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Encoding of the control signals

It is known that we need to store the information of each control signal in the
control memory (in control function field). The status of a particular control
signal is either high or low at a particular cycle,

It is possibjé to reserv one bit position for each control signal. If there ar@
control signals in a CPY, then the length of each control word is n.

Since we have one bit for each control signal, so~a large number of resources

can be controlled with a singte™ microinstrQstibn. This organization of
microinstruction is known as hotzontal organizatjofi.

To reduce the sizé™s{ control word, we can use compact code to specify only a
of conthol functions in each microinstruction; this is known as--
vertical organization of|microinstruction,

So, this is just again very quickly very quickly let us look at now we are going to take a more
elaborate depth with more clear examples that, optimization is done on the signals by encoding.
So, last unit we have already dis discussed that encoding is very important. So, if you encode
basically what is going to happen? If there are n control signals in the CPU, the length of each
control word of the memory will be n very simple there is a horizontal micro program
everything is parallel. This is actually a horizontal micro program and it is going to be very

fast, but the memory is unoptimized.

To do this we have seen that in the last unit, that we have to optimize by encoding the signals,
which is actually called the vertical micro instruction. So, if you just go for a very flat
compression that is from 2™, we just compress it to n or from n to log n and using n to 2"
decoder, then actually full compression is there and this is actually called a full vertical micro
program. But in this case only one bit signal can be made a 1. So, if simultaneously 3 or 4

points to be a 1 you require 4 cycles for that.

But we have seen that this is not a very very good way of solving the problem, because it makes

the memory very small, but it will take very long time to solve the problem.
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(Refer Slide Time: 17:03)

Encoding of the control signals

+ In case of horizontal organization, the size of control word is longer, whi
Is in one extreme point and in case of vertical orgafization, the size of
control word is smaller, which is in other extreme,

R sl

+ In case of horizontal organization, the implementation is simple, but in
case of vertical organization, implementation complexity increases due to
the required decoder circuits.

+ Also the complexity of decoder depends on the level of grouping and
encoding of the control signals.

¢+ Horizontal and Vertical organization represent the two organizational
extremes in micro-programmed control. Many intermediate schemes are
also possible, where the degree of encoding is a design parameter.

So, what we basically do is that, we go for basically something called a hybrid approach in
hybrid we make clustering and for each clustering we will try to put signals in one cluster,
which need not be 1 simultaneously. So, that is one idea of actually called a hybrid micro

program.

So, that approach actually we are going to see with a more elaborate example, because in the
last unit we have discussed the basics. So, this slide tells about the horizontal micro program
that it is one extreme, and it is basically it is longer and in the vertical micro program it is highly
compressed. So, it is the other extreme. So, whatever | was discussing is basically written in

this slide, you can over go through this the theory part of it, now this is very important.
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Encoding of the control signals

So, we are taking a single bus architecture, now we will mainly focusing on example because
theory mainly we have covered in the last unit. So, if you look at it, this is a single word single
bus architecture. So, in this we are trying to will try to exam try to find out basically how we
can optimize the vertical and horizontal micro program taken together, that is your basically a
hybrid; hybrid kind of architecture we will consider for the micro program memory and we

will be taking a single bus architecture to exam use it.

So, what is an assumption here we assume that here there are 4 temporary registers
RO, R1, R2, R3. So, the number of signals are 0 1 in out, in out, in out. So, 4 registers are there
and in and outs are there. So, just remember how many signals are there 8 signals are there then
there are 3 system registers, which a user cannot use and they are used for some system storage;

s0 1, 2, 3. So, that is temp, destination and source some registers are there.

