The Machine within the Madine--Control Logic

The data path described in the previous chapter isthe tod kit of the cmputer. The
registers and multi plexors, together with the ALU and the memory, have the power to
perform all the operations of the instruction set we designed earlier. However, it isthe
control logic that redly runs the computer. It coordinates and controls all the data path
elements. The control logic takes asitsinpu the instruction ogeration code, and
generates a sequence of outputs that causes the data path to manipulate data or alter the
flow of the computer program.

For each instruction, the antrol logic defines a series of steps. With ead step, the
control logic generates gecific outputs. These outputs are fed to the data path

multi plexor and register write inpus. Each step of the sequenceis designed to be
performed in asingle dock cycle. If wewant to perform atask that does nat fit into ore
clock cycle, we neal to break it upinto sub-steps. The @ntrol logic keeps track of these
steps by assgning a unique number to each ore, cdled the state. The stateis kept ina
register in the control logic drcuitry.

A devicethat uses afinite number of statesin spedfied sequences to control a processis
cdled afinite state machine. The machine works as follows. The cycle starts at some
initial entry state, which we will assgn the number 0. Thisvaueisplace into the state
register. The antrol logic then looks at the state register and the arrent instruction
opcode. Using standard AND/OR logic gates, it then creates two ouputs. One output is
the pattern of 1'sand O's that is $nt to the data path elements (multi plexors and registers)
to perform data and program flow manipulations. The other output is the next state. At
the end d the dock cycle, the next state is written into the state register. At this paint,
the next state beaomes the aurrent state for the next cycle.

Instruction Opcode — ——Jp- Control output to Data
input from instruction Control Path

register Logic

Current State input —P> Next State output
from state register to state register

State register

—

Clock U t
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The state register is written every clock cycle, and therefore the computer clock is
diredly conrected to its write inpu.

Different instructions can use the same states. For example, all i nstructions will start
with state 0, which is the instruction fetch/program courter incrementation step. This
will aways be foll owed by state 1, which isthe instruction interpretation step. If the
procesor is exeauting an arithmetic/logic instruction that has two gperands, it will use a
datafetch step. All arithmetic/logic instructions can use the same state for the data fetch
step. The aithmetic/logicd instructions that write the cary flip-flop can al use the same
state, and the ones that do nd can all use the same state. When the final state of a
sequenceis finished, the next state logic will give a0 asits output, and a new sequence
will start. Oncethe sequence of statesis built i nto the wntrol logic, the cycle operates
endesdy.

How many states are required? Our instruction set has 16 operations, and ead operation
will need from 2 to 4 steps (or states) to operate. However, many states are shared by
several operations, and this reduces the total number of statesrequired. In fact, our
computer can be built with a cntrol logic that uses only 11 states (O to 10. Modern
complex instruction set processors, such as the Pentium, need hurdreds of states.

By looking at the data path dagram, and thinking abou what needs to happen in arder
for aninstructionto be arried out, we can make alist of the states that will do everything
our instruction set needs to do. Here are the states for this processor. The numbers we
assgn are somewhat arbitrary, although it isimportant to make state O thefirst step. This
allows usto use asimple drcuit to start the computer.

State | Action

Instruction fetch/program courter incrementation

Instruction interpretation

Datafetch

Arithmetic instruction, includes carry write

Logic instruction, nocarry write

Load accumulator immediate (value in current instruction)

Load accumulator from memory

Store acumulator to memory, first step

Store acumulator to memory, seand step

Jump immediate

PO NO ORI WINIEFLO

0 Jump indired

By referring to these states, we can now associate each instructionin our instruction set
with the sequence of states needed to carry it out. We have dready shown how the
sequence of states 0,1,2,3will perform the ADD operation. Hereisthe complete
instruction set with the @rrespondng state sequences.
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Instruction Opcode | Condtion Opcode Mnemonic State sequence
0000 ADD 0,1,2,3
0001 ADC 0,1,2,3
0010 SUB 0,1,2,3
0011 SBC 0,1,2,3
0100 AND 0,1,2,4
0101 OR 0,1,2,4
0110 XOR 0,1,2,4
0111 NOT 0,1,4
1000 LDI 0,1,5
1001 LDM 0,1,6
1010 STM 0,1,7,8
1011 JMP 0,1,9
1100 JPI 0,1,10
1101 Z =0 (not zero) JPZ 0,1
1101 Z =1 (zero) JPZ 0,1,9
1110 M = 0 (nat minus) JPM 0,1
1110 M = 1 (minus) JPM 0,1,9
1111 C=0(nat cary) JPC 0,1
1111 C =1 (cary) JPC 0,1,9

