
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then be made +to correspond with a microroutine 1in the coﬁ-
trol store,

Several conventional centialized control techniques des-
cribed in Ch;pter »2”could be used to inplement the control
structure of the processor with seqmented rasurces. However,
by examioing each possibility it ﬁill be shown that the mic-
rosequencer facilities are very complex, the microcode con-
tains many redundant or unused bits, overlapped operation of
the functional units is very involve@ and that wodification

of the nmicrocode for one or more functional units is very

difficult once the microprograms are written.

" The concept of a task of sequential elementary operations
suggests the use of vertical microprogramming. The different
functional units could be controlled by using a variable
format encoding schene, glthduqh the encoding would be ne-
cessarily quite complex because a number of different tasks
can be exscuted by each fupctional wunit and these tasks may
use different hardvare resources. Also, a highly ¢omplex pi-
croinstruction format makes it difficult to chaﬁqe the mi-
crocode when modifying the hafdware it controls, The major
drawback of this scheme is that there is no possible over-

lapping of the operation of the functional units.
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This situéiion can be reﬁediéd by usingla form of resi-
'dual control in order to allow several tasks to execute con-
currently by éuitchinq control from -one task to another,
This scheme would require very compiex microsequencer facil-
ities in order to be able to alternate betw2en separate task
sequences executing in different areas of control store. The
control sequences would be interleaved or time shared be-
cause of the need to continually change the contents of the
residual contreol reqisters as.the task sequences progfass.
Therefore this type of control unit would overlap the execu-
tion of the functional units only if thermicrooperations ex-
ecuted by the difﬁerent functional units take longer than
the time to set up a residual control re&gister and if the
mictooperation§ parformed on one of the| functional units
take at 1east twice as long as those executed on the other
functional unit. Subsequently, the throughput would be de-
pendant upon the particular tasks to be overlapped and may
'not result in any improvement over sequential execution'of

the tasks. A system of this type is shown-in Figure 9.

Horizontal wmicroproqramaing allows maximum concurreancy
since it can be designed to control all functioﬁal units in
parallel. To control the segmented resources, a completely
decoded horizontal format would require a microword of con-
siderable length becanse of the multiplicity of the fumc-

tional units, whereas an encoded format would reduce the ex-
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Fiqure 9: Vertical Microproqramming iith residual Control

ecution speed because of the compléxity of the

microinstruction decoder. Although the horizontal format

has the capability toc executz Rany microcperations concur-
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rently, the tasks that ar2 to ba-perfornea in parallel have
to be detérnined and microproqramaed at‘the design staqge.
For axaaple, in or&er to oyerlap a floating point arithmetic
operation with a meﬁory accass, the m;crocode for all ad-
dreséinq-modes that can .be axecut2d in parallei with th;
floating point oparation have to be determined 1in adyance
'and stored in the microproqrdm Memory. A horizontal format
vould result in a greatly edlarqed control store listinq.all
possible combinations of overlapping microoperations. Much
of this microcode would be redundant, siace microocperations
would be repeated in many microwvords. Also, since not all
tasks could execute cbﬁcufrentlv, thqre would Ee a large
nuaber of null (NOP) fields in the licroproqram\Si?ory (See

‘Fiqure 10).

MICROPROGRAN MEMORY
TASK] TASK?2 TASK3 TASK4
TASKI KCP _ TASXS TASKA
TASK1 TASK2 nCP TASK
TASK1 NOP TASK3 TASXS
TASK? TASKE TASK3 KOP
NOP TASKS TASKS TASK4
OTHEQ MICROINSTRUCTICNS

PAELLLZL execution of tasks zust be daterained in advance by ;;:\:Xcrop:aq:a=ac:. The tasks shovn
are dividad dccordiag to the sicrooparations they perfore en spacific bagdware instead of baizg
grouped according to which segment thay operate on, since the datarnination of the alcrooperatinns
tkat cac be ovarlappdd depends on cozflicts with the resourcas of othar segmants as w:ll  as
conteptios within th2 same sageent. As shovn, a single task caa often exacute concurcantly vith many
ctiter combipations of tasks, Jleading to Leadless repatition of the sicrocode and in auny cases the
insartion of no-oparation riclds.

Figqure 10: Horizomtal Format overlapped Microprograms
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The use of nanoproqranmming or split level control stores
doesntt alleviate these problemé because the. lower level na-
noinstructions Houid still have to store all possible over-
lapping combinations.f Applying residual control techaiques
would allow:interlesaving of the control functions or over-

lapping of some slower microinsﬁrgptions at the expense of

complicated sequencers and decoders.

A distributed p:ocessér control scheme can ovehcome many
of the difficulties emcounterad by the conventional methods
previously outlingd. The tasks and functional uﬁits, being
distincf,ﬂcan be logically segmented so that a control store
can be used for each separate functional unit. Instead of a
very complex central control store and microsequencer, each
of the seqmented control units can be designed with its own
fmicfoproqram memory and sequencer, which can be made fery

siople.

The.proposed method of control resembles nanoprograaming
but has instead a néno-type control store dedicated to each
seqmentad functional unit. The micro- and nano-controllersgy
lfunction in a hierarchical fashion with all communication
between nano level controllers being routed through and in-

teracting with the single micro level controller. This mi-



cro-controller acts as aAhandshake signal controller -and
task sequencer, receiving the t;;k nanostore start addresses
and the order in which they are to be performed from the in-
struction decoder., The tasks ko be performed by the machirne
langquage instruction are sequénced' by sending "enablé" sig=-
nals to and by receiving "fipnished" or '“busy" siqnals'from
the segment controllers.

A system block diagqram is shown in Fiqure 11.

The copcept Af separating a processor.into different in-
telliqent units is not new.. Distributed proceésinq appears
in 1arge conputers iﬁ the form of Inpuf/Outpuf controllers,
front-end processors and multiple arithmetic units. Bidirec-
tional siqhallinq betwgeu contfollers was inmplemented on the
Solomon computer and the IBM 360/91 floatinq pcint arith-
metic unit. It was used most extensively in the Illiac 2

where it vas found to require considerable overhead.

There has been a previous suggestion to use separate ‘con-
trol memories for each functionél_unit (10) . The application
dealt with the overlapping of instructions on a stackrtype
computer by using an interloqk technique with 3inhibit bits
generated by pending imnstructioas. The obiject was not the
definition of a desigm procedure haéed on the coﬂcept_of se-
parability of the control sequences, hor wvas there any indi-

cation of overlap within the instructions thémsélqes. Also,

AN

- 54 =

7



START ADDRESS

ACU L A HANDSHAKE
vt oumce [—efp SR | -
/ocu E | R STORE
4
seg | Acu [ wmacu [1/ccu
y ’ L
1}
]
4
2
TASK TASK . TASX
SELECT SELECT y SELECTY ,,
IR § A ARITHMETIC IR S : A MENORY IR ST t A e
D . D AccesS | apon | .o
ADDR SEQ [ CONTIOL ADDR. | nSEQ [~ - -} pSEQ CCNTROL
F D “sToRE P D CONTROL D srexe
R : R STORE R :
—
BRA BRA BRA
" COMD COND COND
. {psc |F |cwTRL psc | F] cNTRL pSC | F | cNTaL
. 1

)

SZCATNTED aicroprograsninyg uses a two level control stora, Tha upper lavel i3 termed the Handshake
Sequepce Jontrol Stors, the output of vhich selects the tasks to be performed by the accond lavel
Arithzetic, Mesory iccess and I/C Control Units, Thesa controllers genarate the signals for their
sageent's alcroprograssable resources, coatrel tha sequancing of their wsjicrolostructions within a
selected task and ipdicate the coopletion of & task to the microsequencer of the uppe:z levael control
store. The HSCS microsequencer ln turr wvalts for the precper camplation signal to trigger it and
thon steps to the hext task 1o the saquance specified inttially by the lastruction dacoder.

Pigure 11: Seg\hented Microprogramsmed Processor Coptrol Unit



.
the segmentation .used vas more of a brute force method in-

stead of a logical segmentation of the resources, as it may.

lead to excessive fragmentation of the microcode and thus an

inefficient control structure.

3.3  ADVANTAGES AND DISADVANTAGES

Seqmented microprogramming has the same advantages and di-

sadvantaqes that conventional microprogramming techniques

have with respect to hardwired control. However, it is dif-

"ferent in that a control store is dedicated to each seg-

mented functional unit while the seqments aré sequenced by a
gandshake siqnal controller. The advantages and disadvan-
{aqes q% sequented microproqramming as comparead to conven-~
tional microprogranming methods wili be considered By cover-
ing £he architecture of the processor, the reliability of
the desidn, its expansion capabilities, its adapﬁability and

!

s

the bhardware required for implementation.

Seqmented 'microproqramming has several advantages ' over
conventional techniques. Its pain feature is the simpilifica-
tion ‘of the design process by reducing it to the design of
separable modules. Each functional segment is simpler, ea-

sier to design and is controlled separately. The interface

between seqments consists of data buses that transmit the

information to be operated upon by the tasks.



Several of the hardware componentsrof the control section
are simplified. The microsequencers for the control memories
need only have increment and load capabilities, as the mi-
croprograms are sequential most of the time. The‘inétfuctiou
decoder>is d;ed méihlv to differentiate betueeﬁ the differ-
ant classes of instructions and generate the handshaking

bits required, instead of decoding the instructions into an

address for a central control store.

b T

The microcode is much simplified and smaller in size
since each functional unit only performs simple tasks. The
compaction of the @microcode is achiéved by the.elimination
of most of the redundant code used in convéntional designs
to control the inactive functional units. The dedicated
control aspect of eaéh'mictopfoqram memory allows inherent
overlapping of the tasks of th; different units.  In- terms
of software support, the microprograms for each module would
be'developed and sinulated ssparately, since they only in-
teract_th;ouqh the handshaking bits, which could élso be.ea-
sily simulated. Finally, since the amdunt of code necessary

for each unit is fairly small and mostly sequential, it is

faster to design and easier to debug.
This control scheme can enhance the reliability of the

CPU because the segments can be singled out and tested sepa-

BN
rately, greatly simp}ifyinq the debugging procedures. The
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simplest type of test is the catastrophic failure type,
- : ‘ : o
- vhere if a seqment fails to " respond after a known delay, a

flaqg ié sat and a trap occurs. This could be iﬁplemented ea-
éilv by using time-out circuits “on the "finished“ and "ena-l
ble® si&hals~ interconnacting .Eﬁé Arithmetic controller,
~ Handshake controller and Memory Accesi/antnoller. Th}s
procedure could also be applied within each segnent to de-

tect total failure of the resources under microprogram con-

trol.

Seqmented microproqramming makes it easier to expand pre-

sent systems and/or se}ectively upgrade them by introducing

new circuitry. This may be done by modifyind‘the instruc-
. - A .

tion decoder and replacing tﬁe control store of a seqﬁént
with an uquadéd version, by adding neﬁ micreinstruction se-
quencés to the seqment's present contrél Demory or by ex-
pandigq it in length amnd/or width. For example, if a hard-
Hafe multiplier is added to the present circuitry of the
ArithfStic seqmrent, either additional microinétructions orA
'additiohal bits (vidth of microinstruction) can be used, de-
pendihd on the complexity of the fequired control sigmnals.
' ﬁf ¢Finally, if a floating point section vere added on, due to
lft . its cbnplexitv a_saparate control store could be used to al-
| low more overlapping or the existing microprogram memory
% could still be used with path selectors to route the cohfrol

signals to the proper subunits. Thus, by segmentimg the mi-

»
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croéroq;amminq. the.processor‘organizatioﬂ " is adaptable to
design changes and seqéenis can be modified separately uith:
out affectinq the performance or design of the other units,
» o .
There are two major area$ uheke the use‘of segmented mi-
crobroqramminq could be dis;dEantaqeous. A segmented micro-
programmed processor needs more control hardware and poési-
“bly multiplé ALUS and register banks:, There is, howevar, a
certain amount of traégoff between the cost of the‘extra
circuitry in terms of ICs, wiring, printed circuit board
‘area, power supply requirements and cooiing facilities, and
the reduction in complexity of the chips used to implement
the microsequencers arnd control stores. In the seqmepted mi-
croprogrammed version of a processor, the circuit complexity
of the three interacting control units is about equivalent
to the amount of circuitry required for a single, wumore com-
plex conventionally microprogrammed control umit. (see Ch. 6
sect. 1) If the processor were implemented im LSI it could
bé implemented as 3 or 4 chips or in multiples of these num-

bers by using bit slice techniques. Fach functional unit or

grogp of inteqrated circuits could be upgraded individually.,.

Also, the general organization uses separate ALU's and
register banks to allow overlap and a higher +throughput,
along with gqreater microprogramming flexipility. Multiplex-

ors can he used to run a single ALD and register bank from
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both the Arithmetic Segment and the Memory Access segment
conf:o; stores if no overlap is required._ These controllers
uoqld be of the same complexity as those used for the i;ple-
mentation with multiple ALUs, the control bits of the unused
resourc2s being generated by hardwired lines intd the\mi-
_ )
croinstruction buffer registers. Expansion for further ar-
ithmetic harduare‘devices uouid still be possible but would
réguire a quasi-residuél control technigque to handle the

hardware that would be inactive during the operafion of the

alternate controeller,

The second major . area concerns the eﬂecution speed. . A

. _ N
seqnented microprogrammed processor would be about as fast
t - .

as a conventionally nmicroprogqgrammed computer if both had a

"single ALU and scratch pad register bank. The handshake se-

quencer can cause délavs if the évcle time is governed by
the next microinstructiom fetch timing. Otherwise its delay
is hidden because its operation is overlapped with the exe-
cution of the current microinstruction and it acts im a loo-
kahead fashion with the control unit “en;ble" and "finished®
bits. Another source of delay could resnlt from the use of a
complex instruction decodér that the conventional implemen-
tation might not have. By paking minor modifications to the

handshaking controller, the instruction fetches could bz ov-

erlapped with the execution of the current instruction, in-

:creasinq thrduthut substantially.
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Segmented ﬁicroproqranminq is not applicable to all pro-
cessor architectures, as it was originally intended for usa
with multi-register and accumulator wmachines. The segmenta-~
tion reducas instructions to tasks that are executed in a
pipelined fashion. Therefore it is doubtful that segmented
microprogramming would offer any advantages in completely
pipelined machines, where the microprogram for each unit in

the pipeline is either already separated or implemented as a

geparate field in a large microinstruction, In the Iatter

case the tiping of the system would be optimized for this
type of microword and no further concurrency or improvements
could be made without major redesign, due to .the data and

control dependencies in a pipeline.