So, how many registers total? 1, 2, 3, 4, 5, 6, 7 and for each register you have a input and output
port. So, it is 7 into 2 14 signals are there just keep it in mind, then we have a instruction
register. So, instruction register always takes the input. So, IR;, is there that is 1. So, 14 plus
115 signals are there, program counter in and out 14, 15, 16, 17; memory address register in.
So, itis 18 14, 15, 16, 17, 18 memory data register in and out 18+ 2 20, then this is your CPU.
So, you can see Y, then basically your functions that will be again some control lines for the

functions and then basically Z;,, and Z,,,,;.
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So, let us count how many input and output ports are there. So, 1 2 there are 7; 4 user registers,
3 system registers 7 into 2 14 then 15 16 17 18 19 20 21 22, 23 | miss something 1, 2, 3, 4,5
6,78,9, 10 sorry 10; 10 over here, and 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 20 actually

there are 24 signals will be there you just count I mean I missed something.

So, there are 24 input output ports you will find out 14 there are 14 over here 15, 16, 17, 18 19,
20, 21, 22 23, 24. So, just count over here so this input output ports if you look at you will find
out that there are 24 input output ports the signals I will show you. Along with that; that means,
there are 24 ports to be controlled which corresponds to input or output or any register like
MBR,MAR, RO to R4 source destination Y, Z, Z;,, Z,,: if you count there are 14 sorry 24
signals which correspond to that those values and therefore, also there should be some signals
which will tell you; that means, there is to be add, subtract, multiply. So, those signals will also

be there.

(Refer Slide Time: 21:07)

Encoding of the control signals

+  The example CPU contains four general purpose registérs R0, R1, R2 and R3,

o ————
* |n addition there are three other registers called SOURCES DESTIN and TEMP,
These are used for temporary storage within Y—and—eompletely

transparent to the programmer. A computer programmer cannot use these
three registers,

+  For the proper functioning of this CPU, we need all togethéy 24 gating signa
for the transfer of information between internal CPU bus and™ether resources

like registers.

* Inaddition tothe g |g Is, we hegd so 0] trolsrgnalsﬁ
whichincludethe nte et carry/if, WMFC I, End ignal

spech the function to be performed by ALU. Assume that

the ALU that is used in theXesign can perfo different operation such as
ADD, SUBSTRACT, AND, OR, etc. 59 we neeq 16 diffgrent control lines.

So, now, we are we will try to see based on this architecture how we can optimize based on
cluster. So, assigning individual bits to each signals leads to a long micro instruction because
here we have counted that there are 24 input output ports then for some ports some signals will
be there to control the ALU, that also you have to add along with that you have to have some
signals like select, add, select, W for read, that is memory read or write there should be one
signal then the wait for WFMC will be one signal. So, there are several other signals and the

count will be quite large.
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So, let us see what is the count. So, we will see the count in the next slide, but if you take all
the counts and put in the flat architecture the size will be very high already we have discussed
so many times, which will be a horizontal micro program. So, this will; obviously, lead to lower

bit space utilization, which is the case in horizontal micro program.

So, as | told you we are assuming that there are 4 user purpose registers. There are 3 source
there are 4 user purpose registers, there are 3 central registers and basically as you have counted
corresponding to the like a memory address register, memory data register, Z, Y. So, there are
24 gating signals as we have counted in the figure, along with that basically read, write, clear,

set, carry in some signals WMFC, End.

So, the signals can be more, but in this example we are assuming that these many other extra
signals are there like read, write from the memory. Clear means clearing some value of Y in a
register, set carry in that is the carry in of the ALU, wait for the memory and end. So, these
also actually count fromto 1 2 3 4 5 6 there are another 6 signal are there. 24 signals were there

for the input output of the registers which we have counted in the bus architecture.

And let us assume that there are 16 different operations which the ALU can do, like add,
subtract, and, or, compare. So, many other signals are there let us assume that 16 different

functionalities are possible. So, there will be 16 different lines.

(Refer Slide Time: 23:05)

Encoding of the control signals

* Assigning individual bits to each control signal is certain to lead to long
microinstruction, since the number of required control signals is normally large.

+ However, only a few bits are set to 1 and therefore used for active gating in any
given microinstructions.