Noticethat the aithmetic operations al use the same sequence of states. The difference
between addition and subtradion, and the use of the carry-in, depends on the three-bit
ALU opcode that isimbedded in the instruction opcode, so we do nd need separate states
for each. Similarly, the logical operations share the same sequence, the difference being
that state 5 daes nat write the carry-out to the arry flip-flop. The NOT operation, which
does not have asecond operand, skips the data fetch state. The cnditional jump
instructions use the same state sequence & the uncondtional direct jump when the
correspondng condtionis met. If the condtionisnot met, the dired jump state is
simply omitted and the instruction performs no operation at al. Since eab stateisone
clock cycle long, we can tell how longeach instruction will t ake to exeaute. If we
asuume a tock rate of one megahertz, then the processor shoud be &leto exeaute an
addition (or any other 4-state instruction) in 4 microseconds.

We will creaethe control logic so that the control output depends only onthe arrent
state. There ae other waysto dothis, such as making the control output for the
condtional jumps depend onthe @ndtion, bu | think thisway is smpler. | will now
show atable of the ntrol outputs that correspondto ead state. There is one control
output for eat data path control input. Note that athree-input multi plexor needs two
control inpus, for the low order and high order bits (bits 0 and 1). Refer to the data path
diagram for the dements that use wntrol inpus.

from The Complete Computer Hobbyist, ©2005,DonnM. Stewart 154




Control input State

O|11|2 (3|4 |5 |6 |7 |8 |9 |10
Program Counter Multiplexor L ow 1 X [ X [ X [ X [ X X X X [0]0
Program Counter Multiplexor High 0 | X | X [ X [ X [ X [ X X X |0 |1
Program Counter Write 1 /0|0 |0]0O|]O0O|0O0] 0] 0| 1] 1
Memory Address Multiplexor 1 [ X |0 | X | X [X |0 ]O0O]O |X |0
Memory Write 0 |]0j0j0o|j0O0|0Oj0OJ1]0, 0] 0
Memory Data Out O|0Of0O|]O0O]O|O0O]O0O]O0O| 1] 0| O
Instruction Register Write 1 /0|00 |0O]0O0O|0] 0] O] O] O
Accumulator Multiplexor Low X[ X X ]0 |0 |1 ]0|X X |X |X
Accumulator Multiplexor High X |X X ]0]0 |0 |1 |X X |X |X
Accumulator Write oOo|0oj0oj1(1|1(12,0] 0] 0|0
Data Register Write O|]0|1]0]0|0]0]0] 0] O] O
ALU A Multiplexor 1 [ X [ X |0 |0 | X [X [X |[X |[X |X
ALU B Multiplexor 1 [ X [ X |0 |0 | X [X [X |[X [X [X
AL U Operation Multiplexor 1 [ X [ X |0 |0 | X | X |[X |[X |[X [X
Carry flip-flop Write O|0jO0O|]1]0|0]0]0] 0] O] O

X =don't care

Noticethat we don't care what the multi plexor control inpus are if we are not going to
write the registers (or memory) whose inpu is suppied by that multiplexor. The "dorit
caes' dlow usto design the logic more efficiently. Also, nde that some of the @ntrol
lines behave identically acossall states. It iseasy to seethat the ALU A and B

multi plexor control lines, and the ALU operation multi plexor control line wuld al be
replaced by asingle antrol line. Other control lines might also be consolidated, such as
the program courter multi plexor low and the instruction register write. However, | felt
that extensive ansolidation d control li nes might be confusing when it came to
troudeshoaing the processor, so | only consoli dated the ALU multiplexor lines. It is
more important to minimize the number of states needed. In the control design above, no
two states can be consolidated.