Stack architecture processors execute each instruction as
a single execution phase. For arithmetic and logic opera-
tions"the pProcessor ﬁetches operands from a étack, percforms
the operation and stores the result back on the stack. There
are separate instructions to push data ont6 the stack and
pop data off the stack ard store it in memory. Since the’
functions are already segmented, little reduction in the
control store size would occur by using segmented micropro-

granning,

In summary, this Chapter presented a basis for the seg-

mentation of a processor into intelligent functional units

&4
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by first examinihq the execution of tﬁe machine language in-
structions, as classified into five_.types éepending on the
nueber of operands and the operatiqn to be performed. The
instructioﬁs vere then described in terms of £htee phases of
execution; each phase consisting of a set of tasks of ele-
mentary operations. De;erminatibn-of the harduaée resource
requirements for the tasks of the pre-op, OFP and post-op
phases 1ed to a partitioning of the procéséor's Tesources

into two groups, those required by the pre—~ and post-op

phases and the resources required by the op phase.

After examining different conventional control struc-
tﬁres, a distributed scheme involving tvwo levels of micro~
;roqramminq communicating through handshaking lines wvas pre-
santed. Fihallv, the architectural features and drawbacks
of segmented microprogranming were analysed by con51der1nq
the simplicity of the microprograms and microsequencer, the
testability of the design, its expansion capabilities, the

cost of implehentation, the execution speed and its applica-

bility to various computer architectures.
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Chaptar IV
i

A CASE STUDY : THE PDP-11 BY SEGMENTED MICROPROGRANMING

The ﬁracticality of the concept of Segmen;ed Microprogram-
ming as explained in Chapter 3 will be de;onstrated by ap-
plying it to the désiqn of a hardwvare eﬁulator of a popular
minicdmputer. The first part of this Chapter provideé an ar-
chitectural overview of the chosen processor by describing
its functional characteristics. The second part initially
details the steps necessary to produce the organization of
the data paths and control units and an ocutline of the mi-
crocdde, then applies this desiqgn procedure to the pProcessor
whose architecture is described in the firstlpart of the’

Chapter.

4,1 EHY THE PDP=-11

The emulation of a current minicomputer was proposed as a
test of the practicality of the segmented microprograaming
technique. This would avoid tailoring the architecture to
the specific IC chiﬁs useﬁ and provide a reference for con-
paraison. . The reét:ictions of the design technigue required

that the computer selected have a general register or éccu-

mulator organizatioh. \v///}
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The computérs readily avaiiable at the lnivefsity wmere an
IBM 360765, a few PDP-8s and a PDP-11/3ﬁ?éf@he IBM computer
vas considered t6 be too complicated for an initial design
methodologqy test and the PDP-Q vas judged obsolete and not
wofthwhile.. The PDP-11 was chosen over other comparable
.ninicomputers because ‘it is reputed to have a relatively
comﬁlete architectureluith puperous addressing modes and in-
struction formats. Being one of the most popular.ﬁinia mpu-
2,____5,//:grs puilt, there is an abundance ?f papers pugliikﬁd about
its desiqn and performance. ; Finally, the Department of
Electrical Enqineerinq'g PDP-11/30 could provide detailed

hardware documentation for comparaison‘and a prototype could

be tested and its performance evaluated.

4.2 ARCHITECTURAL FEATURES OF THE EBDP-11

The PDP~-11 family consists of high speed, general purpose
digital computers that operate primarily on either 8- .or
16-bit binary numbers.. The instruction set includes zero-,
one~ and two-address instructioms which utilize "a set of
eight gemeral purpose registers to spécify operands in a
variety of addressing modes. The PDP-11 is organized around
a single general purpose bus called the ONIBUS, which in;er-
connects the processor, memory and peripherals.
.
The UNIBUS carries bidirectional signals consisting of

data, addresses and control information pertaininq to the
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OXIBUS concapt is central to the architecturs of the PDP-11 procassor, vhich is connected to the bgs
as acother peripheral device. The aain resources of the CPO are the multifunction ALD, the processor
statis vord containing the copdition codes, the iostructica reglster and dacoder and the tagistoer
file contaising the geaersl purpose reylstérs, tho Stack Poloter and tha Prcgras Counter. Although
cot explicitly shova, the semory is byta structurad but:-can be accassad 16 bits at'a time for JyTBOS
transfers., I/0 devicas 4re assigned fixed addresses in Be@ory space according to thelr specific

fanction.
1

Figure 12: PDP~-11 Architecture

use of the bus. Devices connected to the bus are assigned a
bus address, with peripherals having control, status and
data register addresses. The control of the UNIBUS can be
.dynamically obtained by the CPU or I/0 davices through a- se-
parata, asynchronous bus request and grant protocol. Conten-
tion for the UNIBUS is resolved by an arbitrator using a ba-
sically centralized control scheme with all devices except

the processor ha&ing a fixed priority request level. All bus
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data transfars are asx:iifshous -and ihterlocked‘betueenAthe
hu§ master and its slﬁﬁe. This permits devices with a wide
range of operating speeds to pe connected to the bus and op-
erate at their maximum rate. Devices can also excﬁange data,
2ither 16-bit .words or 8-bit bytes,'without processor inter-

vention.

The central processor; connected to the UNIBUS as a sub-
 svstem. controls the time allocation of the UNIBUS for peri-
pherals and performs the arithmetic and logic oberations. It
contains eight gepneral purpose registers which can be used
as accumulatofs; index reqgisters, aptoincrement'registers,
autodecrement registers or.siaply as temporary storage for
data. 'Arithmefig operations can be'f:dm one general regis;
ter to another, from one memory location or device register
to another, or between a memory location and a generél re-~
gister. Two of the eight general registers are used for spe-
cial‘pufposes : register BR6 is used as a harduare stack
pointer to indicate the la5£ entry into Fhe system stack.
Register R7 is the machine's program counter and contains
the address of the next instruction to be executed. This
last reqgister is. used only for addressing purposes and not

as an accumulator for arithmetic operations,

The other registers in the CPU accessible by the program-

mer are the Instruction Beqgister and the Processor Status
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Register. The Instructidn Ragister is 16 bits u;de and con-
tains the instruction currently beinq executed, The Proces-
sor Status Word is also 16 bits wide and holds the current
processor UNIBUS priority level, the condition codes des-
cribing the result of the last instruction and an indicator
for detegtinq the execution of an_instrﬁction_tq be trapped
during program debuqging. The condition codes consist of
the carry (C)., overfiou (V)? geqative {(N) and zero (Z) flags

associatgd with the aréthmetic unit.

A feature not shown by the diagram of Fiqure:12 is the
systen stack{ a Lagt-In First-Out storage area occupying
fixgd bounds in p;imary BRemory. This stack accomodates so-
broutine and interrupt respomses by storing reébeétively the
current program counter value or both the PC and.the proces-
sor status values, The return instructions pop these values
foff the stack and reé}bgé them to the proper registers. It
also brovides for-argument or argument address transmnission
through the linkage r;qiSter associated with subroutine call
and return instructions. = Separate user stacks can be
created by desiqnating any oner of the other general purpose
registers (except E7, the program counter) as a stack poin-

ter. In this way temporarf storage areas can be allocated

and accessed vwith a single address register.
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The memory is organized in terns of bytes, although
gither bytes or 16=-bit vords conéisting of tﬁo contiguoﬁs
bytes can be addressed. The lbu byte of a 16=bit word, bits
0-7, 1is assligned an even nuibered ;ddress vhile the high
byte, bits 8-15, is assigned an odd numbered addréss. The
- memory is accessad by the CPU through a Bus Data Register
(BDR), a Bus Address Redister (BAR) and two memory operation
control lines on the UNIBUS. The BDR sends data to‘and re-
ceives data from the UNIBUS. The BAR transmits the memory

'
location to the bus and the control lines determine whether
.the memory is to read a word, undergo a read - modify -
write cycle, store a word or store a byte at the indicated

address.

The instruction set is implemented in 16 bit words, with
instructions containing igmediate data or offsets occupying
several words. Most of the double operand and singleroperand
instructions are available for both byte and word opera-
tions, with the exception of the Rdd, Subtract and Exclu-
sive-0r operations, which can only be used for full words.
Table 2 lists the instructiom set as classified by the
scheme expléined in Chapter 3 and shows the different in-

structions formats for each class.

The eight general registers may be used with an instruc-

tion in any of the following ways :
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p3T s Destloation address 3 address of msscond or oaly ¢perand sad is
also used ae the reanlt adliress vhes stoced

{) 1t Contents of
= 1 hecoses

Rag or ¥

Touble cpefand

cap,CAra
100
M3
el BlIN
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EI5.98.30
Kce

SIECLT OPIZARD

Prcciin ComTiol

CL?,CL2D
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tIc,nICe
| -3t |
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§CE, 801D
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Cop coded{zource address><destication address>
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<ap coder<oflset>
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<

#igo extend ¥ bit late (D3T)

to

= P e 2u{alfset) bradchk uncoaditionally

z =90 branch L1f not aqual to xTeTO
I=1 Lranch Lf egqual to zero
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L L | braoch Lf pagative

1= 0 bracch if ovec{low clear

T = pracch Lf overflow set

C=20 branch Lf cazgy clvar

Ceat Lranch Lif garcy sat
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I oc(E @20 ¥) = 1 Ubceoch LE less thas or equal
C=0and 10 brasch Lf hghac

C=0 branch Af higher ar the sane
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Cor 3 =1 bcanch if lowar of the sans
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PDF-11/34 Instruction Set

<op codwer<destination addgess>

JAP PC = (DIT] juap to dest address

‘Cap codl)(luurcc r-ql-t-r><ﬁtllllut101 aldrens>

Jst  jusp to sudbrootine
puad (Eeg) oato processer atach
translfer (PC) lnto Rag
transfer (D3T) lavo I

<op coded<scurce Tagiater>
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s subtcact one and LEasch Af mot zeze
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lcad P5V frca Trap Tactor
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[ b2 rataze £Fom inteccspt

pop atack iato PC
pap &tack lonto PS5V
ITT cetore froa Lateccept;
§ALT atcp proceassor
EAIT wait for inteccupt
PEIET inltlalize systas
COFDITION CODE OFEIRATIONS

diaakle trace trap

CL{N,2,7,7)

clear coadlitios codes selectively
SL(X.3,7,C)

sst cosditlon cades sslectively
Cap coder<destisation addreas>

Errs move lover byts from P3N to DST

<op code><{source address>

a1rs scve byta froa JAC to P39



-as accumpulators, where the data_resides within the reqis- .

ter
| -as pointers, where the contents of the register are the
address of the operand

‘-as\poinfers which autbmatically step through memory loca-
tions . '//

-as indexrreqistESB, in which case the contents of the re-
gister and the word follow;nq the instruction are summed to
produce the addresstof the operand. There is no direct ad~-
dressing, vhere the oqgrénd’is contained in the instruction

itself, because of the size of the instructions.

There are four basic addressing modes : register, autein-
crement, autodecrement ard indexed. In the register mode,
any of thé registers may be used as simple accumulators and
tﬁe éperand is contained in the selected rsgister. The éu—
toincrement and auto@ecrement modes provide for the auto-
matic stepping of a pointer through sequential memory loca-
fions and can bhe used to access tables or implement user
stacks in main mewory. In the autoincrement mode;‘the regis-~

ter contains the address of the operand and is incremented

{by one for byte addresses, two for word addresses) after

the operand access to point to the next sequential location.
The autodecrement mode - subtracts one or two, depending on
the address, from the register contents then uses this de-

crenented value as the operand address. =~ Indexing uses the
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contents of a reqgister as a base for the'calculation of sev-
eral'addresses. In this mode the contents of the selected
general register and an index word following the instruction

word are addad to form the address of the operand.

-

——

The four basic nodes maf also be used with deférred {(in-. -
direct) add}essiﬁq,‘ in which case the register contents se-
lect the address of the operand rather than the operand it-
self. lThe register deferred mode uses the contents of the
selected reqgister as the address qf the operand. The autoin-
crement deferred mode uses the register as a poinper to the
vord containing the address of the operand, then invcrements
the rédister by two, since it always points to a 16-hi£ ad-
dress. rThe autodecrement mode first decrementslfhe regist;r
by two then usaes ;P as a pointer to the word containiﬁg the
address of the operand. The index deferred mode uses the fe-
gister contents as the base address of a pointer to the ad-
dress of the operand. First the selected register is added
to the index value in the word following the instruction and
this sum becomes the pointer to the word containing thé ad-

dress of the operand.

The use of the program counter or stack pointer as a gen-
eral register imvolves special features of the addressing

modes. When the processor uses the PC to access memory, the

k!

PC is automidtically incremented by two to point to the néxt
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word of the 19;£ructiqn being executed or to the next in-
‘struc;ioﬁ to'pé e;eéuted, 'Usinq the autoincrement node with
the PC provides an immediate addféssinq mode h& accessing
the uord at the location folloulng the instruction, Absoiute
addre551nq is achleved by us%&q the aut01ncremen;.deferred

, + mode, which con51ders the word followirng the lnstruction to

be the add:eés-of the operand.

