Register Transfer Language and Test Cases
Note: This Register Transfer Language Specification includes RTL descriptions of each of our instructions along with an English description of that instruction and a test case for that instruction. The English description and test case are included in comments on the right hand side of the page. Note that the test case steps through the processor cycles for a specific instruction which is listed next to the bold instruction title. The following values are assumed to be already in the registers and memory at the beginning of each instruction for test case purposes:
Assumed:
PC = 0x0000



A is getting $t0 at address 0x000B and $t0 has value 0x0020



B is getting $t1 at address 0x000C and $t1 has value 0x0010



C is getting $t2 at address 0x000D and $t2 has value 0x0030



Mem[A] will be assumed to have the value of 0x0040
Addition (add) :
add $t2, $t0, $t1
1.  
PC = PC + 2




# PC originally equals 0x0000 so now it will 






# equal 0x0002.


IR = Mem[PC]



# IR finds the location of the instruction at 







# Memory location 0x0000.
2.
A = Reg[IR[8-11]], B = Reg[IR[12-15]], 
# A, B and C, get the contents of the register 
C = Reg[IR[4-7]]



# specified in the instruction 0x0000 at bits  

if (IR[0-3] == 0) then



# 8-11, 12-15, and 4-7 respectively.  These 







# values are 0x0020, 0x0010, and 0x0030 







# respectively.  It also checks bits 0-3 of 







# instruction at 0x0000 and sees if those bits 






# are equal to 0.

3.
Sum = A + B




# The ALU adds the contents of A and B 







# and stores them into a temporary location 







# Sum.  The contents of Sum now are 







# 0x0030.

4.
Reg(IR[4-7]) = Sum



# The contents of Sum are stored in the 







# register specified in bits 4-7 of instruction 







# 0x0000 ($t2).
Subtraction (sub):
sub $t1, $t0, $t2
1.  
PC = PC + 2




#PC = 0x0002


#This adds 2 to the program counter 


IR = Mem[PC]



#IR = 0x1cbd


#This stores the value in PC to IR

2.
A = Reg[IR[8-11]]



#A = 0x0020


#This stores the value in $t0 in A


B = Reg [IR[12-15]]



#B = 0x0030


#This stores the value in $t2 in B


C = Reg[IR[4-7]]



#C = 0x0010


#This stores the value in $t1 in C

If(IR[0-3] == 1) then

#This checks the first four bits of IR (the 
#opcode), to know which command(s) to 
#execute

3.
Sum = A – B




#Sum = 0x0010


#This subtracts B from A ($t2 from $t0) and 
#stores it in Sum.

4. 
Reg[IR[4-7]] = Sum



#$t0 = 0x0010








#This stores the value in Sum into $t1
Store Word (sw):
sw $t2, $t0, $t1
1.  
PC = PC + 2




# PC originally equals 0x0000 so now it will 






# equal 0x0002.


IR = Mem[PC]



# IR finds the location of the instruction at 







# Memory location 0x0000.
2.
A = Reg[IR[8-11]], B = Reg[IR[12-15]], 
# A, B and C, get the contents of the register 
C = Reg[IR[4-7]]



# specified in the instruction 0x0000 at bits  

if (IR[0-3] == 3) then



# 8-11, 12-15, and 4-7 respectively.  These 







# values are 0x0020, 0x0010, and 0x0030 







# respectively.  It also checks bits 0-3 of 







# instruction at 0x0000 and sees if those bits 






# are equal to 3.

3.
Sum = A + B




# The ALU adds the contents of A and B 

C = Reg[IR[4-7]]



# and stores them into a temporary location 







# Sum.  The contents of Sum now are 







# 0x0030.  Also, C gets the value of the 







# register specified by bits 4-7 of instruction 







# 0x0000, because we want to make sure 







# that C will have the value that we want.
4.
Mem[Sum] = C



# We store the value C into Memory at the







# location specified by Sum.  For our 







# example this would store 0x0030 into 







# Memory at address 0x0030.

Load Word (lw):
lw $t1, $t0, $t2
1.  
PC = PC + 2




#PC = 0x0002


#This adds 2 to the program counter 


IR = Mem[PC]