+ This obviously results in lower utilization of the available bit space. If we group

the control signals in some non-over lapping group then the size of control word
reduces,

715



Just like again | am going back; so there will be 16 lines over here and if you take all these
control lines for the registers there will be another 24, and there assume that 6 more control
lines are there which corresponds to read, write, carry in ok. So, they are corresponding to
read,write, carry in, WMFC. So, another 6 more signals are required for some other

interfaces. So, together there will be 30, 46 signals required if you want do it in parallel.
So, the memory word size will be how much? It will be 46 bits in a horizontal micro program.

(Refer Slide Time: 23:38)

Encoding of the control signals

-

The above discussion indicates thlt 46(24+6+16) djgtinct signals are required.

This indicates that we nged 46 bits in each| micro instruction control word;
therefore the size of contrgl word is 46.

-

Broadly speaking, on an averag

he bits are set/to 1 in\each micro
instruction and rest of the bits are 0. Therefore, the bit utikzationAs poor, and
there is a scope to improve the utilization of the bits.
It is observed that most signals are not needed simultaneously and may
signals are mutually exclusive.

As for example, only one function of the ALU can be activated at a time. @
From digital logic circuit, it is obvious that instead of 16 different signals, we \
can use only 4 control signals for ALU operation and then use a 4 16 decoder to

generate 16 different ALU signals. Due to the use of a decoder, there is a
reduction in the size of control word.

-

-

-

So, therefore, it says that there is 46 different signals are there and therefore, basically 46 will
be the length of the micro program and it has been found theoretically that only 10 to 15 % of
the memory positions are 1. So, if we have such a big array whose size is 46 and it will be long
it will be long depending on how many micro instructions are there, and only 15 % is actually
filled with 1 is a huge waste of memory that is why we go for either vertical micro program or
a vertical micro program is very slower, because in this case it will be log 2 46. So, | think

around 6 bits will 25 is 32. So, 2° is 64. So, 6 bits will actually solve the problem for you.

So, if I go for a full encoding architecture. So, it will be 6 bits which will encode and then you
can use 6 is to the 64 bit architecture using a decoder and the job will be done, but in this case
it will be very very slow you have simultaneously only 1 bit can be made 1, so in fact, it is not
a very good idea to solve the problem. So, we can may go for a clustering approach which is

called the hybrid micro program. So, that is what actually we are going to study.
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Encoding of the control signals

A [ r i
(4 bits) | (3bits) (2 bits)
m@ Tr;sf:r- 000; No Transfer
0001: PCout 001: PCin
0010: MDRout 001: IRin
011: Zin
0100: ROout 100: ROin
101: Rlin
110: R2in
111: R3in
1100: SOURCEout

1001: DESTINout

1010: TEMPout

1011: ADDRESSout

Before that how to make a cluster and what will be the idea for that, that we have to properly
think and we have to make the cluster. So, if we go for a flat architecture that is each bit can be
in one cluster that’s horizontal micro program one extreme and if I go for full encoding that is
6 bits will be required to encode all the 46 bits, and it will be a very complex architecture, but
at a point only 1 bit can be a 1 which is actually written over here. So, it will be very very slow.

So, now, let us try to think how we can make clusters.

(Refer Slide Time: 25:15)

Encoding of the control signals

F10
(1 bit)
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Say for for the timing just assume that there is F1, F2, F3, F4, F5 some 10 clusters they have
thought about. So, I will try to see think some basically of some thumb rules we make the
cluster. For example PC,,;, MDR,,;, this circle if you see this cluster all the outputs of the
registers I put in 1 cluster this is because it’s single bus architecture. So, simultaneously
R1 .6, R2 5y, R3,us, SOUrce out cannot be done it will leads to a conflict that is if you look at

this if you look at this figure.

So, on it’s a single bus architecture. So, all these registers all these 24 story I was talking about
only 1 bit can be out at a time, of this single bus that is the problem. So, it is very wise that you
put all the basically out signals in 1 cluster; that means, idea is that in 1 cluster only 1 bit can
be made 1 at a time. So, there is no problem 1 2 3 4 all these outs you actually put in 1 cluster,
then your job is done because simultaneously only 1 bit can be 1 and that is what is required

because simultaneously R2 out and R3 out cannot be made 1.

