ROHINI COLLEGE OF ENGINEERING AND TECHNOLOGY

DESIGNING A CONTROL IMPLEMENTATION SCHEME

This simple implementation covers load word (Iw), store word (sw), branch equal(beq), and the

arithmetic-logical instructions add, sub, AND, OR, and set on less than. The ALU Control

The MIPS ALU defines the 6 following combinations of four control

inputs:

0000 AND
Q001 OR

0010 add

0110 subtract
0111 set on less than
1100 NOR

Table 3.1: ALU control signals

Depending on the instruction class, the ALU will need to perform one of these first five
functions. For branch equal, the ALU must perform a subtraction. We can generate the 4-bit
ALU control input using a small control unit that has as inputs the function field of the
instruction and a 2-bit control field, which we call ALUOp.

ALUOp indicates whether the operation to be performed should be add

(00) for loads and stores, subtract (01) for beq, or determined by the operation encoded in the
funct field (10). The output of the ALU control unit is a 4-bit signal that directly controls the
ALU by generating one of the 4-bit combinationsshown previously. In Figure 3.2, we show how
to set the ALU control inputs based on the 2-bit ALUOp control and the 6-bit function code.

Later in this chapter we will see how the ALUOp bits are generated from the main control unit.
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Desired | ALU control

Funct flekd AllUsction | lsput

W 00 |10aawors 000K a0 0010
SW 00 | stors wor 000K 200 0010
Branch equal 01 | beanch cqual 000X sutract 0110
RYpe 10 |aa0 100000  |a00 0010
RNpe 10 | sutract 100010  |suotract 0110
RO 10 |awo 100100 [AND 0000
Rype 10 |oR 100101 |OR 0001
RHpe 10 | set onkess than 101010 | set on less tan 0111

The ALU Op control bits and the different function codes for the R-typeinstruction.

Using multiple levels of control can reduce the size of the main control unit. Using several smaller
control units may also potentially increase the speed of the control unit. There are several different
ways to implement the mapping from the 2-bit ALU Op field and the 6-bit function field to the four
ALU operation control bits. Table 3.3; shows the truth table how the 4-bit ALU control is set
depending on these two input fields. Since the full truth table is very large (28 = 256 entries), we

show only the truth table entries for which the ALU control must have a specific value

| mwop | Fnctfed | gpaion
| Awopt | Awopo [ Fs [ F4|F3| R | FL]F0

0 0 X X X X X X 0010

X 1 X X X X X 0110

1 X X X 0 0 0 0 0010

1 X X X 0 0 1 0 0110

1 X X X 0 1 0 0 0000

1 X X X 0 1 0 & 0001

1 X X X 1 0 1 0 0111

The truth table for the 4 ALU control bits (called Operation)
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Designing the Main Control Unit

To understand how to connect the fields of an instruction to the datapath, it is useful to
review the formats of the three instruction classes: the R-type, branch, and load-store

instructions. Figure 3.8 shows these formats.

Fiend 0 s n (1) shamt funct

Bit positions 31:26 2521 20:16 15:11 106 50
R-type instruction

Field [ Bodd | s | | 200ress

Bit positions 31:26 2521 20:16 150

Field a8 | s | n | 200ress ]

Bit positions 31:26 2521 20:16 150

inet irtinr
HaLT UL

The three instruction classes (R-type, load and store, and branch) usetwo different

instruction formats.
There are several major observations about this instruction format that we will rely on:

[ The op field, is called the opcode, is always contained in bits 31:26. Refer to
this field as Op[5:0].

[ The two registers to be read are always specified by the rs and rt fields, at
positions 25:21 and 20:16. This is true for the R-type instructions, branch equal,
and store.

[ | The base register for load and store instructions is always in bit positions

25:21 (rs).

[ ] The 16-bit off set for branch equal, load, and store is always in positions 15:0.
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The destination register is in one of two places. For a load it is in bit positions 20:16 (rt), while
for an R-type instruction it is in bit positions 15:11 (rd).

Thus, we will need to add a multiplexor to select which field of the instruction is used to indicate
the register number to be written. The first design principle simplicity favors regularity—pays

off here in specifying control.

PCSrc
I 0
M
Add & u
X
4— Add, LY 1
Instruction [25:21
- L Rde(;ld L ] lr::)eg?gte” Read MemWrite
address ea
Instruction [20:16] Read data 1 . > s
Instruction [ register 2 /—\LU‘brc Zero h.r,-m.,‘uf leg
[B31:0] 7 Write  Read o ALUALLIJt | Addressiead |
Instruction | | |nstruction [15:11] register data 2 M resls
memory | " .| u
| Write o ¥
RegDst data Registers Writ Data
da';'aememory
Instruction [15:0] 16 Sign- 32 [
extend I
MemRead
Instruction [5:0] |.' i
ALUOp

Figure 3.9 shows seven single-bit control lines plus the 2-bitALUOp control
signal. We have already defined how the ALUOp control signal works, and it is useful to define
what the seven other control signals do informally before we determine how to set these

control signals during instruction execution.