#IR = 0x2cbd


#This stores the value in PC to IR

2.
A = Reg[IR[8-11]]



#A = 0x0020


#This stores the value in $t0 in A


B = Reg [IR[12-15]]



#B = 0x0030


#This stores the value in $t2 in B


C = Reg[IR[4-7]]



#C = 0x0010


#This stores the value in $t1 in C

If(IR[0-3] == 3) then

#This checks the first four bits of IR (the 
#opcode), to know which command(s) to 
#execute

3.
Sum = A+B




#Sum = 0x0040

4.
MemDataReg = Mem[Sum]


#This stores the value of Memory 0010 to 








#MemDataReg

5.
Reg[IR[4-7]] = MemDataReg


#$t0 = 0x0040


#This stores the value of MemRegData into 
#$t0

Retrieve Value (rv):
rv $t1, $vr
1.  
PC = PC + 2




#PC = 0x0002


#This adds 2 to the program counter 


IR = Mem[PC]



#IR = 0x8c30

#This stores the value in PC to IR

2.
A = Reg[IR[8-11]]



#A = 0x0020


#This stores the value in $t0 in A


B = Reg [IR[12-15]]



#B = 0x0050


#This stores the value in $vr in B


C = Reg[IR[4-7]]



#C = 0x0000

#This stores the value 0000 in C

If(IR[0-3] == 8) then

#This checks the first four bits of IR (the 
#opcode), to know which command(s) to 
#execute

3.
Reg[[IR[4-7]] = Special[IR[8-11]]

#$t1 = 0x0050


#This stores the value of the Special register 
#($vr) into $t0
Output Value (ov):
ov $vr, $t0
1.  
PC = PC + 2




#PC = 0x0002


#This adds 2 to the program counter 


IR = Mem[PC]



#IR = 0x53b0

#This stores the value in PC to IR

2.
A = Reg[IR[8-11]]



#A = 0x0020


#This stores the value in $t0 in A


B = Reg [IR[12-15]]



#B = 0x0000

#This stores the value 0000 in B


C = Reg[IR[4-7]]



#C = 0x0050

#This stores the value in $vr in C

If(IR[0-3] == 5) then

#This checks the first four bits of IR (the 
#opcode), to know which command(s) to 
#execute

3.
Special[IR[4-7]] = A



#$vr = 0020







#This stores the value of A into the special 







#register
Set Less-Than (slt):
slt $t2, $t0, $t1
1.  
PC = PC + 2




# PC originally equals 0x0000 so now it will 






# equal 0x0002.


IR = Mem[PC]



# IR finds the location of the instruction at 







# Memory location 0x0000.
2.
A = Reg[IR[8-11]], B = Reg[IR[12-15]], 
# A, B and C, get the contents of the register 
C = Reg[IR[4-7]]



# specified in the instruction 0x0000 at bits  

if (IR[0-3] == 6) then



# 8-11, 12-15, and 4-7 respectively.  These 







# values are 0x0020, 0x0010, and 0x0030 







# respectively.  It also checks bits 0-3 of 







# instruction at 0x0000 and sees if those bits 






# are equal to 6.

3.
If (A<B) then{




# The ALU will check and see if A < B, and 

Sum = 1




# if it is then 1 will be stored in Sum. 

}else{





#Otherwise, 0 will be stored in Sum.