So, actually how many such instructions are there? 123456 7 8 9 10 11. So, if you calculate
there will be 1 2 34 5 6 or some fifth for 10 of 11 out signals for the registers. So, how many
bits are required? You will require a 4 bits to solve the problem. So, you require a 4:16 decoder
for this and in this case I mean because the full decoder will not be used because you don’t

have 16 such signals.

So, you can just say 000 for no transfer; that means, nothing will happen and all the other bits
are actually don’t cares in all the cases there will be no output, but if it is 001 PC out will be 1
if it is 0001 then MDR,,,,; it will be 1 and your job is done.

Another important cluster is actually | will put because I told you there are actually 16 different
functions of the ALU. So, | can club all the controls in 1 decoder in one cluster because
simultaneously I cannot have add and sub simultaneously only one can be high. So | actually
cluster everything make a 1 cluster your job is done. So, this one 2 very key rule that all the
outputs basically you put in 1 cluster, all the CPU function will be put in 1 cluster because

simultaneously 2 cannot be 1 and simultaneously ALU cannot do operation.

But this logic only holds if it’s a single bit architecture bus architecture. It is a multiple
architecture then 2 bits also can be simultaneously 1 and then again you have to break it up in
the cluster. So, in this discussion we are keeping these things simple. So, in a single bus

architecture this is one of the very good way of doing.
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Now, read. So, read can be multiple, because it can happen that there will be only one output,
but simultaneously 2 or 3 guys can take the inputs together. So, based on that you can make
some architecture or clustering in this case they have put PC;,, IR;,, Z;, all the registers in 1
cluster; MDR, MAR in 1 cluster; Y, source in in 1 cluster. So, this clustering they have made
based on some philosophy that is they have thought that like they have said thought that PC;,,,
| IRin they are moving they are keeping it in basically 1 cluster so; that means, they have found
out that both reading the value of PC that is loading the value of the some loading the value

updated value to PC and loading the IR generally does not happen in 1 cycle.

So, they have put it in 1 and they have also thought that in the same cycle register when you
are updating the PC, before or a instruction is loaded into the instruction register
RO, R1, R2 and R3 basically do not read at the same cycle because when a PC is updated,

generally the temporary registers do not read the values.

For example when you are dumping the value in of Z that is the output of the ALU goes to Z
and then in the next cycle only it goes to the different registers. So, when you are updating the
output of the ALU in Z and that cycle basically the registers don’t get updated. Because first
the output of the ALU goes to Z and then in the next cycle it actually goes to the registers. So,
they have kept these all the R;,,;s basically with Z,,.

But that is why they have made 1 cluster, and they have found out how many instructions are
there 1 2 3 signals are there 1 234 56 7. So, 7 of course, 3 bits are required and 1 may be a
don’t care case, but they have thought somehow that basically it may happen that some PC
output basically generally goes to memory address register in. So, that they have put in over

here. So, PC,,,; generally goes to memory address register.

But they also have thought that sometimes you may read the value of program counter in terms
of temporary registers for some storing the value or starting the current instruction or you can
also think that means basically register value out can go to R;,, and also it may go to basically

memory address register in if it is an indirect addressing kind of mode.

So, it may happen that the output of basically 1 register can go to multiple registers or the PC
can go PC output can go to a temporary register, address it can to the memory address register.
So, in that philosophy they have decided to put basically the user registers over here and the

memory address register or the memory data register or TEM P;,, in another cluster. That means,
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basically simultaneously 1 register can be made 1 and 1 register can be made 1 here and even

1 register can be made 1 here the input.

So, simultaneously some output can be fed to 1 register over here, 1 register over here and 1
register over here that is where you require simultaneous input it’s possible more likely you
that why divide the cluster. If you would have thought ok just like your output I just think that

only 1 register can be input at a time.