In order to make a ercuit that will "map" one state to ore control output we have two
main ogtions. The option used by most processor manufacturersisto use microcode.
The microcode tecdhnique uses aread-only memory to hdd the cntrol output
configurations, in the form of binary numbers. The control output for ead state in the
abowvetable could be mnsidered as a 15-bit binary number. We can store the control
output configuration for each state in such away that Carry Flip-Flop Writeisin the
rightmost (low) bit, and the Program Courter Multi plexor Low isin the leftmost (high)
bit. If wereplacethe don't cares with 0,then the cntrol line output for state O would be
the binary number 101 1001 0000 1110The control li ne output simply becomes a 15-bit
wide memory with 11locations, ore for each state.

from The Complete Computer Hobbyist, ©2005,DonnM. Stewart 15k




For the holbyist, this arrangement is attractive because the wntrol output function can be
changed withou rewiring circuits. However, it requires the programming of ROM, and
thisrequires extra equipment. But it islikely that you will need a PROM programmer
anyway, so it isreasonable to consider this.

The other way to make acircuit that "maps"' a state onto a cntrol output isto use a
deaoder, together with AND-OR logic. Inthismethod,the @ntrol output for eat state is
hard-wired into the board. If youlike to wire things up, thisisthe way to go, andthisis
theway | did it.

Withou showing the whole arcuit, hereis an example of how the states might be
deaded into the wrrespondng control outputs

4-bit State input
(from state register)

b4y

Four-to-sixteen state decoder

0 1. 2 3 4 5 6 7 8 9 10

» Program Counter Multiplexor Low
¢——» Program Counter Multiplexor High

T

» Program Counter Write

» Memory Address Multiplexor
» Memory Write
» Memory Data Out
P Instruction Register Write
» Accumulator Multiplexor Low
» Accumulator Multiplexor High

Accumulator Write

» Data Register Write
» ALU A Multiplexor
» ALU B Multiplexor
» ALU Operation Multiplexor
» Carry flip-flop Write

The 4-bit state value is placed onthe decoder inpus, and the @rrespondng output
bemmes 1. The other outputs are 0. The Program Courter Write and Accumulator Write
control linesare onin several different states, so multiple inpu OR gates are required to
provide these outputs. The other control lines are mwnrected dredly to oy one state
output. If you compare this circuit with the table on the previous page, replaang the X
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donit cares with zeros, you can see that this sSmple arcuit faithfully provides the
appropriate cntrol outputs. This circuit can be built with ore 4-to-16 decoder and 6two-
inpu OR gates, atotal of 31C's. The wntrol logicis half done.

The other function d the antrol logic isto provide the sequence of states for each
instruction. We cdl thisthe next-state function. The next-state function circuitry takes
asitsinpusthe arrent state, the arrent instruction, and the cndtions (zero, minus and
cary). From theseinpus, the next state is determined.

The next-state function circuit is more difficult to design than the control output circuit.
Thisisbecaiseit has amuch more mmplex inpu. If we court ead hit of the aurrent
state, current instruction and condtions, there ae4 + 4 + 3= 11 htsof inpu, instead of
the 4 bits of inpu to the cntrol output circuit. Eleven hits can encode over 2,000
different combinations instead of the 16 handled by the simple deder-based circuit we
used for the control outputs.

Of course, na al these cmbinations are used, and athough there ae 16 instructions
thereareonly 11 states. Also, some instructions use the same sequence of states, and
most dorit care @ou the andtionflags. Nevertheless the next state function design
requires ome thought.

Aswith the @ntrol outputs, a microcode mntained in a programmable ROM could aso
provide the next state function. The aurrent instruction, current state and condtion flags
could be used to form an address and the output would be the next state. In fad, the
control output and rext state function could be cmbined into asingle PROM, with an
11-bit addressand 19-bit output (4 bitsfor the next state, 15 bits for the @ntrol outputs).

A more degant way to encode the next state functionisto use the technique of AND-OR
arrayed logic. Thistype of logic is able to encode any function that maps an inpu to a
unique output. With theinclusion d inverters, arrayed logic has the power to perform all
the functions of the digital computer. In fad, programmable aray logic IC's can be used
to crede entire microprocessors. We dready saw an example of AND-OR array logicin
the chapter abou building the ALU.

In our case, we will first diagram the next state function as an AND-OR array, and then
show how to buldit. Kegpin mindthat the AND-OR array diagram isnat a drcuit
diagram, but only aplan that will allow usto buld the adua array.