Table 3.4 describes the function of these seven control lines.That control
line should be asserted (activated or set true) if the instruction is branch on equal (a decision
that the control unit can make) and the Zero output of the ALU, which is used for equality
comparison, is asserted. To generate the PCSrc signal, we will need to AND together a signal

from the control unit, which we call Branch, with the Zero signal out of the ALU.
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-

The register dastmation number for the The register destnation number for the Write

Writa register comes from the rt field registar comes from tha rd field (bits 15:11)
(bits 20:16)
RegWrito None The registor on the Wnite registor input s

written wath the value on the Write data input

ALUSrc The second ALU operand comeas from the | The second ALU operand is the sign-
second register file output (Read data 2). | extended, lower 16 bits of the instruction

PCSrc The PC is replaced by the output of the The PC is replaced by the output of the adder
adder that computes the value of PC + 4. | that computes the branch target
MoemRead | None. Data memory contents designated by the
address input are put on the Read data cutput
MemWrite | None. Data memory contents designated by the

address input are repiaced by the value on
the Write data input.

MemitoReg | The value fed to the register Wnite data The value fed to the regsster Winte data input
input comeas from the ALU. comes from the data memory.

Table 3.4: The effect of each of the seven control signals.
These nine control signals (seven from Figure 4.16 and two for ALU Op) can
now be set on the basis of six input signals to the control unit, which are the opcode bits 31 to

26. Figure 3.10 shows the data path with the control unit and the control signals.

Finalizing Control

Table 3.6 shows the logic in the control unit as one large truth table that combines all

the outputs and that uses the opcode bits as inputs. It completely specifies the control function,
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Inputs

0p5 1 ]

Op4 0 0 0

Op3 0 0 1 0

Op2 - 0 0 ‘ 0 ]

Op1 0 ]

Op0 . 0 1 1 0

Outputs 3 RegDét | 71A - [ < X
' AL(Jérc [ 0 | [

MemtoReg ' 0 1

RegWrite | 1 1 ' 0
MemRead 1 o0 1 |

MemWrite {jl 0 [ 1 0

Branch 0 0 ' 0 ]
ALUOp1 | 0 0 0
ALUOpO 0 0 ] 1

The control function for the simple single-cycle implementation is completely specified

by this truth table.

OPERATION OF THE DATAPATH

The flow of three different instruction classes through the data path is shown in table
3.5. The asserted control signals and active data path elements are highlighted in each of these.
Note that a multiplexor whose control is 0 has a definite action, even if its control line is not
highlighted. Multiple-bit control signals are highlighted if any constituent signal is asserted.

1 0 0 1 0 | 0 1 0
0 1 1 1 1 D [

R rommat
l_ r_'| )

0
0

. - - -

- A | L} 0 ) | 0 0 0

X 0 X 0 0

Table 3.5: The setting of the control lines is completely determined by the
opcode fields of the instruction.
Fig 3.10: shows the data path with the control unit and the control signals. The setting of the
control lines depends only on the opcode, we define whether each control signal should be 0,
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1, or don'’t care (X) for each of the opcode values.
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The simple data path with the control unit.

DATA PATH FOR THE OPERATION OF AR-TYPE INSTRUCTION

data

po-| Address

e

Cxez-)

Figure 3.11 shows the operation of the data path for an R-type instruction,such as add

$t1,$t2,$t3. Although everything occurs in one clock cycle, we can think of four steps to execute

the instruction; these steps are ordered by the flowof information:

1. The instruction is fetched, and the PC is incremented.

2. Two registers, $t2 and $t3, are read from the register file; also, the main control unit

computes the setting of the control lines during this step.

3. The ALU operates on the data read from the register file, using the function code (bits 5:0,

which is the funct field, of the instruction) to generate the ALU function.
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3.The result from the ALU is written into the register file using bits 15:11 of the instruction to

select the destination register ($t1).
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DATAPATH FOR THE OPERATION OF load wordiNSTRUCTION

The given figure 3.12 shows the active functional units and asserted control lines for a load.
We can think of a load instruction as operating in five steps (similar to how the R-type executed
in four):

1. An instruction is fetched from the instruction memory, and the PC isincremented.

2. Aregister ($t2) value is read from the register file.

3. The ALU computes the sum of the value read from the register file and thesign-

extended, lower 16 bits of the instruction (offset).

4. The sum from the ALU is used as the address for the data memory.
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5. The data from the memory unit is written into the register file; the register destination is
given by bits 20:16 of the instruction ($t1).

Finally, we can show the operation of the branch-on-equal instruction, such as beq $t1,
$t2, offset, in the same fashion. It operates much like an R- format instruction, but the ALU

output is used to determine whether the PC is written with PC + 4 or the branch target address.

The data path in operation for a load instruction.
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DATAPATH FOR THE OPERATION OF BRANCH-ON-EQUAL INSTRUCTION

The given figure 3.13 shows the four steps in execution:

1. Aninstruction is fetched from the instruction memory, and the PC is incremented.

2. Two registers, $t1 and $t2, are read from the register file.

3. The ALU performs a subtract on the data values read from the register file. The value of PC

+ 4 is added to the sign-extended, lower 16 bits of the instruction (offset) shifted left by two;

the result is the branch target address.

4. The Zero result from the ALU is used to decide which adder result to store into the PC.
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