Relocatable pfoqrahs can be written by using the indexed
. . - , ’

“mode with the PC. This program relative mode uses the PC aé_

a base register and adds it to the offset. value‘follouinga

—

= the-instruction to provide the address of the operand. Indi-

‘rect relative addressing by the program counter-permits ta-

ble accessing vhen the program is loaded ihto‘different/af:'

./l’

eas‘of mnemory. Here the index defeﬁred mode is used so fthat
 the’ index value following the instruction is sumled with the

PC En form a p01nter to the/address of the operand
e L3

L 1
N 1

The processor stack pointer(ié used by the hardyare for
. L

program and interrupt nesting and, like the PC, is alvays:

1ncremented by two. The use of the autodecrement and au-

t01£éiement address;ng modes push and pop data off the sys-,

tem stack respectively. -sniso, %ndexed addne551ng with the.

?SP provides randon access to the items on the stack.

S

s



5.3 DESIGN TECHNIQUE
LS ~

The following figure shows the steps jnvolved in the design

of a processor using ségnenteﬁ licrdprograhming.

N

\

1, DEFINE THE INSTHUCTION SET TO D:TERNINE THE NUMBEQ AND
TYPES OF THE PROCESSOR SEGMENTS.

2. BREAK DOWN THE INSTRUCTION SET INTO EXECUTICN PHASES TO
DETERMINE THE FHASE SEQUENCINKG.

4, DEFINE THE SET OF TASKS EXECUTABLE BY EACH PHASE AND
THEIR SEQUENCING RELATICNSHIPS.

4, DESCRIBE THE TASKS OF ALL PHASES IN DETAIL SO AS TO
! DETERMINE THE COMPUTATIONAL RESCUSCES REQUIRED FCR EACH
SEGMERT.

%, DEFINE THE MICROSEQUENCER CAFABILITIES NEEDED FOR EACH
SEGMENT BASED ON THE HARDWARE ARCHITECTURE OF STEP 4

AND THE TASK SEQUENCES OF STEP 3.

6., DEFIRE THE MICROINSTRUCTICN FORMATS AS TO THE FUNCTION
s . OF EACH FIELD.®

'7.-GEﬁERATE THE DETAILED HARDAWARE SPECIFICATIONS.

8. DETz THE MICROPNSTRUCTION FORMATS AND TRANSLATE THE
TASKS INTO MICROROUTIRNES.

- Qe PERFORM—COST REDUCTICNS ON THE ARCHITECTURE AND MICROCODE<
BY ITERATING THROUGH STEPFS 4, 5, 6, 7 AND 8.

Pigure 13: Dasign Procedure
' i

4.,3.1 Execytion Phase Sequences
H'The instraction set has been defined in the first part of
this chapter. The second step of the'procedure is to break

doun each instruction 1nto executlon phases. The instruction
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formats defined for each class do not specify the number of

execution phases performed, so that there may be several

]

different types_of.éxeéutlon phase sequences in the same in-

‘struction class. The instructions listed in Table 3 repre-

sent all exscution phase sequandé'types for each instruction

¥

The six execatiocn
seven, are :
pPre~-opl,

pre=-op,

Fra

pre-op.,

class. .,
Y
TABLE 3
Exacution Phase Sequances of the Iastructions
i
L
. Class ' mneaonlc sxecution phJﬂes ' cosments
‘ Double oparand . Cnp pte-op, op test .type, Do post-op
. ADD pre-op, op, post-op
S5iogle operasd CLk ap, post~op no operand fatch
IHCH pce-cp, op, post-op
TST pre=-op, op
Eove nove pre-op, op, post-op po 2nd operand fetch
Program Control BYE post=op .
Jup pro-op, post-op
J5® pre-~op, post-op pre-cp first sats op data
ra7 pre-op, op op to lcad ps¥
. Systom Conptrol AALT post-op
) - . SXC op affacts CCs only
N nrPs pre-op, op, post-op
nIPs pre~cp, oOp

phase sequences used, out of a possible

op

op, post-op

ap

Op, poSt-op .- )
post-op !
post-op

- T4 -
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4.3.2 Bxecution phase Tasks \
The third sStep is to define. the sub-operation tasks of éacg'
execution phase and‘determine their sequencing orders. By
comparing the execution phase breakdown with the i?structisn
set, it can be seen that the pre-op phase correéponds“to the
operand fetches and‘a few sﬁecial purpose register opera-
tions. The op phase performs all arithmetic and processor
status modifications. Fipally, the;post—SP phase takes care
of the storage of the op phase result and also does most of
the, tasks required by the p:oqraﬁ and system control in-

-

structions, o

Thé set of pre-op tasks can be divided into three sub-

sets 1 the regular eight addressing modes,“the destination
addresginq modes as modified by' the mbve, instpnctions and
the stack and register manipulations required 5y some pro-
gram and syéfeﬁ control iastructions, - This last sub-set of
pre-op tasks.is eithgr'uSéd”in ‘order to group common opera- °

. wr .
‘tions in the same phase or may be necessary because of the

[ D

restrictions on access to the PSW. e

The first sub-set of tasks, %hé eight addressing modes
described in section 3 of this Chapter, are expressed iﬂ_
térms of elementary,reqister operations in ordeﬁ to show the
miéro—operafiaﬁs needed.. Each rovw of Table U'generally cor-

responds to a complete major clock cycle, with the- semi co-

LY
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lon (;) separating operations vhich are either performed or

initiated during fh same clock cycle,

TABLT 4

Régis;er Operations of Reqular Addressing Hodes

4
]

Addresslng Kods Pascription Cos ) '

Beglater..cveonavsvownva. Heg to ALY buffer

kztolncromenticeesssvese BOg to BAP; Seg + inc to Beg; mamory read
BD2 to ALU buffer

lntodecrclqnt........... Rag = dec to Reg and BAR; memory read

v EDR to ALU buffer '

Indaexccscievsnscsnnesess PC O BAF; PC ¢ 2 to PC; semory read
GDR ¢ lndax Reg to DAR; mamory tead
BDR to ALU buffer

chistc: doterrcd....... Rag to DAF;: aepory read
BDR to ALD buffar

lutoincralant deferred...fhaqg to BiE; Bag + 2 to Eeg; -cso:y read
EDR to 8AR; memory read
BD8 to MU ouffer

lutodecreagnt deferrads..fey - 2 to hay and BiR; memory read
BDE to BAP; aeaory read . |
BEDE to 1LU buffer i

Index dcfor:ed...........?c to BAR; PC + 2 to PC; meamory read
BDR e« index Reg to BAP; memory read !
BDE to BAER; maaory read
BPE to ALU buffer

The second sub-set of tasks, the MGVE-type destination
addressing modes, omit the actual fetch of <the operand as
its current registar or memory locag}An will be overwritten
during the post-op phase. The correséonding register opera-

tions are shown in Table 5 . °

(
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TABLE 5

Register Operations of noveétype Addressing Modes

/

! .
Addressling Bode ! Description

/

- . .
P2gister.uuscsspancsesaran0 Oparation -
lutolncrelqnt.d..,...-...Faq to DA Bug + iac to Feg
Agtodacreaent.cseeussess EAg =~ dec to Raqg and BAR
IndaxKeeercasscsianencarea PC to BAR; PC ¢ 2 to PFC; meaory read

- BOR to BAR . . 5
Paglater defurred........Rag to BAR
Autoincresant daferced...Reg to BAR; Reg ¢ 2 to Reg; Rapory read i
N BDu to BAR :
Autodecresent daferzed..,Req - 2 to Rag and BAH; mesory toad
BDR to BAR '
Index deforredicceceassa PC to BAR: PC + 2 to PC: mamery read SN
BOA + index Reg te BAR; memory cead g
BDR to BAR

Wﬁhe remaining gﬁb-set of pre-operation tasks are unique
to specific initructiops. These aré éhdwn in Table 6 and
consist of sequences of register operations follovad either-
by pre-op operand fetches and tasks qf other phases, or they

may be followed directly by op and post-op phase tasks.
' ’ h)

TABLE €

Register Operations of Special Pre-Op. Tasks

T

Instructica Description

J5B savevsnsssnnaansensese SP = 2 to 5P and BAF
Eeg to BCR; maaory wvrite
PC to ERag
+ reqular addcessiog modos for destisation fetck
EET,TBAP, BPT,I0Tccuaecuve-5F = 2 to SP.and 3AR
PSM to BDR; neaory write
Sp -~ 2 to 5P and Ba?
7C to BDR: mesory vwrito
Trap vector address to BAR
and buffer; wmeaory raad
BDr to PC
burfar ¢+ 2 to BAR; meaory read
BDR to ALD buffar
BTI, BT eesosscearsesnassaSP ¢+ 2 to SP and BAR; memory rand
8bd to PC
SP ¢ 2 to SP and BAR; aeaory real
8DBE to ALU buffaer
BPPSiceesscanasssersasnees PS¥ to ALD result buffer
¢ regular addressing modes for dastlipatloam fetch




The op phase tasks consist of all the arithmetic angd

logic operations specifiad by the instruction op-codes, the
selective loading of the PSW bits from the ALU input buffer
and setting or Clearing the condition code bits according to

the instruction op-codes.

N

Tha post-op tasks listed in Table 7 consist of two typss,
one storing the ALU result buffer into a register or at the
address defined by the BAR. set up in the pre-op-phase. The
other type performs special operations with the ragisters
and menmory cortesponding to branches, stack manipulatioms

and ints2racting withk the console.

TABLE 7

i
Register Operations of Fost-0Op Tasks

Instroction . Descriptiom

BTa0ChecesunrecsusseessssPC ¢ 2x(sighad offset] to PC: offset
’ - set to 0°if branch condition false
Bldcesavsassscacsnsnneease B8] tO PC .
- 5P to BAE; SP ¢ 2 to SP; memory read
SP ¢ 2 to 5P
. BDP to Fag
BABK.ecvavecocacscnneesea PC ¢ 2x{nuabor of arqguments} to SP
. kegq5 to PC !
SP to BAF; 5P ¢ 2 to SP; aomory read
SP ¢« 2 to 5P
BDR to Regs
*50Bcsncavnsnsrvacovensnansabog =~ 1 to Fag .
PC = 2x(offset) to PC;
offset sat to 0 Lf Rag = §
BALTeucaccncarevareesnassBagd to console data display register
PC to coasola addreas dicplay reglater
VLIT, E@EG@Cte.cesevseacnr.bardvare functions .



The task sequences used ‘5y the different phases are

listed be;ow.

Pre-op :;

Dst fetch .

src fetch, Dst fetch

Src fetch, Dst fetch\JHove type)
Special préQfetch; Dst fetch
Special pre-fetch, Dst fetch (MOVE type) -t

Special operation . | | e

Op :

single cycle Arithmetic oparations or PSW modifications:
Post=0p :

single tasks 6nly, conéistidq of :

operand storage *

hardwired macroinstructioms

hardvare interaction routines (HALT, WAIT, RESET)

This information is combined with the execution phasé se-
quencés previously extracted and the instruction set to
vield the instruction tagk seqﬁences to be output by the
handshake controller, as\{houn in Table 8 The important fact
to recognize is that‘not'all saquences of tasks and phases 
are actdailv used by the instruction 'set. .This permits a
sub-set of all possible task sequences to determine the op-

eration of the machine.
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» TABLE 8

at

Task Sequences. for Handshake Controller

‘PRE-OP phase "op phase POST-OP phase

spez SEC Fetch DST retch

Scc Dat op post-op
Src Dst (mova} OPp . post-op
' Dst | op . post-op

. op
. post=0p
Sgpe” . Dot (mova) @p post-op
Spa Dst : post-op

Spe T oep

4.3.3 pefinition of the Qrganization

The final step considerad in this chapter determines -the na~
ture of the microprogrammable resources nceded by each sag-

ment and the organization of the control structure.

The Arithmetic Segmen£ executes 0P 'phase tasks exclu-
sively. By using the description of the tasks to be accom-
plished by this phase.ue can determine the structure of the
arithmetic and logic unit and the interconnectioné between

itself, the Processor Status ford and the Memory Access 5eg-

pment.

The arithaetic and logic cichiﬁ requires two input buf-
fers, yhose'loading is under the cpntrol of the Hemory Ac-
cess Segment. The outpu£ of the ALD passes through a shift
multiplexer before going to the result buffer, where it is

-
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temporarily stored. Both the ALUD and the hshifter raeceive

‘inputs‘from the condition codes and output new CC values.

M
}

" D7 IN

o

| I

. [aie eurr | [c ~vea | o REG BAVK OUT

3CM .
s
0GIC

) 1]
s | ALy
l L surerm |
P S
QUTEUT

RESULT -
OQUTFUT

AFITHN2TIC resourcas used by the Segasgted Microprograsmed PDP-11 emulator (SEP-11) coaosist of a
multifupction ALU and a =shiit pecvork. The coadition codes of tha Processor 5Status ford can
ipteract with both these devices and can alse ba modified directly by the ipstructlon regiaster. The
tvo ALU ioput buffers acd the ALU souzce aultiplexaer are coatrolled by the Naemory Access segmaat la
ocder to facilitate the loading of data intc the buffers.