So, you can we could have put all these in another cluster and then you could have saved a
space, but here they have assumed that | am making the cluster based on simultaneous inputs
which is possible to the registers. So, based on that philosophy they have divided the signals
into different clusters corresponding to that single bus architecture. And there were some other
control signals as | told you that there is something called read. Again | am putting the read in
a single cluster because the memory can be read or write at 1 go and similarly like this is the
carry in you are putting in 1 cluster because carry can be either 0 and 1 and so forth that is wait
because wait can be simultaneously 1, with anything else you can put it 1 and then end and

continue are the 2 signals.

So, these are some of the other controls signals for the memory and wait for memory cycle
etcetera because if | want to put this one over here this is not a good idea, because generally
we give read and write and simultaneously also we require to wait for the memory signal to be

ready. So, we put this read write in 1 cluster and WMFC another.

So, this example actually gives you a broad in the last unit we actually gave you the
philosophical idea that why clustering how it can be made as clusters, and why you require to
put everything in 1 cluster, if you put it will become a full vertical micro program very slow,
if you make everything single signal cluster it will be a horizontal micro program very fast but
very inefficient, here we have given a single bus architecture a real example with each bits,

signals and registers and ALU.

So, 1 pure example or a complete example we have taken for a single bus architecture and then
we have made the cluster for all the signals based on the philosophy or clustering; so this one

actually examples the theory we discussed in the previous unit in a more practical example.
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(Refer Slide Time: 32:38)

Micro Program Execution
Another possibility of grouping the control signals is:
« Asource for data transfer must be unique, which means that it is not possible to gate
the contentsaftwo-djfferent registers onto the bus at the same time,
* Simiarly Read Write£ignals to the memory cannot be activated simultaneously.
+ This observation suggests the possibilities of grouping the signals so that all signals that
are mutually exclusive are placed in the same group.

* Thus a group can specify one micro-operation at a time. We can use a binary coding
scheme to represent a givea gignal within a group.

+ As for example fpr 16 ALU functipn, four bits are enough to encode the appropriate
function.

+ A possible grouping of the 46 control signals that are required for the above mentioned
CPU s given below.

So basically so whatever | have discussed is written in this slide, you can go through here

basically why | put read write in 1 point, why this 16 ALU functions I put in 1 cluster. So,

whatever | was telling things | have kept it in this slide so that you can read it offline.

(Refer Slide Time: 32:55)

Encoding of the control signals

+ Here all out-gating of registers are grouped into one group, because the
contents of only one bus are allowed to go the internal bus,

-

But the in-gating of registers are grouped into three different groups. It implies
that the contents of the bus may be stored into three different registers
simultaneously.

-

Due to this grouping, we are using 7 bits (3+2+2) for the in-gating signal. If we
would have grouped then in one group, then only 4 bits would have been
enough, but it will take more time during execution. In this situation, two clock
cycles would have been required to transfer the contents of PC to MAR and
SOURSE.

So, now, what is the gain? So, if you see the gain. So, how many bits are required 456 7 8 9
1011121314151617 1819 20 21. So, 21 bits are required to solve the problem, we saw the

46 bits required in the extreme flat case and if you look at it how the way we have clustered it
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very very few cases there will be contention at very very few cases you can have both R2 and

R2 in together in that case you have to split it.

But mostly basically we will have as similar performance as a fully horizontal architecture and
still you have saved a lot in the space of the memory. So, basically if you also | mean that is
that is what | have to tell here all philosophy is extended. And please go through the slide to

find out what is the basically | have told about this grouping and what are the advantages.

So, these 2 slides this slide and this slide tells what are the advantages and what are the gains
and what with drawbacks of the basic clustering philosophy we are taught for this example,

you can go through this slide offline and get the values.
So in fact, they have find out basically.

(Refer Slide Time: 34:04)

Encoding of the control signals

' grouph signals are groyped Mto 10 different group@)
pf and The size of control word i4 21, Sp, the size of control word TS
! 9a 0.

‘om 46 to 21, which is more than 50%
* For proper decoding, e need the following decoders:
+ group Flapd 6 decoder,
* group F2{ 3 8 dacod
* group F3,F4 and F6{ 2 4 decdder

* Therefore, grouping of signals is a critical design parameter. If speed of
operation is also a design parameter, then compression of control word will be
less.