The diagram consists of two parts. The upper part shows how the inpus are cnrected to
multiple input AND gates. The lower part shows how the outputs of these AND gates are
conreded to multiple inpu OR gates. The OR gate outputs are the outputs of the arcuit,
the next state value.

Thefirst step in creaing the next state operationisto map it out in atable. Thiswill

show us what we need to dowhen it comesto bulding the darcuit. We will li st all
possble combinations of current state, current operation and condtion flags, and the
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correspondng next state. First, we will make the table with deamal values for the states,
using the mnemonics for the operations.

Current state | Operations Condtion Next state
0 Don't care Don't care 1
1 ADD, ADC, SUB, SBC, AND, OR, XOR Don't care 2
1 NOT Don't care 4
1 LDI Don't care 5
1 LDM Don't care 6
1 STM Don't care 7
1 JMP Don't care 9
1 Conditional jumps Condition met 9
1 Conditional jumps Condition not met 0
1 JPI Don't care 10
2 ADD, ADC, SUB, SBC Don't care 3
2 AND, OR, XOR Don't care 4
3 Don't care Don't care 0
4 Don't care Don't care 0
5 Don't care Don't care 0
6 Don't care Don't care 0
7 Don't care Don't care 8
8 Don't care Don't care 0
9 Don't care Don't care 0
10 Don't care Don't care 0

The"don't care” entries how which states are dways followed by the crrespondng next
state, regardlessof the operation a condtion.

The aowve table must be made into a drcuit. In order to dothis, we will neal to look at
the binary representations of the arrent state, operation and condtion, and figure out
how combine them to make abinary representation d the next state using AND-OR array
logic.

It is convenient to think badkward in making the AND-OR array. In ather words, we
look at ead hit of the next state, and ask what kind & AND-OR operationis nealed to
get it from the correspondng current state, operation and condtion as listed in the table
above. Let uslabel the next state bits NSO to NS3, (from low bit to high hit.) We will
creae operations that will cause the next state bit in questionto become 1 when the inpu
cdlsforit. Wedo nd haveto intentionally create an operation that will make the bit 0,
because by default the bit will be 0 if it isnat 1 (such isthe deganceof the binary
computer).
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Let's gart with NSO. It will be 1 when the next stateis 1, 3, 5, 7, 09. If welook at the
table @owve, we can seethat NSO will be 1 when:

Current state | Operations Condtion
0 Don't care Don't care
1 LDI Don't care
1 STM Don't care
1 JMP Don't care
1 Conditional jumps Condition met
2 ADD, ADC, SUB, SBC Don't care

Now let's re-write this table using the binary equiva ents, including the cndtions.

Current state | Operation |Z |M | C
0000 X X X X X | X |X
0001 1000 X | X |X
0001 1001 X [ X |X
0001 1011 X | X |X
0001 1101 1 [x [Xx
0001 1110 X |1 |X
0001 1111 X |Xx |1
0010 0000 X [ X |X
0010 0001 X [ X |X
0010 0010 X [ X |X
0010 0011 X | X |X

The X's gandfor "don't care”. Thistable can be simplified alittle. Some of the bits can
be replaced with "don't care” (X) if the two rows are otherwise identical, and the bit in
guestionisalin orerow, andaO in the other. For example, rows 2 and 3can be
replaced by a single row in which the low order bit of the operationisa"don't care”.
Similarly, the last four rows can be combined into a single row with two dorit caresin the
lower 2 opcode bits. Hereisthe simplified table:

Current state | Operation |[Z |M | C
0000 X X X X X | X |X
0001 100X X [ X |X
0001 1011 X | X |X
0001 1101 1 [x [Xx
0001 1110 X |1 |X
0001 1111 X |x |1
0010 00 XX X | X |X

Thisisthe minimal table for the next state zero hit (NS0). Now, we aerealy to draw the
AND-OR array diagram for thistable. All the 11inpu bits (4 current state, 4 qoeration
bits, and the 3 condtion Lts) are used in at least one row, so we will have 11 haizontal
linesin the aray diagram. Wewill i nclude 11 inverted inpusto be used when an input
bit is0. There ae 7 rowsin the dove table, eat representing one multi ple-input AND
operation, so there will be 7 verticd linesin the aray diagram. The 7 vertical li nes will
be wnrected in the lower part of the diagram by a horizontal li ne that represents the
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ORing together of the AND operation ouputs. The output of this OR operationisthe
NSO hit.