>

Pigure t4: Arithmetic Segment Eesources

/

///The Processor Status Word has inputs from an ALU buffer,
//the LLU and shifter circuitry aé well as from the Instruc-

tion Pegister decoder. These inputs are pro 45354 by sonme

select logic to determine which bits ére to be modified and

what their new value is to be,
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The output of the result buffer and the PSW are routed to

the Memory Access segment and are under its control.
Y

| \ S
The Memory Access Seqment executes both pre- and post-op
phase tasks. Its resources }nclude the Bus Data Register,
the Buslndﬁress Reqister, a Reglster Bank and an Rddress Mo-~.
dification Unit. S Q\
The cqntral resource is the Register Bank, which comtains
the eight general purpose registers defined‘by the instruc-
‘tion set as well as buffets for temporary sférage. The in-
puts to the RB come from the BDR, the ANU result bus, and
the Arithmetic Seqment result buffer and PSW output. These
inputs are routed through a multipiexér before being applied
tc the RB input‘bus. This nultiglexer swaps the upper and
lover bytes of a word either when specifically designated by \

the SWAB instruction or upom input from or output to the BDR

with an odd byte address..

2
N NN

The Address Modification Unit is a simple ari hmetic cic-

———

cuit which can | pecform the additiom, ,subgpdbtibn and.pass

operations called for by the addressing modes. The AMU has
. /

R — v

inputs frdn the BRegister . Bank, tﬁe BDR and hardwired con-
stants, as well as offsets and input bytes from the ianstruc-
tion reqister. The BRB is given access to the primary side of
the AMU- because it is used most often in éomputations in-
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EEMORY Access segaent resources interface with the UBIBGS throdgh tha Bus Data registers and the Bos
Address ragistar. Othker rasources reguiraed are an Address Nodification unit to cospute indexed and
tranch addresses; a registar baok to Lold the geperal purpose ragisters and buffers needed by
special operations; a pultiplexsr to select botwgaen data inputs, coaputed addresges, ALU sults and
the processor status word output; a trap vactor addéress mamory for hardware interrupts'-aod trap
inatractions: a Cocsole Data Display kegister anod a Constle Mddress Display Beglster.

- -

Pigure \15: Memory Access Segment Resources

\

!

l| .
volving offsets and constants. The Bus Data Register is com-

nected to the secondary side of the ANU through the register

. . . .
bank input multiplexer so that it can be combined with a va-

83 '~
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lue from.the Register Bank or pass through the AMD without.
\modificétion. The AMU result st is connected to the BAR

and fed back to the input multiplexer of tha Register Bank.

>

The Bus ' Data Register transmits information to the In-
struction Register, Register Bank, Address Nodification Unit
and the Arithmetic Seqment ALU buffers, It can also input

_data to the BAR indirectly by going through the ANU.

For the interrupt and trap instructions a Trap Vector Ad-
.dress Memory is connected tc the ANU result bus so that vec-
tor addresses can be input to tke BAR and stored in a buffer

in the RB at the same tinme.

The control cir&giig} of the protgssor aas four major
elements : the Instruction Register igg decoder, tha Hands-
hake Sequence Controller, the Hem&g;fAccess Segment Control-
ler and the Arithmetic Segment Controller. These last three
units afé microprogrammed and each ‘is nade up of a control
storée and a microsequencer with next address cont;oit

The instruction'deco&er pndvideg all-the starf addresses

. .
for the Handshake. Sequencer, Memory Access Segmeat and Ar-
ithmetic Segment tasks. The Héndshake Sequence Controller
initiates tasks in the Arithmetié and uemory.nccess‘SEqments

by activatimg 'enable’ lipes these uuité. When a segmeﬂ%

. -34{- |
d ) !
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4

has finished its task, i1t slgnals the‘Handshake Controller
by enabling its 'finished!' 1line. The Handshake Sequencer

vaits for the proper input 'finished? line to be activateﬁ

then proceeds to the next word of its control stogg, vhose -

output enables the. next task.

~

.. The complex arbitration and syncﬁronization logic re-
quired for ONIBUS compatibility can be provided by Bus In-
terfacé'Loqic circuits desiqned_'outside of tﬁe processor,
This logic handles interrupts generated bf devices' onxthe“'
UNIBUS and stops.processor operation on mesmory wait cycles.
The BIL interacts with the processor through the handshake

s s L
sequencing unit. - . - i \

--_k\. ~
4.3.4 Bégiizatiog Cost Reductions

The folldwinq data path changes were used to reduce the cost
of realizing the circuits. It will be shown “t8at there is

very little ef on the structure of the control units.
: :
i

A detailed study of the microcode reguired by a PDP-\{1
emglator with the architecture previously defingd in thi
_se%tiop showed that thére is little or no‘overlap ossible
‘betueen the operation of the nemorv'accéss' sagment!and the
arithmetic segment. Thiétié_ggcaﬁse the basic PDP-11/34 in-

.strfuction set can be implemented in a straightforward marner

vith single ‘cycle ALU operations. Although two separate
.\\\-b./ “
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RAYDSHAKY lines caccying aocable signals to the =icrosequencers and fioishad signals from the
alicroinstrections of the segment control gunits perait the Haadshake Sequencer to ocdar task
sequences iefired by the instruction dicoder. DKIBUS cogpatibility is achleved by using externzl bus
interface, arbitration and synchrounizatiop logic. Based on the procasser's priority and sequancing
winformatico fzom the HSCU, pus reguests subaitted by the Hemory AcCcCess seguant can ba acted upon by
cdntrolling the clock circultry and tha bus input and output registers.

Pigure 16: Control and Bus Interface



ALDs make a simplg design and have many positive featuresi
with respect‘tohtéétahility and adaptability, the cost can
be reduced sﬁbstintial;y by incorpotating the Arithmetic
Seqment functions into the-Address Calculation Unit_ of the
Memory Access Seqgment and reofqanizing. tﬁe buses accord-
ingly. Furthermore, this structure‘can bé directly realizgd
through LST bit slices céntaininq a reqgister bank, ALU and
shift network, thus significatly redﬁcing parts count while
slowing down operation only marginally because of the lack .

of overlap.

Overlaying the Arithmetic and Memory Access-controllérs
te result inm a single control store would not reduce the
size of this control megpr& and would require subroutine ca-
pabilitieé of the microsequencer in order to be able to
switch between microcode‘sedments. The merged control memory
would be larger because the op phase tasks  need to control
all the functions of the bit-slices, and the PSW selectipn
logic, while the pre- and post—~op phase tasks don't use the
logic operations and shift capabilities of the slices or the
PSW input cirbuitry. ‘ Also, the register bank addresses are
set up in advance by the Memory Access control siore, as
well as the bits controlling all the other registers and -
data path elements of the pfocessor and the interface logic,

except for the shifter and CC inputs.
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The éontrol‘structu;e ‘thegpfore stays essentially the
same but the contral 1i£es that must be shared -are nmolti-
plexed into coamon control store ﬁicroinstruétion1registers.
The remaining contrel lines are held constant by the inac-
tive control uni£ through *'residual control? micrbinstruc-
tion reqisters. | |

In ;ummarv, the desiqgn steps outlined in the sacond part
of this Chapter have two salient features,. naﬁely the con-
cepts of execution phases'and execution phase tasks. The
,subdivision of'instructions into execﬁtisn phases provides a
logical basis for the segmentatioq of the computational re-
éources into fuctiﬁnal units. An instructioh can then be
described as performing a series of linked tasks in each ex-
ecution phase. The detailed description of the tasks serves‘
to organize the hardware of‘the seqments to shdv the exact.
nature of the computational faciiities required, the inter-
connections between them and provides an outline of the mi-
croprograms for the Menmory Access and Arithmetic control
stores. The linking of the tasks defines the contents of
the Handshake Sequencer Control Store and establishes the
requirements fo: the microsequencer capabilities of the Me-

mory Access and Arithmetic seqments.



Chapter V¢

REALIZATION é PDP-11 -BY SEGHENTED MICROPROGRAMMIN

The contents of this éhapter correspond to the last step im
the design précedufe laid out in Chapter u;.‘ The data flow
section describes the micropro&rdmmable computational'facii-
ities, which include thé processor registers, fhe data bus
multiplexer and the internal architecture of the bit-slice
processor elements.  The logic necessary far the Processor
Status Hord-is esﬁecialiy‘detailed and the control fields of

the bit slices are exanmined.

The control secftion examines'the function, operation -and
structure of the inétruction decoder, the microprogrammed
contréllers and the bus inteérface and élosk circuitry.  The
deve;opment of the three control uniEs shows th; simplicit}
of the microsequencers and the correspondence. betveen the
actual micrdproq£ams and their outling based on the task
description of the previous design step. Finally, theré is a

section on console re&uirements that relates to the testa-

bility and maintaipability of the desigm.
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5"“11 conpun'r;oun. mc__;_ms -
There wera several. bit-sllce procéssor chips avcilable to
iaplément the architecture. consisting mainly of 2 bit-wide
sllces, 4 blt-sllces and 4 bit-slice Emitter Coupled logic
hiqh spaed chips. The ECL units (MC10800) suited the general
érchltecture réﬁulrements well but would have needed axter-
nal register files and‘either ECL-TTL interfacing or exten=
sive BCL desiqn experience, as vell as being expensive and
not readily available at the time‘the desiqgn was being plan-
ned.‘ The 2-bit slice Intel 3000 series'chips vere not used
because of their llmlted internal archltecture, wide control
field and higher cost, since twice as many ark required as
- compared .to the 4-bit slices. The unit chose; to perform the
ALU/RB functions was the AMD 2901, a &=-bit slice TTL IC with
ipternally available ALU, shift circuitr&, extension regis+

~

ter and 16 word 2 port reqister.bank.

The computational facilities of ‘the supP-11 can be gcouped
into three types : thé bit;slice crccessing elements, the
2901 input bus sourcé pultiplexers and the Bus Interface and
Processor Status registers. The general purpose registers
~ of the instruction set architecture are realized internally
im the 2901s in the low order 8 registers, while the higher
address 8 registers are used for ALU buffers ‘apd temporary
storage. The bus data input, bus data output and bus ad-

dress registers are connected to the ONIBUS through bus dri-

vers or receivers cpntrolled by the Bus Interface Logic.
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PATA PATH resources of the SHP-11 consist of the 2901 bit-slice processoers, an externally
izpleaant»d Processor Status Word and its logic, a Trap Vector Address masory, bus internface
registars and an extdasiva input bus aultliplexer for the single ipput bus, siocgle.output bus 2901s.
This bus multiplaxar selects batween bus loput data, los*ruction reglstar provided offsets, tha 2SR
cetpot, the output of the 2901s, trap vaector addresses atd hardvired constants under microprogrammed

. control and alsc pacalts byte svapping to be perforsed on loceoing data. .

. 1

Figure 17: Cdmputational Facilities of smp-11

v

(33

The processor status register contains the four coandition

codes (N,2,V,C), the trace bit 'and the three encodad prior-
ity bits. only the low order byte of the PS¥ 1is imple-
mented, the upper byte being used only ia processor models

with memory management schemes. The data in the condition

code register is updated at the end of the current microin-

. +
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Struction cycle, although it is only changed during the "opn®

phase. The condition codes of the PSW are used to qenérate
the different logic.conditions .fﬁr the branch instructions.
The branch condition to be tested is select?d by the-in;
‘struction decoder and the response (true or faise) is routed
to the Haandshake controller.in ,order to conditionally alter
tﬁe inét;uction flour

The inputs to the PSW depend on the bit or bits to be af-
. fected. Tﬁe T bit can only be loaded from the D bus in an
interrupt response. The priority bits can be changed by the
‘MTPS instruction or by an interrupt. A multipleier tree is
used £§ seiéct thelflaqs,NZVC as generated by the logical,
arithmetic or shift instructions, the instruction register
value as determined.by the instruétions that set or reset
the condit;on codés,”such as SCC, 5SCZ, etc., the data bus

p

value or the previous flag value,.

The 2901 sgurce inpu; muItiplexer is implemented as sev-
eral multiplexers in cascade so as to allow data to he'inﬁut
‘from the bus data input register, the output qf the 2901s,
the PSW output, hardwired trap vectors, and arithmetic con-
stants. It also allows bytg,swappinq to take place on data
being input from the UNIBUS‘or from the output of the 2901s.
Two separate multiplexer trees are used, one for the lowver

" byte and oné for thé\upper byte, in order to take care of
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FOLTIPLEIER trees con:irolled by sigoals froa the instruction decodar and eicrolnstruction reglsters
of tha XiCS apd LCS provide tha selection logic for the Prbcessor Status Word inputs., The condition
codas have to salact between itputs from the 4instruction register, the genarated logic valua, the
previous value and zhe data bus value depending on the particular instruction being execoted,
Feedind the pravious ourputs back as faputs allow the condition codes to reumain unchanged. - The

condition code outputs are also used to detersine branch conditlons selectad by. the instruction
décodear.

Figure 18: Processor Status Rord Implementation
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anomalous conditions raised by some of the machine language
instructions, such as sign 'extension of the lower byte. The
output of. the multiplexers feads the data (D) bus input of

-

the 2901s amd the Bus Data Output register.

— .

- The heart of the s}stem is wmnade up of the four 4-bit |
sl%ce‘5901s and tﬁe 2902 1look-ahead carry generator. The
2902 accepts carry generate and ﬁropagate signals from each
slice-and prévides the carry-in signal to the next stage and
the anticipatory signals to successive stages. To allow for
Jarioﬁs types of shift operations an external set of multi-
plexers providés ém}ay to link \QPF carry flag and a 1ogica}
0 or 1 into the shift path,

'

A detailed block diaqqam of the microprogramﬁable facili-
ties of fhe 2901 is shown in Figure 20. Pata in any of the
16 words of the scratch p;d RAM can be read from the A4 port
of the RAHM as&%ontrolled by the 4-bit A address field input.
Likewise, data in any of the 16 words of the RAHM aé selected
by the B address fie}s can be simultaneously énd indqgen—
dently read from the B port of +the RAM, The RAM data input
is driven by a, three input multiplexer, which permits 1 bit
left or right shifts to be nade on‘the incoming data to be
stored at the word accessed by the B address field. Data
read by the 2 and B addresses i1s latched at the beqinniﬁg of
the clock cvéle so that data can be written into the BAM

during the sanme cldck cycle.
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CASCADING tke 2907 bit-sllices uith/é:;:; lookahead loglc (2902) allovs oeasy aod inexpensive
implea2ntation of the majority of the data thansferzation functions and provides all the condition
code laputs needad. The ioternal ghifter of 29013 is usaed with axternsl shift multiplexers in
order to Le abla to ferfeca arith:stﬁc shiftg sqd cotates on words and bytes, The trea-structured D

bus icput muitiplexer is controllaed\by 4 micropYBgraamed asignals and can swap bytes on its UNIBUS
and y-bus loputs.