So, | mean instead of 40 signals we are basically now F10 value number of word is 21. So,
huge saving space, but of course, some additional things are required we require some decoders
over here also some decoders are also required like for some groups basically, we require 4:16

decoder, for some group 3:8 decoder and for some case 2:4 decoders.

So, not only you have to find out the cost of the basically your memory is saved that is true,
but also you have to account for the decoders are also taken into picture and also they are maybe
slightly slower in speed corresponding to a horizontal micro program, but that will not be very

very high, because the way intelligently we have actually placed the signal in different clusters.
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So, till now if you have looked actually we were discussing how to optimize the micro
programs and in the first part actually we have seen, that how you can optimize it based on
actually compressing in the length of the control memory width. So that we can encode some
signals based on clustering, how we can optimally select which parts has to be encoded and so
forth.,

(Refer Slide Time: 35:07)

Micro-Program Optimization

* In micro-programmed controlled unit,

+ Each machine instruction can be implemented by a different micro-program. ~"_|

+ Each micro- program can be accessed by decoding the machine instruction in |
and accordingly loading the starting address of the corresponding micro-
program into the Micro-program Counter (MPC)

Now, we are going to see another interesting way of optimizing the micro program how?
Basically by compression in this manner; that means, if you have some certain different
instructions, you can easily have 10 different micro program micro programs and load them
and execute accordingly. But you have might have observed that in most of the cases or in fact,

in the all most all cases basically the fetch part is same.

So, and for example if you have a instruction called SUB and you have a instruction called
ADD maybe add R1 or R2 and subtract R1 and R2. So, you can feel that most of the micro
instructions and the signals to be generated will be same except in only 1 case, then in one in
case of add the arithmetic logic unit has to be configured to add and in case of subtraction is
just to be configured into sub mode. So, only one bit will be changed or one control signal will

be changed all others will remain similar.

So, if you have 2 different micro programs for this 2 micro instructions. In fact, that will be
wastage in the amount of memory space which will be required in the micro program control

memory. So, how can we optimize that? So, basically we can optimize by actually having a
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single micro program for most of the common instructions, and then diverging out for the

different parts and again coming back from where we can start.

For example if you had a single program called ADD R1, R2 and maybe SUB R1,R2. So, most
of the fetch etcetera loading from R1 to R2 saving the value of R1 + R2or R1 — R2 to R1
will be similar. Only in one case basically you will find out that you have to add signal equal
to 1 and in this case you have to make subtract signal equal to 1. So, only may be only 1 line
of instruction will be only 1 memory word will be different for the 2 different macro

instructions and all other will be similar.

So, what we can do? We can write a common micro program, the fetch part will be similar
maybe all other maybe some register loading will be similar just after that there will be 1 signal
which one will correspond to add = 1 another branch will be for subtract = 1 and again after
executing then you can again come back here, which will lead to storing the value of the ALU

to register R1 that is the destination.

So, therefore, the second way of optimization is writing same micro program for different
macro instructions which is of similar type, and then moving here and there as the branch
instructions based on the difference of the control signal that is required for that macro

instruction.

So, in a very broad sense you have some different macro instructions club them together, write
a single micro program and then depending on the exact micro program being exact macro
program being executed, which will be told to you by basically the instruction decoder that is
from the instruction register and the instruction decoder will tell you exactly which is the macro
instruction being executed like add or sub, based on that you jump to the location which
corresponds to the independent or the different part of micro instructions corresponding to the
macro instruction execute the different part and again come back and execute the common part.
So, basically that is another way of optimizing the micro program memory, which we are now

going to discuss basically.

So, whatever | told you basically is given in this slide, it says that we can implement different
instruction by different micro, micro program, but that will be very un optimized. So, basically
this is the simple solution, but will increase the number of memory. Because we know that
there are so many different addressing modes, so, many different type of basically macro

instruction and so forth.
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