Sum = 0
4.
Reg[IR[4-7]] = Sum



# The register specified in the instruction 







# ($t2) gets the contents of Sum.







And (and):
and $t2, $t1, $t0  

1.  
PC = PC + 2




# PC originally equals 0x0000 so now it will 






# equal 0x0002.


IR = Mem[PC]



# IR finds the location of the instruction at 







# Memory location 0x0000.
2.
A = Reg[IR[8-11]], B = Reg[IR[12-15]], 
# A, B and C, get the contents of the register 
C = Reg[IR[4-7]]



# specified in the instruction 0x0000 at bits  

if (IR[0-3] == 7) then



# 8-11, 12-15, and 4-7 respectively.  These 







# values are 0x0020, 0x0010, and 0x0030 







# respectively.  It also checks bits 0-3 of 







# instruction at 0x0000 and sees if those bits 






# are equal to 7.

3.
Sum = BitwiseAnd(A,B)


# The ALU performs a bitwise AND on the

#contents of A and B and stores them into a

#temporary location Sum.

4.
Reg(IR[4-7]) = Sum



# The contents of Sum are stored in the 







# register specified in bits 4-7 of instruction 







# 0x0000 ($t2).

Branch if Equal to (beq):
beq $t0, $t1, $t2
1.
PC = PC + 2




#PC = 0x0002








#This adds 2 to the program counter


IR = Mem[PC]



#IR = 0xabcd








#This stores the value in PC to IR

2.
A = Reg[IR[8-11]]



#A = 0x0010








#This stores the value in $t1 in A


B = Reg[IR[12-15]]



#B = 0x0030








#This stores the value in $t2 in B


C = Reg[IR[4-7]]



#C = 0x0020








#This stores the value in $t0 in C

If(IR[0-3] == 10) then

#This checks the first four bits of IR (the 
#opcode), to know which command(s) to 
#execute
3.
If  (A-B == 0) then



#This checks to see if A and B are equal

C = Reg[IR[4-7]]

4.
PC = C





#If they are equal, the pc will go to the 







#address specified by the number in $t0

Branch if Not Equal to (bne):
bne $t2, $t0, $t1
1.  
PC = PC + 2




# PC originally equals 0x0000 so now it will 






# equal 0x0002.


IR = Mem[PC]



# IR finds the location of the instruction at 







# Memory location 0x0000.
2.
A = Reg[IR[8-11]], B = Reg[IR[12-15]], 
# A, B and C, get the contents of the register 
C = Reg[IR[4-7]]



# specified in the instruction 0x0000 at bits  

if (IR[0-3] == 9) then



# 8-11, 12-15, and 4-7 respectively.  These 







# values are 0x0020, 0x0010, and 0x0030 







# respectively.  It also checks bits 0-3 of 







# instruction at 0x0000 and sees if those bits 






# are equal to 9.

3.
If (A-B != 0) then



# The ALU will see if A-B is not equal to 0


C = Reg[IR[4-7]]

4.
PC = C





# and if they aren’t, then the PC will be set 







# to the contents in temporary C.  For our 







# example, A-B will not equal 0, so the PC 







# will be set to the address in temporary C, 







# which is 0x0030.
Load Lower Immediate (lli):
lli $t2, 0x22

1.  
PC = PC + 2




# PC originally equals 0x0000 so now it will 






# equal 0x0002.


IR = Mem[PC]



# IR finds the location of the instruction at 







# Memory location 0x0000.
2.
A = Reg[IR[8-11]], B = Reg[IR[12-15]], 
# A, B and C, get the contents of the register 
C = Reg[IR[4-7]]



# specified in the instruction 0x0000 at bits  

if (IR[0-3] == 13) then


# 8-11, 12-15, and 4-7 respectively.  These 







# values are 0x0020, 0x0010, and 0x0030 







# respectively.  It also checks bits 0-3 of 







# instruction at 0x0000 and sees if those bits 






# are equal to 13.

3.
Reg[IR[4-7]] = C[0-7] || IR[8-15]

# The Register specified in the instruction 







# 0x0000 at bits 4-7 will get the value of bits 






# 0-7 of C for the first 8 bits, and the value 







# of bits 8-15 of instruction 0x0000 for the 







# last 8 bits.  In this example, $t2 will be 







# changed to 0x0022.
Load Upper Immediate (lui):
lui $t0, 0x16
1.
PC = PC + 2




#PC = 0x0002








#This adds 2 to the program counter


IR = Mem[PC]



#IR = 0xcb10








#This stores the value in PC to IR

2.
A = Reg[IR[8-11]]



#A = 0x0010


#This stores the upper part of the immediate 
#in A


B = Reg[IR[12-15]]



#B = 0x0030


#This stores the lower part of the immediate 
#in B


C = Reg[IR[4-7]]



#C = 0x000b








#This stores the value in $t0 in C

3.
Reg[IR[4-7]] = IR[15-8] || 0x00

#Loads the immediate specified by the 








#instruction into $t0. In this case: 0x1600.