;/I

Figqure 19: Bit-slices Processor Organization
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RIT-SLICE 2901 providas a 4-bit wvida cascadable cooputing elezent with a 16 word two-port RAN, elght
fucctioo ALO, separate shift unit and various status flag outputs. The ALU output passes through the
stift aclt before entarioy the EAR so as to allow single cycle add-and-shlft operations. Tke output
of the PAM i5 latched for read-modify-write - oparations, -The multiplexer netwvork selocts the soutce
opecrandis of the ALU and determines vhathar the ALD output or RiN A port data is to bo placed om the
outpot buos. Thare is also an. extension ragister (Q) with its oun shifter to siaplify nicrocoded
sultiply and divide operations. The nlne bit microinstructios word ia orqganized into three aroups
of thres bita each to select the ALG soutce oporanda, the ALU function aad the. ALU destination .and
output busx aspurce.

-

. Figure 20: 2901 RALUD



The Ain is capable of performing three arithhetic_ and
five 1oqica1'6p9rati6ns on its two input words, designated R
and S. . The R input is driven by a two input multiplexer,’
while the S ionput is driven by a threé input multiplexer.
Boéh mﬁltiplexers ‘also have the capability to inhibit im-
puts, resulting in a zero (0) operand. The.R multiplexeé's
sources are the RAM's A port latchband‘ the external direct
data input (D bus). The S multip;exer'can select betyeen the
RAM A port latch, B port latch and the internal extension
(0) register. This Q register is a separate 4-bit cascadable
file that cén store tﬁe output of +the ALU or its own con-
tents shifted right or léft. The ALU's output (F) is fed
back to the ipnputs of the scratch pad RAM and Q register as
well as being aPplied to a.i input Y bus output ﬁultiplexer.
The other input of the "y multipiexer is the RAM's A port

e

latch, permitting data to be read from RAM while a read-mo-

dify-write operation is performed via the ALU and F bus.

The ALU provides the carrcy qene;ate {G) and carry propa-
gate (P) outputs necéssary for cascading several slices in a
lookahead carry mode..There_is also an external carry-in im-
put Cin and cqrrv-out output ch+u, the lafter héing uéed on
the most significant s}ice to gqgenerate the carr§ flag input
to ﬁhe PSW. The ALU has three oéher status oriented outputs,
F3, F¥0, and.overflou (OVR) « The F3 output provides the mdét

significant bit of the ALU . result separately from'the Y-bus

..97; o



ontputs and on the 2nd and 4th most significant devices is
-used’io gqenerate thé'siqn bit fofﬁhyt% and wvord operations.
The F=0 outpu£ i% u;ed'£o detect "a ze%o ari;hmetic,result
and is ussd as the Zero flaﬁ input. Tha\ verflow (OVR)}) out-
put is used to flag ariphmetic opérations that exceed the

t'\

avaialble 2's complement range.

The 2901 is_controlled by 19 lines. .fhe clock line con-
trols the reading of data iato the A and B port latches, the
wvriting of data imnto the_RAH anh enables ihputs to the Q re-
gister. The output eﬁablé siqnal‘ controls the condition of
thé three~state Y-buswoutput lines; The 4-bit A and B ad-.
dresses of the. 2 port RANM make up agother 8 contr&l lines.
The.remaininq 9 lines are designated 0-8 and are separated
into three 3~bit fields called Source~operand control, ALU
function control and Destipation control. The source bperana
control field selects the ALU source operands‘R and S
th:ouqh their muitiplekers. The ALU function control field
'spacifies the arithmetic or logic operation to ke performed
'upOn the R and S operands. The destination control field is
Q§ed to select thé output of the Y-bus nultiplexer and the

RAK and O register input shift multiplexer functions.-

5.2 CONTROL UNIT DETAILS
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5.2.1 Overview

The control:upit has five parts coﬁsiéfing of the instruc-
tionbreqister and instruction decoder, thé “handshake se-
quencing controller, the Arithmetic cont:dl unit, the Memory
Access control unit and finally the Interrupt coBtrol, Clock

a

{timing) and Bus Interface logic.

L]

-~

Control of the computatlional facilities proceeds as fol-
lovs : in the instructionm fetch m;croroutine'§he instruction
held in thé ﬁus Data Input register is loadgé into the in-
struction register and is decodad. This decoding separates
the arithmetic operation to be performed'fromy the operand
fetch and/or store ope;ations and determines the sequencing
of these two classes-of operation. The instruction decoder
sends inforhatiom"to the handshake controller which speci-
fies uhé;her the instruction is a single ' operand, double
operand or special type. It also generates the start address
of the task sequence for +the handshake sequence control

store.

The ACU 1is sent the start address of the microroutins
corresponding to the arithmetic or logical opefation to be
performed. The MACU may receive one or more start addresses
from the instructiop decoder, depending on the type of ma-
cro-operation considered and its breakdown in terms of ihe%\d

preop and postop components. At the end of each instruction,



N b

the processor may execute a Service routine if an interrupt
or a trap of sufficiently high pfiority is .detected by the

inter:upt-conirol and bus in;erface logic units.

As ;tated in +the literature (13), the instruction op-
codes_of the PDP-11 were not laid out for microprogramming.
Generalities exist .in the fér&i’ ;for ihe. addressing modes
‘and for the arithpetic or loaié operaﬁions which can be
translated in a fairly straightforward m;nner into microcode
start adﬂresses. The brancy conditaons, as will be seen, can
also be used with préctically no decoding. The diagram in
Fiqure 21 is a qenéralized_ confiquration based on that used

to realize thﬁ\§59/7> The operation of the ACU and MACU as

‘ llzatlon/,oﬁ ‘the Bus interface logic is
controled b w;:he(_,h..{\‘dstgklk‘c}néequences stored in the HS con-
troller through énab&é bits. Tﬁa‘ieﬂ, MACU and BIL can indi-
.cate to the HS controller the end of a microroutine by a

nfinished” or "data ready™ line.

It is to be noted that the information from the imstruc-
tion decoder is ;vailahle for the qﬁ?ige duration of the ma-
cro-insfruction. ie. until the next IR input enable from the
MACD's instruction fetch cycle. Also, although the systenm is
desiqnednio wvork asynchronousiy, all elemnents-in the data

path (MSI and LSI circuitry) are clocked, so that "asynchro-

pous"™ in this context means that a controllsr may wait a
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variable but 'predetermined number of clock cycles for thet

completion of an operation by another controller.

5.2.2 Instruction Decoder

The instruction register is loaded at the beginnlng of the
clock cycle folloulnq an acknowledqement of the "data ready"
signal from the UNIBUS_interfaca. The instruction decoder is
structdfally inhoﬁoqenéous because some control informa£ion

can be derived directly from the operation code, while other

information must be dérived by increasing degrees of decod-

ing. “ {ﬂu

/

The mpain elements of the decoder are two 16;input
8-output Field Progqrammable Logi¢ Arrays (FPLAs). The six-
teen outputs of these FPLAs can be subdivided into four
fields of ﬁnequal size. A 5-bit fif}d from FPLA2 generates
the start address corresponding to one of the 51xteen spe-
cial 1nstruct10ns (SPE) that doa't execute the standard task
sequences defined by the DOP and SOP instructions. A 4=bit
field from FPLA1 is routed to é one-of-sixteen decoder. Its
output identifies the SPE instruction (if any), ﬁor use
elsevhere in the decoder and in the Memory Access control
unit. The separate decoding of'theée SPEcial instructioné is
necessary because of the haphazard instruction encoding and
inconsistencies in the operation of conceptually identical

or similar instructions. The remaining two fields of the

& /
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DECODING of pachine lamgu4age inssructions in tke SMP-11 can ba saparated iato three pacts, each one
corresponding to a4 sicroprogjramaed controller. Plaeld Programmable Loglc Arrays are used as lookup
tables to gegerate the Handshake Sagquence start address and selectlon code, the EACS apecial mode
start addresses and to datect SPEcial type instructions. Tha MACT derives its register addresses
diractly fros the lostruction registar and transforas the instruction addressing acdes into
sicroroutine start addérésses by using PEOMs. The ACU uses gone control signals directly froa the
instruction register ard geoorates tha oicroroutine start addresses by gatiog smaveral instruction
registar bits with the SPicial aode instruction detect linas. .

Pigure 21: Instruction Register Decoder

r
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PPLAs hold the 5-bit SPE héndshake sequence start,addfesﬁes
and é 2=bit HS éequencé start address select field;j
: -

The 6 bit uemorykzccess seqment microprogram start ad-
dresses for the Destination and Source operand addressing
modes are stored in two identical PROMs. Their output is se-
lected acdbrégnq t6 the 3 bit DST and SRC mode fiel&g of the
instruction op-code. The general register addresses in thg
Scratch Pad RAM are provided directly by the 3 bit PST and

SRC register fields in the instruction's op-code.

There are tvo classes of instruction which can generate
arithmetic or logical operations. These are the double ope- -
rand and_sinqle operand instructiogs, ‘altppuqh the SPE type
of instructions that affect the PSH mulst he accomodﬁted‘bf
the ACU, since only the ACU has been permitted to affeg€§the
PS¥. The DOP ciass must also imclude the MOV instructiousl
which modify the carry bit. The DOP class address is gener-
ated by IR bits 12-14 with some gating of bits 13 and 14 be-
cause of the SUBtract operation. The S0P classjaﬁdrésées
are generated by IR bits 6-10, bits 9 and 10 used directly
and with the threepother bits being modified by the preséﬁcg
of the MFPS, EMT and TRAP instructions. The gated signais
are applied to a multiplexer whose output is the ACS micro-
routine start address. The selection of the npultiplexer is
controlled by the DOPB/SOQP bit producedsby the HS contfoller

output.
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5.2.3 Handshake Seavemcer - |

The .Handshake Sequencer is a nicroprdéramued controller
which interfaces with the MACU and;ihe'ACU througﬁ énable
and finished linésrto determine which unit is to be enablad

]

at any time, Upon receiving the "finished" signal from the
unit executinq a pending operation, the HS ﬁicrocode gé—
quencar sﬁeps to the mext wmicroword in ité .control-store.
The bits of fhé microinstfuction determine the unif(s)‘to be
of to rémain activated ana select the source of the next
control siqgnal that will c;use the sequencer to step. The
microsequencer oanly has to load a staEt address during an
ins@tuction fetch cycle énd then sequencé until the service
mode. Then it pay wait while the rest 'of the conmtrollers
execute an interrupt of proceed directlys to the next in-

struction fetch if ,there is no interrupt.

[}
~a

Although several uaits could bé activated at the sanme
time, the inmplementation described herein is a non—pipélined
version designed to démonstraﬁe the usefulness of the design
techniqﬁe. | ‘

A1l possible sequences of machine states.(SPE, SRC, DST,
0P, POSTOP, SEB). are stored in the HS control store im am
overlapped fashion in order to raduce the overall number of

microvords needed. It is not an optimal encoding as simplic-

ity of the Handshake sequencer was wanted and so there is no
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SEQUENCING of the tasks executed by the ACU aad %ACU is acconplished by wuslzg an epable bit to
activate alther of the coptrol ~units and a seloct bit to datecsineg which *fianished™ signal will
cause the nert sicroaddress to access the HS cootrol store. The next address can either be the start
addrass of a sequepce of tasks, Pprovidad by the instructiong decodar or by hardwired imputs, or it
cao be the previous address iacremcuted by oze in ordar to step through the task saquaaca, Othar
outputs of the ASCS arc signsls to load the HMACS Address Register and control selection of the NACS
alcroroutioe start address, .and an iatérrupt epable line for usg with the Secrvice slcroroutice.

Pigure 22: Handshake Sequencing Controller
nnext microaddress" field. .The 7 bits output from the con-
trol stor2 PROM can bé separated into a 2-bit microsequencer
control field, a 2-bit processor state field and a 3-bit

field used by the MACU.
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TABLE 9

Handshake Sequencer Hic;ocode‘?

Addrana TyYpa Seguance
0 100=--=01 1Ir 1 :

1 10v1--00 Ir.2
2 10010000 SRC
] 10010100 DST
L} ocoo--gu  OP
5
6
1
8

P Kt
LI IR

11101110 POST-0OP

011-1110 oF 4 .
10011000  SP¥ 6 . -
10010160 DST §

9 5000--00 OF : 6

10 11101110 POST-OP 6 :

11 10011000 SPE 7

12 - 10010100 BST /D> 7 .

13 11101110 . POST=0R 1 .

1 10011008 SPE SER 8 )

15 011-1100 OF SEKR )

‘Nota 1 " = % rapressents a don't care cooditioa

Thae HSCS wmicrosequencer cansists of a microaddress regis-
5

ter loaded through a multiplexer and clocked by the output
of a Select nultiplexer ﬂwn:ed with the first clock phase
(CLK2). The sources of the address multiplexer are the in-
cremented value of the preseant HSCS address, an external ad-
dress and the address of the nicroroﬁtine for the Service
phase. This 'ﬁultipleter is controlled by the HS address
source select bits of the HSCS Next Address Select fiold.
The other midrosequencer control bit sélects the "finished"™
input which will clock the new address value into the ad-

dress register. The external HS address is supplied through

a multiplaxer controlled by the 2-bit HS5 sequence source se-

N 0

lect £ield from the.instruction decoder's PPLAs. This nuylti-

Y
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plexer enables either a hardwired SOP or DOP start address
or the SPE start address supplied by the instruction decocder

to be selected as input.