Current state 3

Current state 2

Current state 1

Current state 0

Operation 3

Operation 2

Operation 1

Operation 0

z

M

viv vl ele eyl vl v]

p Next State 0

The diagram looks complicaed, bu the drcuit that it represents can be made with
surprisingly few comporents. Thisis because severa of the AND combinations (vertical
lines) share patterns. For example, all 7 AND combinations use ((NOT Current State 3)
AND (NOT Current State 2)). This can be handed by one two-inpu AND gate.
Depending on haw carefully you look for combinations to re-use, this circuit can be built
with abou 24 two-input AND gates, 8inverters, and 6two-inpu OR gates (the inverters
onthe mndtionlines are shown, bu not used). Thisrepresents 10 14pin IC's, whichis
not adifficult job. However, a dever reader may note that the AND patterns of the states
and operations are the same as that for adecoder. If we use the outputs from the state
deaoder used previously in the mntrol output circuit we can save some AND gates. Here
isthe same AND-OR array diagram using the decoded state lines. | only show the state
lines acually used in the aray; the others will have no connedionin the next-state bit O
array diagram.
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State =0
State =1
State = 2
Operation 3

Operation 2

Operation 1

Operation 0

z

M

Vvl elele]v]

P Next State 0

Thisversion wisesonly 18 AND gates, 4 inverters and 6 OR gates. Sincethe state
deder isarealy part of thelogic drcuitry, thisis areasonable way to proceed.

Here aethe binary tables for the other next state output bits.

NS1: (when rext state =2,3,6,7,10

Current state | Operation |[Z |M | C
0001 00XX X | X |X
0001 010X X | X |X
0010 00XX X | X |X
0001 1001 X [ X |X
0001 1010 X | X |X
0001 1100 X | X |X

NS2: (when rext state =4,5,6,7

Current state | Operation |[Z |M | C
0010 010X X | X |X
0010 0110 X | X |X
0001 0111 X | X |X
0001 100X X | X |X

from The Complete Computer Hobbyist, ©2005,DonnM. Stewart 161




NS3 (when next state =8,9,10

Current state | Operation |[Z |M | C
0111 X X X X X | X |X
0001 1011 X | X |X
0001 1101 1 [x [X
0001 1110 X |1 |X
0001 1111 X |[X |1
0001 1100 X | X |X

Hereisthe AND-OR array diagram for the entire next-state operation.

State =0
State =1

State = 2

State =7

Operation 3

Operation 2

Operation 1

Operation O

4

M

vielv Ty vlvlyl

p Next State 0

p Next State 1

p» Next State 2
p Next State 3
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The diagram suggests alot of AND gates will be needed. But wait--more simplification
ispossble. First, we can eliminate the unused inverted condtionflag lines. More
importantly, we naotice that some of the verticd li nes have exadly the same patterns of
dots. Thismeans one or more can be diminated, and the output of asingle AND
operation sent to the OR gates that received the output of the AND operations we
eliminate. You can aso seethisif youlook carefully at the next state bit tables. For
example, the seoondrow in the NSO table is exadly the same & the fourth row in the
NS2 table. We can use asingle verticd line representing this particular AND operation,
and conrect the output to the OR gate inpus for the NSO and NS2 hits. In al, there ae7
AND operations that can be shared by different NS output bits. Hereisthefinal,
simplified next state AND-OR array diagram.

State =0
State =1
State = 2
State =7
Operation 3

Operation 2

Operation 1

Operation 0

vIv[v Y]

4
M
C

» Next State 0
P Next State 1
» Next State 2
P Next State 3

The drcuit described by this diagram can be built with 34two-input AND gates, four
inverters, and 202-input OR gates. These gates can be purchased in 14-pin IC's with 4
logic gates or 6 inverters each. Fewer IC's can be used if one purchases the avail able
threeor four inpu AND and OR gates. The entire ntrol logic described in this chapter
can be built of 15 rext-state IC's, plusthreelC's for the wntrol logic, plus one 4-bit
register IC, or 191C'stotal. The st would be @bou $8.00for these chips, bu again you
have to buy the board and sockets for alot more money.
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