5% .4  Arithmetic Control Unit

The' Arithmetic. Control Unit takes control of the RALU
(2901s) when it‘is enabled. It performs alleOP and SOP op;
‘erations, as well as modifying the condition codes and the
other bits of tha PSW during spacial instructions. The hard;
vare regquired to frealize this unit consists of the control

store PROMs, the microinstruction buffer and some microin-

struction multiplexers. No picroinstruction sequencer is-

needed to implement the basic instruction set because each
arithmetic or logical operakiop and PSW operation can be ex-
ecuted "in a single cycle. |

The ACS microword can be split into two control fields.
Thefe is a S;Bit field used to control the 2901£ and a 7-bit
field to determine the source of the inputs to the PS®. The
AGD "finished" bif is always set and is stored imn the, ACS
microinstruction buffer. This bit is activated when the ACU
is enabled, triggering the sequencing function of thé gs
controller immediately after the ACU is.enabled. There is an
additional ACS trigger bit which is used in conjunction with

+he BIL  during the Service microroutine.

- 107 -
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STRPLICITY of the Acithmetic Control Unit is evidant fros tha lack of slcrosequencer, zade possible
by the single cycle 0P phase aritkbaetic, logic and processor status godification cperations. The
krithmetic Control Szore is 16 bits wida and cootalns 7 Fegister-ALO control bdits routed to the
29015 and 9 F5¥ control sigynals selacting the inputs to the condition coda, trap and priority bits,
The oatputs of the 3-State ACS microinstructiocn buffer alternate control of the PSSV and 2901
functions witk the lines from the RACS miczolnstruction buffer aad alsoc generate the hacdshaking
bits for the 85 coatrollec. The PAly control sectien of the ACS microinstruction buffer Las a

geparatu high and low byta fuoctics code for the 2907a becausa byto opecations ian the PDP-11 omodify
only the lowvser byte of a 16 bit word,

FigJ}é\EE: Arithmetic Control Unit
Because byte operations exacute only on the lower byte of

a word and 1leave éhe upper byte unaffected, there are two

ALU functior control fields required, one for each byte. A
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multiplexer controlled by the byte/word detect line from the
instruction decodar selects vhich field to load into the mi-
croinstruqtion buffer for tha control of the uppér byte.

chooses between the micrcoperation

This multiplexsr of the

lowar byte or word operations) and a hardwired no-opera-

tion co .

for the byte operations.

TABLE 10

Arithmetic Control Store #icrocode

ACS Hicrocode

Addrass 875477cabedCodPT operation
[ 010110-=-—-=010%1 PC to PS¥
1 ----------------
2 010110==m=nm 1100 <C
3 010110=-010100100 SuAB
3 010110-m=-~ 01011 TBAP, EaT’
S  messssoooosssess 1,
6 = mmeemmesemmema-- <y
7?7 2 =—essssc—cssoa-a -
8 p11001-01-100100 CLB
9 01111%-01-110100 CON *
10 01000111000-0100 INC
1 Q1801101010-0100 DEC
12 ©1010111100-0100 NEG
13 PQO00101111-0100 aDC
14 0nooot101011-0100  SBC
15 01013%=-01-100100 1TST
16 100111-0060-0100 hOR
17 110111-0000-0100 &GCL
18 100111-0000-0100 ASR
19 110111=-0000-2100 ASL .
20 11010Q0====~= 1010 AIPs
hJ 21 o —— -
22 010110-10-0-0100 NAFPPS
23 610011-10-0-0100 SIXT
24 0100101Q110-0100 508
25 011010-106~0-0100 BIC
2& 01010010300=-0100 CRP
27 01000000011=-0100 ADD
28 c10110-10=-0-0100 ACVE
29 010110-10-0-0100 BIS .
10 011000-10-0-0100 BIT
3 011100-10~0-0100 I108
5.2.5 Memory Access Control Onit
The Memory Access Control Unit circultry is considerably

more complicated than that of the ACU because it controls

all the

data paths in
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last severak clock cycles. This controller is made up of
four main units : the microprogram megory, the microinstruc-
tion decoders and the microinstruction register, ﬁhe aic-

rosequencer and the start address seléction circuitry.
b .
~ ~

i

The Memory Access Control Store 1is organized as two
banks, the upper holding the picrecode used sy.the SPE in-
structions and the lower bank&sontaining ;hewuicroroutines
used by the machine language mehsrv addres%ing modes. This
functional subdivision alldus easiér debugging of the micro-
routines, as well as more flexibility in writing the soft-
vare since eachbbank-can be uﬁqraded or even redefined sepa-
rately while in the design stage. Houever,'thq'field;Aof the
microinstructions are +the same for hoth banks and can be
grouped under the headings of ALU and data path‘chtrol,
microsequencing control and Bus Interface Logic control.
The ALU and data path field is itself split into 3 parts,
ﬁith 7 bits ¢oﬁtrollinq the ALU and -data‘routipg functions
of the 2901s, 5 bits addressing the registers inside the
2901s and 4 bi;s selecting the D gus aultiplexer source and
gating the instruction register and the Bus Data andlkddress

registers.

The nmicrosequencer comtrol fileld consists of the MACS
“fipnigshed™ bit and the increment to be added to the present

control store address. The Bus Interface control lines de-

-
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containing all the aescry and register accessing sodes and the upper bank holding the sicroroutines
for the SP2clal inzcructlcns and Service calls, The handshake sequenced controls tha start address
salection for Source mode,¥ Destination eocde, 5PEcial iostructions and otecrupt aad trap service
routinas. “he amicroinstructions ara sequenced by dincrementiog by one 4in an addeg, ar by
locracezting by twe whes the skip enablae 15 true. The HMACU also selects the 2901 A and B port
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Y
' - )
., ~

Figure 24: Memory Access Control Uait
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siqnhte the type of memory operation to be performed and
stop the clock at the end of the cycle until a "data ready"

is received from the BIL.

Some of the Qata path contrql lines are mutually exclu-~-
sive in activation; so that ?Eﬁé width of the microinstruc-
tions can be reduced by encoding these bits in the micro-
s£ore and using an external decoder before they are clocked
into £he microianstruction reqisteg at the beginning of the
next major clock cycle, vhen enabled by HS controller.

The MACS microsequencer contalns a 6-bit MACS address re-
gister which points +to the next location to be aécesseé in
the control store. This register can be loaded from the
Start Address multiplexer or from the output of anladder
wvhich increments the présent value of the register and can
perform short forvard Eranches in the microprograms. No su-
broutininq_capability is raquired as there are no, loops or
backwards branchés to lower microaddresses singe the micro-~

code™is implemented in a simple sequential manner,

The microsequentcer is operated in a pipelined mode start-
ing its'next microinstruction fetch by clocking the next mi-
croaddress into the MACS microaddress register halfwvay
through the major clock cycle, after the HS unit has deter-

=

‘mined which control unit is to be enabled during the suc-

ceeding cycle.
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* TABLE 11

ry Access Control Store Microcode

ALCS Alcrocode

£1230557689012)85676890123 operation
' 100t0111110%000=-~=--0100T IF 1
01010011=-=310110000100001  XP 2
116100301110690---=00001, BIC 1
100100110C1C00013003000 REG 2
100131000001600001111070 & IXC 1
MO ==1110000310000001 3 INC 2
10070311-=1010011000110% & IKC 3
S11I00000C1003203411010 & DEC %
110111==319C00C01000000% i DEC 2
01¢10011--101001100011C1 4 DEC 3
13010111Y101000001111000 X1
01010100-=-0100J060001010 Iy 2
110111=-=-111C002310CC000  IX
C1010M11-=-10100110001101 IX
0121Q000--01000~=-~~01010 HEG DEr 1
110111~=111000J01C0CO00T REG DIF 2
01010011--10100112061101 REG DEF 3
100101000001000001111000 a4 IMC DEF
01C%11-~~==3000C00031010 A IXC DErF
110711=-1110060010070001 4 IKC DEPF
MCc10011==-10150110001101 4 I¥C DEPF
111101400001800561111000 A DEC DZIF
012141=«=«~ 1600000001010 A DEC DZP
110111--1110300210000001 1 DEC DZr
11013011=-=1010011030%3101 DEC DEF
T001071111101000001111060  IX DeP 1
01010100--01020000001000 IX DEFr 2
[ AR REELETY 1¢00000C0M010 IX DEF 3
C110111=-=-311C000010003001  IX DEF &
11010211--10100110001101  IX DEF 5
1101311111008 30111130001  BR
T10101111000C09311120000 EAEK 1
1101320111006 20-=~-=00000 MARK 2
101109101001000031111030  BARK 3
010111--0190003020000001 HARK &
110100001100080-==-=-00009 575 §
"10010110100100€301111300 RIS 2
210111--0090602200000001 FTIS 3
100101101091060501311000  &RTI/ T 1
110111=-=-1100000000000000 RTI/T 2
1001091012010906501111000  5T2,/% 3
11011101=--00000000000001 ETI/T &
11110100000C000001110C00 SOB 13
1111071010100000C1100910 +,.S0B 2
111101111100006011%130001 S0B 3
1111911010901000901110000 J5B %
¢100170000-0100200001100 JSE 2
1101001100 00006501100€01  JSR 3
1111071161C01030001170000 TEAP 1
0T01110107701CN311101100 TELP 2
111121101001006001110000 TRAP 3
010011110100100011101100 TEAP &
1103110 11111001001001003  TBAP 5
110111011100000000000000 TEAP 6
1101011311110000CT911000 TRAP 7
110111--1110000000000007 TEAP 8
110111=-=-1110000011100001 nres

E WA a2 I N



A multiplexer selects between £he‘pre-op, post-op and
sefvice microroutine start addresses. Pre-operation start
addresses correspond to the SRC or DST ad%tessing nodes and
to the SPE instrucpion using pre-op phaseé. Prevbperation
. addresses can be SRC or DST nede startiné locations, as well
as thoss of some SPEcial miéroroutines. The post operation
starct addreéses ére the remaining SPE instruétiéns that exe-
cute as hardwired macro imstructions and generate longer se-
quences of microcode. The other input to the multiplexer is
the start address of the inter and trap routine in the
MemoTy Access'sequent Control Store. This microfoutine is
identical for all traps since it is only the trap vector ad-
dress that changes. As can be seen in the microcode list-
ings of table the;e are wmany redundant microwords in the
microproqrams, leading to seemingly inefficient packing of
thé microinstructions in the control store. There are 28
fundamental microinstructions combined in the different nmi-
croroutines. The number of redumdant microinstructions could
be redﬁced by uéing'a more complex microseguencer accessing
only the 28 basic microinsi:uctions. although a few repeti-

tions would still be necessary for those microroutines which

start with the same fij}p%nstgsction.

f

This microséquencer would n2ed 32-way (5-bit) branching
capability as well as the ability to jump to subroutines of

conmmon code and then .return to the microinstruction at the
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address following the Subroutine Call. ‘These facilities aré
available in several LSI bit-slice microsequencers, although
extra microuord bits Hould be neaded to provide a next ad--
dress field, a nlcrpsequencer function select code aﬁd a mi-
crobranch condition select field. This 'would typically add
12 bits to the current 24-bit wide microword, to save 1 me-
mory chip and 384 of the original 1536 hitéf These ﬁains for
the reduced system are offset by the cémplexity and cost of
the|micro$equencer'circuitry, the slover operating speed and
such more complicated picrosoftware.
T

N

-

For a prototvpe design the p051t1ve aspects of simpler
microcode and mlcrosequencer circuitry as vell as lover cost
were considered to outweigh the advantages of the reduced

nicrocode systen. : ) M

5.2.6 Bus Interface, Clock and CPU Interrupt logic

The last wunit in the control structure contaiﬁs three mo-
dules, the Bus Interface, the Clock circuitry and the CPU
Interrupt logic. Althouqh not essential to the understand?
ing of Segmented Microprogramming, this section is used to
provide the necessary link between the implementation and

the realization of the architecture.

N 1Y -

. The CPU interrupt module accepts interrupt requests ffbm ’

the Bus Interface module, CFU hardvware traps and special in-
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IETESFACE logic batween the processor, Ainterrupt circultry and the UWIDOS controller can be divided
ipto three intaracting sectioas, Tha first part involves tke processiag of CPU traps apd UNIBUS
interrupts to determine whether the forvice aicroroutine can be executed bafore the next instructionm
fetch cycle. The second section arbitrates O¥IBUS requests frosm peripheral devices and fros the
processor and provides the bus gruat selection and ackpowladge signals. The third sectieon controls
tie tining of the procassor operations, provides all the synchronlzatlen signals for ptocessor
CRIBOS transactions under the difection of control signals from the KACS microinstructioa buffer and
gates the data and addraessas betwaen the processor and the ODHRIDUS,

Pigure 25: Bus Interface, Clock and Interrupt 1ogic



étruction traps. It arbitra£esithe requests according to a
fixed priority scheme and permits the highest pri&ritv re-
quest  to interrupt ihe CPU at the stdrt of the POSTOP cycle.
This interpupt controller -also selects between an external
Trap Vector address input through the Bus Data inp;t regis- '
ter or a.trap address read from a PROM containing the ad-
dresses corresponding to the hardwired interrupt and trap

L]

routines.

The Bus Interface logqic creates the link hbetween the pro-
cessor aad the UNIBUS. It consists of all the UNIBUS drivers
and receivers and the ONIBUS control and interrupt logic.
The UNIBUS interrupt logic arbitrates all interruﬁts exter-
pal to the processor and tramsmits the highest priority sig-
nal to the CPU inférrupt nodule. The UNIBUS control logic
processes all bus fequests, sequences all the required bus
transactions and qfants the bus to devices having a higher
priority than that of the CPU. The control logic also inter-
acts with the Handshake Sequencer, the Memory Access Control
Store BIL comntrol lines and the clock circuitry to genmerate
the CPU bus request signal for the OUNIBUS interrupt logic,
the strobe signals for the UONIBUS latches and the clock
start and stop signals. At the end of the serviée routine
it generates the Instru&tion Petch signal for the Handshﬁke

Sequencer and Memory Access Control unit.
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The clock circuit qenerates a maijor ciock gfcle length of
200 nano seconés. és well as two one quartér cycle (50 ns)
non-o&eriappinq phases, CLK2 and CLK3. The mainlcycle (CLK1)
clocks the IR and microinstruction bﬁffers, ‘the 2901s and
"the PSW; phase C£K2 clocks the HS controller and phase CLK3
clocks the MACS address registers Signals from the BIL can
affect the cycle length by stopping itﬂé master clbck at the
end of a m&jor cycle until a Data Ready is received by the

BIL. Timing diagrams for all the task sequences are listed

in Appendix A.

5.2.;5' Console Reguirements

The console for the SMP~-11 has not been designed, although
its requirements will be outlined here. The machine}s.con-
sole must operate at 2 levels : the instruction set proces-
sor level, as in éonventional designs, and the microprogram-=
ming level, in order to facilitate hardware debugging, The
instruc;iog level commands that must be available are :load
memory address, data register or PSW; exarine contents of a
1o€ation (CPU or memory): ‘halt;l reset; and allou‘input of
data and addresses to the UNIBUS. These functions can be im-
plemented either by microcode in the CPU or by an external
microprocessor interfaced to a keyboard, as in the

-

PDP-11/34.
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The nicroproqrammiﬁqlconsole must intérface directlv-uith
-the harﬁuare in the cpu; It must be able to monitor, not ne-
"cessarily concurrently, the_data.on the internal D and Y
buses, the main registers such as the PSW, Bus Data in, - Bus
Data Out,: Bus Address and Instruction Register; the output
of the HSCS, ACS and the BACS and theiﬁ address redisters:
the addresses of the operands being accessed inside the RKLU

and the statﬁS/state of the BIL.

The complete testing of the units or subunits requires
the ability to enter aata into- the Imnstruction Register, mi-
croinstruction data registers, the PSW, the input and ou?put
buses of the 2901 RALUs, the addresses of the registers im-
side the RALUs and'access to the shift inputs and outputs of
the RALUs. Most 6f these functions can be performed by in-
serting multiplexers ipto the microinstruction and data bus
paths with the input selected by the'console panel, Finally,
the clock Fircuiirv also should be modified to allow single

step operation.
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Chapter VI 

¥

EVALUATION, CONCLUSIONS AND FUTURE RESEACH t

ihe pﬁrpose 6f this Chapter is to evgluate the desiqgn tech-
sique as it was applied to 'the SMP-11.. First the designm is
compared to other implementations of the PDP-11 architecture
ir order to give a measure of the efficiency of théliwple-
mentation in terms of control store size and design time.
The comparaisons are also used to obtain an estimate of its
performance in terms of operating speed and cost.- An inveé-
tigation §f the expandability and testability of the SMP-11
éhous'ﬁhat the érchitecture after the cost reduction overlay
of the ALUs is more difficult to test aﬁé modify than a se-
pérated implementation but that.these features are still
availlable., The final sectidn of the Chapter indicates areas
: ¥,
for future research in the overlapped operation of segmented
microprogfammed procassors, a more detailed lcok at the re-

liability of the processor and the application of the seg-

mentation ideas to other areas of conputer architecture.

6.1 CONTROL STORE SIZE
The size of the microprogram used to implement a target ar-
chitecture on a host machine gives a measure of the effici-

ency of the emulation. Table 12 shows the control store
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TOTALS

sizes of different impleneniations -of the -icropréqrammed_
pDP-11 computers (8). The commercially available models have
a highly PDP-11 orien;ed microprogranming leval architec-
ture, resulting iﬁ compact microproqranss (fonly" 256 vords

of micromemory in the 11,40 (13)).

TABLE 12

Control Stors size of PDP-11 implementations

' PDP-11/10 . CMU-11 SMP-11 PDP-11/40 PDP-11/45

40b x 239w b x 287w 24b X 57w 56b x 251w 64b x 256w
16b x 27w -
8b x 16w
; 9560 . 9184 1928 14056 16384

b : number of bits per word
w : number of words in the micromemory

At the microlevel organizationm there is a tradeoff bet-
: N

ween generality of dasign and efficiency of execution of the
picroinstructions. Although the S¥F-11 hardware organization
was tailored to emulate the PDP-11 basic instruction éet, it
retains several generalities of the design technigue feiat-
ing £o the modification of the PS¥ and the memory and.fegis-
ter addressing modes. Despite its more deneral organiia-

tion, +the SMP-11 has the smallest control store size of all

the implementations of Table 12.

o
~~

- 121 -

-



The SHMP-11 takes ‘leés tﬁan one-qu&rter of the microcode
required for . the most “efficient" regular nicroprogrdmled
version, the CHU-11, designed by the Carnegie.Mellon Univer-
sity using bit-slice technology aand Computer Aided Design
techniques (15). These lasf twvo factors make the CMU-11 a
good reference for comparqison. The SHP-11 and the CHNU-11
were both iaplemented with approximately the same nuaber of
integrated circuit packages, fhe CMU-11 using 1484 chips and
the SMP-11 using 155 chips. The distribution of the ICs
.alongst the processor sections is shown in table 13

= &
TABLE 13

Inteyrated Circuit Distribution in the Processors

PROCESSCOR COMPONENT NOG. COF IC FACXAGES
SNP-11 CHNy=-11
DATA PART
PE Array . 4 8
PSN and Instruction register 14 L]
Hiscellaneous s 4
subtotal LY 18
‘CONTROL PART .
Control Store RCMs 9 8
Microinstruction Buffer 7 10
Sequencer 17 1
MicroBranch Legle 26
PSY control 3. 16
Hisc A 18
subtotal 53 7%,
URIBUS INTERFACE
Bus Recelvers and Transcelvers 16 19
. UNIBUS antrol a2 28
subtotal 48 - a7 '
TOTAL 15% 144 \
A

aped is also similar. The differences are due to tha archi-
tecture and bus structure of the bit~-slice processor chips
chosen. The 3002 element of the CMU-11 has three lanput buses
and two separaté output buses, while +the 2901 has ounly a

single input bus and a single output bus, wmaking it neces-
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sary to use an extensive input multiplexer on the 2901's
input bus. Howevar, the 290t can perform single microcyclg
register read-modifv;urite and ADD-and-SHIFT operafions in~-
terpnally. It also readily provides the flag signals for the

condition codes.

v It is claimed (15) ({hat the main reason for the smaller
control store size of the CMU-11 as gonpared to the other
PDP-11 implementations lies in the fact that commercial
PDP-11s ({except the LSI-11 and PDP-11/20) use U-bit slice
#SI ALUs (74181) Egigiéd.not have as useful arset of prinir
tive operations as the 3002 RALOs of the CMU-11, Since
there are certain tradeoffs in using either the 3002s or the
2901s, it does ﬁot seem likely that the set c¢f primitive op-
erations would cause a factor of four teduction in the nmi-

crocode from one bit-slice implementation to another.

The 2901s used by the SMP-11 can perform fewer operationmns
than the 741818 but have the advantage of ‘an architecture
based on a two-port register bank. This feature was used to
locally optimize the memory access microroutines but was not
used to simplify register to.reqister operations., If the mi-
croprograns of the MACS are rewritten for the 2901 usin;
only one port of the register bank an additional 9 microin-

structions (216 bits) are added to the control store. Since

the microprograms would still be one quarter the size of
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those of the CHNU-11, it is proposed that the major reason

behind the:reduction in microcode size is éhe seg?entation
of the contreol' structure into dedicated nicrocontréllers
basad on'the instruction set breakdown introduced in Chapter
3. As previously expiained, this segmentation eliminates
the nead for similar wmicroroutines for different instruc-
tions and reduces the ienqth of the microword because of tﬁe
lesser qunber of contreol lines for each segment.
*r

6.2 DESIGN TINE

The CMU-11 also provides a reference for coﬁparinq the com-
plexity of the design procedqres. The CMO-11 was designed
in 39 (40 hour}) man-wveeks using Computer Aided Design tech-
niques which automatically maintain correct and consistent
documentation (schematic diagrams and wirelists), reduce the
turnarcund time for design alterations and free the designer
from the bookeeping and clerical tasks, The CMU-11 was also
sinulated by software to test the layout of the data paths
and control structure. Although timing, loading and signal
propagation proble’? have to be debugged on the actual hard-
‘'ware, simulation 51mp11f1es debuqqlng and can show the val-
idity of a "fix" before trying it out on the actuval hard-

ware.,

.l-
~

Starting with the instruction set breakdown and classifi-

cation scheme of Chapter 3, the desiqn technique outlined in

- 124 -



Chapter 4 was applied to design the SMP-11 in about 4 man-
ﬁegks, exclusive of the actual wiring diagrams, which take
another Eeu weeks to érepare vithout the use of CADAtgchni—
ques, and the debuiyging time, which would also take a few

veeks.

After thel initial design was laid out, some time was
spent on obtaining a reasonably-efficient hardware structure
for the IR decoder and the control of the PSW. The genmera-
tioﬁ of the condit;on codes is complicated by the fact that,
‘loqically equivalent instructions don't alvays have consis-
tent flaq settings. This problem occurs accross the entire
PDP-11 igstruction set and there are many unexpected special
‘cases.r This “overépecifibation“ of the condition codes re-
quires extensive hardwvare to implement while, in many cases,

not producing ‘correct or comnsistent results (14).

The structured design teqhnique of the SMP-11 permits mo-
dular design of each seqment and produces very compact mi-
croroutines for each control store as well as very siaple
sequential microroutines. Based on the User's Manual des-
cription of the operations performed by each instruction,
the c&mplete set of microprograms for each of the control
stores were uritten in less than one man-day apiece. The
small size and simplicity of the microroutines also gave ex-
tremely fast turnaround time from design decision changes to

the actual hardware and/or microcode changes.
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6.& PERPORMANCE ESTIMATES

Table 14 lists the .projpcted Instruction execu;ion tilaﬁ,
number of“@iqrocvc:;;\}eqqired per inétruction‘and the num-
ber of bus (memo;v) cycles for themSHP-j;, as‘ue;l as the
actual- values for ’the PD§-11/3H and /ud models as rep&r;ed
in (8). There are 7 reqgions examined in the table consisting
of the QOP; S0P, 'MOVE, program control and systam coﬁtro;
instruction ﬁvpes plus the instruction fetch and addressiné
pmode times. All exacution times for the SMP-11 usea a:prg;

t

1e¢ted 200 nanosecond cycle time.

Several conclusions c¢an be drawn from Table 14.

1. The faster execution of +the program control and
' system control instructions in the SMP-11 is due
to a decreased number of wmicrocycles needed to
perform the same operatioms. This is also apparent

in the operand addressing mode times for wmodes 6

and 7., The reduction in the number of wmicrocycles
usad to execute instructions is a property oﬁ the

microlevel architecture of the SMP~-11 and does not

directly result from the design technigue.

-t

2. The reduction of the number of Instructioq Fetch
cycles is due to a modification of the clock cir=-

cuitry and is not a function of the microcode,
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TABLE 14 -

" Processor Instruction\zxecution Times

—

SBP-11 PDP=-11/34 PDP=11/80

Y Tatch /1 .50 173 .12 V.86 V/a Y. 12
Addraceing Nodes ; |
o8 . o/1 .20 01 .18 0/0 o

1 ar 1/2 .40 w71 .18 1.12 1/3 .78

2 (D). 172 .60 172 .36 1,30 173 1 .
3 a3 2/3 .60 2/3 .54 2.42 25 1.72

8 =(®) 172 .80 7~ 172 .36 1.30 173 LB4

S ¥-(3) 2/3 .60 2/3 .54 2.82 2/5 1.72

6 X(7) 271 .60 274 .72 2.60 275 1,38
T AR 3/8 .80 /5 .90 3.72 377 2.12
Instructions - o
HOV/D 11 .40 171 .28 .78 1/3 . “.63
ADD 1,2 .80 /71 .28 78 1/3 .54
508 1/2 .80 171 428 .78 Cige .68
BIC/B 1/2 .aD 171 .28 .18 .58
EIS/B 172 .uQ /1 .28 .78 .58
EIT/8 0/1 .20 0/1 .18 0/3 .08

CKP/D 0/1 .20 o/1 .18 0/3 .48

ICE /72 .80 /1 .28 .78 —eemes -———
CLE/B 12 .80 /128,780 10 .62
CCR/B 1/2 .80 R V2 -1 .78 1/3 .62
INc/9 1/2 .80 VA B T £ RO, T W62 .
rZ¢/ss 1/2 .00 S1/1 L28 - .78 144 -
AZC/D 1/2 .60 177 .28 .78 1 .62
53C/3 1/2 .40 w1 .24 ,78 1,4 .62
E3L/8 v .u0 172 .42 -1 1/6. .62
ASL/B 1/2 .60 . 172 W42 7,96 . /6 62
BCR/B 1/2 .40 L 172 .62 .96 174 .84 -
As8/8 1/2 .40 L 12 Lu20 98 1/4 N
TST/B 01 .20 e/ .18 Toose .62
KZG/3 172 .40 1/2 42 .96 i3 .5U
SWiB 1,2 .40 B V2 - 17 278 11,3 .58
s 1/2 .ul “1/% .28 .78 1/8 .62
Bri(true) O/1 .Z0 0/3 .54 - 073 .64
BFA(false) 0/0 .30 . 0sC .00 0/2 .28

528 (true) O/2 .80 os4 .78 0s5 1.24
SCGh{falsa} 0s1 .20 - 0/2 .42 0/5 .92

Jep 0/0 .09 0/% .18 0/2 .34

Jse 173 .60 - 175 .9¢ 1.50 1/6 1.38
€C ops 0/1 .20 0/2 .36 0/2 .60

NiBK 176 .80 178 1.4% 2.38 1/6 1.54
ETS 1/3 .60 1/4 .72 1.€6 1/8 1.28
BT 2738 .83 2/6 1.08 2.96 2/6 2.32
1GT,2ZnT 2/% 1.80 2/13 2.46 5.42  2/14 4,18
TELD, BPY

11738 cycle timac : 180 and 240 ns.

11/80 cycle tines : 180, 200 and 300 as.

Foraat : r/m t1 t2

wkara r : § memory readssvrites
a : ¢ microcycles '
ti: tiams in aicroseccnds without ONIBUS access
t2: time in sicrogeconds including O¥IBUS access

4

3.
2 The SHP-11 is slower for the SOP, DOP and MOVE op-
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‘ erations because it uses a ’pipelined mode of
execution requiring 2 microcycles, the first cycle
performing the OP phase operation and the'second

cycle storing the result in the POSTOP phase.

4., It should be easier to test the exacution.time.of
the instructions on the SMP-11 because the only
special éase occuring in Table 14 is when the des-
tination data fetch for HOVE instructions is skip;
ped. |

In (15) Jthe" CcKU-11 is evalua£ed to run about 1.6 times .

slower than the 11/40, as measured on an operationai systeﬁ
by benchmarking and testing a few particular taéks. Taking
into account its reﬁuced instruction fetch time, the SKP-11
should execute at _app:oximateiv the same speed as the
PDP-11/34, which is 1.u5 times slower than the _11}&0.
Proper evaluation of the SMP-11 should be made by examining
the actual execution rate of all instructions on a working

model.

A package count and cost listing forjeach section of the
processor is given in Appendix B. This data is psed in Ta-
'ble 15 to compare the cost of the CHOU-11 {1976 pfices) wvith
that of the SMP~11 (1980 prices). Overall, the SHP-11 is
less expensive because of the smaller number of high density

chips used. The cost differences for the LSI and SSI/MSI
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sections reflect this fact but also show that circuit costs
have decreased with time. The difference in cost of the
'PFOHS reflects’ £he large reductions in nemory cost since
1976 and the signifiéant savings obtained by using smaller

capacity chips in the SHMP-11.

TABLE 15

Procassor Cost Breakdown .

CORPONENTS PRICES

SnpP-11  crU-1%1 S5p=-11 _¢gro-11
LsI 290%,2902 3001,3002,3003 $74.77 F1684.00
PROBS PROA, FPLA PRON . $72.70 $204.00

S3I/n51 alsc mlsc $93.07 $179.00

6.4 EXPANSION OF SMP-11

Although the SMP-11 was designed to emulate the PDP-11, op-~
timization of register-to-register operations and overlap of
bus cycles and arithmetic operations were not inmplemented in
order to keep the design close to the general archltecture.
The SMP-11 is not specifically laid out for easy expandabil-

ity, as would be the case of the gemeral purpose segmented

microprogrammed processor of figure .
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Infordef to show that the structured design tqchniqué al-
lbus modifications tdzbe easily made, the case of adding the
rytended Instruction Set (EIS) as defined by the Diqital
Equipment Corporatiom (MUL,DIV,ASH,ASHC) -Hill be examined.
MUL and DIV are 16 bit integér multiplication and division
routines which form é 32 bit result. ASH and ASHC are the
arithmetic shift and arithmetic shift combined imstructions
respectively, They performlleft or right shifts of up to 32
places, as specified by a signed 6 bit bipary number. ASH
operates on 16 bit words and ASHC ohﬁ32 bit doublevords or

can perform rotates on 16 bit words.

w

These instructions can be added by providing exfra micro-
routings and hardware. The major wmodificatins would be ap-
plied to the Instruction Register decoder and the Arithmetic
Control Store. The ASH and ASHC instructiéﬁs could be im-
plemented by executing microroutines of variable length det-
ermined by the number of places to shift as specified in the
instructiqﬁ op-code. This means that the ACS microsequencer
would need increment and loop or branch capabilities. The
microinstruction format would have to be extended +to allow
the controller to utilize the full capabilities of the
2901s, such as accessing other register bank addresses and
using the Q register. The MUL and DIV microroutines could
be written easily using the branching capabilities of the

microsequencer,
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The seqnentatioﬁ of the design allows another approach to
‘be considered, . Specialized hardvaré could be added to per-
form the ASH, ASHC and MUL functions. The DIVide operation
could be implented im sequential microcode using an ACS mic-
rogequencer which could increment and som2 microinstruction
modification hardware (a few gates) for the 2901s. The MUL
operation could be accomplished by adding a 16 bit multi-
plier such as the TRW MPY-16HJ, which can form a 32-bit pro-
duct in 100 nanoseconds. By connecting the multiplier input
bus to the Y bus and its cutput bus to the D bus input mul-
tiplexer,’ the Arithmetic controller could set up, Bmultiply
and store the result in 4% microcycles (800 nanoseconds):
Tﬁe ASH and AéHC functions could be performed by a shift
tree controlled directly by tye instruction op-code and in—.
serted in parallel Hith the hardware multiplie:; allowing
complex shifts to Hf performed . in a single microcycle. The
tvo speéialized unifs could be controlled by an additicmal
arithmetic/shift unit selection field and a controi field in

the microinstruction.

Thé point to note is that if additional arithmetic or
logical operations are to be added, orly the instruction de-
coder and the ACU need be <changed, since there would be no
changes in the addressing modes or in the sequencing of the
microroutines as controlled by the HandShake unit, If new

addressing/modes or special instructions not 1involving the
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+ PSW are to be added, only the instruction decoder, HS con-

trollsr and memory access control unit need be changed. If
the PSW is to'be modified also, then the ACS might have to

be modifisd to accomodate it. If the operatlon of existing

£

instructions is to be wodified, +then only the ACU, NACU or
phe HSU or some combipation of the three wonld have to be

: ) Fd
changed. ’ : : '

0

6.5 TESTABILITY OF THE DESIGN

Seqgmented micﬁoproqramming has built—-in module sensoriéliza-
tion, in that testing of large scale integrated circuits re-
quires fault detection at the functional unrit level instead
of the internal gate level. The tes£ patterns &o be appliedﬂ
can be supplied by a process known as alqorithmic pattern
generation, vwhich creates éest data through an initial pat-
tern and some digital feedback to change the pattern after

each cycle.

The different seqments can be tested by diagnostics mi=~
croprograms separately while not im use, resulting in an in-
herently distributéd h;rdcore. This overcomes the limitation
of processors using a single hardcore, wvhere a small portion
of the CPU hardvare is first tested and the area under test
is gradually expanded, using the erro:-free poertions, to
diagnose untested portions of the hardware. If the hardcore

of such a bootstrapped diagnostic testing system is faulty,
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the rest of the processor cannot‘be tested. In segmented nmi-
croprogramming, by having separate segménts uitﬂ théir own
control; each segment constitutes a hardcore subsystem. Al-
ternately, each segment qould be connected to an“eiternal
and possibly datachable test system so that the the hardcore

need be examined fully only during testing.

The multiplicity of the circuitry for the control stores
such as sequsncers, output buffers and ROMs can decrease the
reliability of the control logic, althouqh it is more testa-
ble. In the system desigmad, wusing the single RRLU has re-
duced or eliminated a lot of the separate testing concepts
and the desiqn reverts to a single hardcore system consist-
ing of the RALUD. This RALU can he tested by the ACs, which
vould also have to test the PSW. The rest of the data paths
could then be bootstrapped by the MACS using the RALUs, so
that testing wvwould be the same as if there were a single

control store except that the RALU can be tested separately.

6.6 PUTORE RESEARCH

The SMP-11 was designed to operate in a non~overlapped man-
ner because of the nature of the arithmetic and logic opera-
tions considered. The‘additiqn. of the microprogrammed EIS
would make a gqood case for the parallel operation with the

MACU, which could pre-fetch instructions and operaﬁés.
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The parallel operation of units inslide a processor, such
aé that described by Tomasulo (19) for the floating_péint
unit of the IBN 360,91 and the method proposed by Higbie
(10} use an ipterlbck nechanism which inserts inhibit bits
in the instructions;: This interlock coantrol could be accom-
plished by the handéhake séquencinq unit of a segmented mi-

_croprogrammed processor since the function of this device is
to determine which seqmenfs are active as well as the tasks
to be executed by each segment. It is also felt that the
breakdown of the instructions into eiecution‘phases could be
used to seqment the hardware differently, so that the tasks
of each phase could be - performed by pipeiined segmnents t;
achieve higher throughput. Overlapped axecution of several
instructions could then be accomplished -by operating the
handshake sequencer in an interrupt mode from a stack of

-

task sequences generated by the instruction decoder.

‘Testability, failure rates and failure modes are becoming
increasingly important 1in processor design. New processor
desiqns use extensive parity checking in the microprogram
memory, redundant "arithmetic and 1local storage 'units and
special fault detection registers to aid in diagnosing the
source of failure. Fail-soft designs, where failed Eedicated
functional units can be replacad by microprograms operating
on the remaining 'qood' hardware, are also becoming practi-

cal because of the increasing costs of the software being
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ran. The present confiquration of the S®P-11  vould allow
testing of the arithmetic only durinq.UNIBUS access delays,
but a fully segmented design couid use nmicrodiagnostics to
test functional units not executing HS driven tasks. Also,
by building a fully segmentad processor, its parformance -
could be determined énd hardware modifications for fail-soft

capability could be investigated. .

The concapt of segmenting khe processing resources of a
computer to execute independant tasks can also be applied to
other areas of computer architecture. In {17) a multi-micro-
processor system was described vhich used a nunber of dedi-
cated microprocessors, each able to execute a restricted set
of tasks or subtasks. These microprocessors were controlled
by a task driver which activated the appropriate micropro-
cassor or microprocessors to execute the requested task. As
in seqmented microprogramming, this organization allowed se-~
parate implementation of each task executor, which could
then be subdivided or upgraded independently. It is felt
that the modularity of the design technique and its inherent
testability would make seqmented microprogramming a good de-
sign tool for newv computer families, multiprocessor systems

and highly reliable and testablé spécial purpose computers,
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Appendix Al
—

y :
HANDSHAKE SEQUENCE TIMING DIAGRANS

T__hesc_a tioming diagrams. show the relationship between the
clock pulses and the control signals of the Handshaké Sa-
quencer. The 2901s, the uicroinst.ruction buffers and the PSWH
are clocked by CLK1. CLK2 triggers the Handshake Sequencer

and CLK3 is used for the MACS microaddress register.
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Appendix, B

SKP-11 COST BREAKDOWN

of chip

4 reca onit

7T B:1 mux PS¥

3 h:z1 mux P5HM

2 2:1 mux PSN

2 Q21 I0R pP5W

1 flox Llaov PSW

1 TiI rand PS¢

1 8-b\t clocked P-PF P5Y

2 PPLA 16 input § output IR Decoder

2 32x8 Proa IR Decoder

T 1 of 16 decoder IR Decodar

1 TIT ¥Yor IR decoder
1021 And’ IR Decoder

1 Q2T Nand IR decoderx
1Q 2:1 mux IE Decodar

3 b:=1 mux usco

2 2:1 mux -HSCO

2 8-pit clocked D-TF . HSCO -

© 1 4=-bit adder BSCU

1 32xB8 Prom BSCO -

1 Q21 XOB HSCO

19 4:1 mux Data Path

. B B-bit clocked D~-FF pata Path

7 221 mux pata Path

4 2901 bit slica CPU Data Path

1 2902 CLA pata Path

1 32x8 Fron Data Patk

8 32x8 Prom Control Onits
7 8-bit clockad D-FF Coatro)l Units
3 2:1 mux Control Units
3 4:7 mux control Units
2 a-bit adder Control Units
6 D=FF . pus Interface lLogic
11 OHIBUS traos. Bus Interfaco Logic
4 Ronostable fus Interface logic
® DNIBOS receiver Bus Interface Logic
2 Q21 Haad - pusg Interface Loglc
2 Q21 1ind Bus Interface Logic
2 Q21 ¥or Bus Intecfaco Logic
2 Hex Inverter pes Interface Loglc
1 2:5 decoder ‘Bus Interfaca Logic
1 B:3 epncoder Bus Interface Logic
1°'a bit cooparatorfus Intacfaca Logic
1 4 bit clocked PFBus Intarface Logic
1 Hex Schmitt trigger Bus Intesface Logic
1 & ioput Mand Bus Intecface Loglc
1 555 timer Clock
1 Schottky JX FF Clock
1 Q21 Mand . Clock
1 Hox Inv Clock
1 Q2T Aand Clock
1 731 And Clock

Total cost ©
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Cost

5.08
2.55
1.70
.58
.17
.18
1.15

' 58,70

.¢o
.65
.24
.17
=14
+85

2,55

subtotal: $11.33

subtotal: $59.75

1.70

1.00

.58

. 1.50
.29

16.15
9.20
5.95

71.80
3.37
1.50

12.00

subtotal: $13.68-

5ubtctal:§107.$1

8.05

2.55
2.55
1.28

.45
2%, C0
1.80
10. 00
.28
.3a
.28

subtotal: $26,43

I

.85
1.15
-89
1.09
«40
.14

27
+59
.14
.17
-17
+24

subtotal: 443.20

subtotals $ 1.58

xpprox

o

$267.98 (05)
‘$32%,00 Can
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