Jump to Register (jr):
1. PC = PC + 2




#Add two to the program

IR = Mem[PC]




#counter and set the








#instruction register to








#the memory value in the








#program counter address

2. A = Reg[IR[8-11]]



#Set A as the value of
B = Reg[IR[12-15]]



#the register that has
C = Reg[IR[4-7]]



#the address described

If (IR[0-3] == 14) then


#by bits 8 through 11 of 








#the instruction








#register. Do the same








#for B and C, except use








#bits 12 through 15 and








#4 through 7 of the








#instruction register








#respectively. Finally,








#it checks bits 0








#through 3 of the








#instruction register,








#and if they equal 14,








#then it executes the








#following commands.
3. PC = C





#The program counter is 

If (IR[4-7] == 15) then


#set to the value of C.









#At the same time, it









#checks whether the bits









#4 through 7 equal 15









#(which means we are

#returning from an #interrupt), then we #execute the next #instruction.

4. (Reg[2])[15-15] = 0 


#Stores a 0 in the most
#significant bit of the
#button register to

#re-enable interrupts
# if we are returning #from an exception. We #know we are returning #from an exception if #the register containing #the jump target is the #interrupt return #register (which is #register 15)

Jump and Link (jal):

1. PC = PC + 2




#Add two to the program

IR = Mem[PC]




#counter and set the







#instruction register to







#the memory value in the







#program counter address

2. A = Reg[IR[8-11]]



#Set A as the value of
B = Reg[IR[12-15]]



#the register that has
C = Reg[IR[4-7]]



#the address described

If (IR[0-3] == 15) then


#by bits 8 through 11 of







#the instruction







#register. Do the same








#for B and C, except use








#bits 12 through 15 and








#4 through 7 of the








#instruction register








#and if they equal 15,








#then it executes the








#following commands.
3. Reg[1] = PC




#The processor sets the
PC = A





#value of the program







#counter to the register








#1, which is the address








#return register and








#will allow us to return








#to the next instruction








#to be executed.








#The program counter is








#is also set to the








#value of A, which is








#the instruction we want








#to jump to. 

Register Transfer Language for Exception Handling:

When an exception occurs in our processor, it changes the control signal to a multiplexer which is hooked up to the Instruction Register. This has the effect of reading the next instruction as the constant value 0xb000 instead of reading the next instruction from the memory location specified at by the program counter. The processor then reads the first 4 bits as the opcode of any other instruction. The opcode 0xb (or 11 in decimal) indicates to the processor that an exception has occurred. Once an exception has occurred, the processor changes the most significant bit of the button register (register 2) to 1 to disable interrupts. Then it stores the address of the instruction which would have been executed into the interrupt return register ($ir) so we can return there after the interrupt is handled. Finally, the program counter is updated with the constant value 0xe000 representing the code which is responsible for handling exceptions.

1. PC = PC + 2

IR = 0xb000

2. A = Reg[IR[8-11]], B = Reg[IR[12-15]], C = Reg[IR[4-7]]

If (IR[0-3] == 11) then

3. (Reg[2])[15-15] = 1
Sum = PC – 2


4. Reg[15] = Sum
PC = 0xe000

Component List with Inputs, Outputs, and Control Signals:

Note, the number of bits for each signal are given in parenthesis

	Component
	Inputs
	Outputs
	Control Signals

	Mem
	Address (16), MemWriteData (16)
	MemData (16)
	MemWrite (1), 
MemRead (1)

	Reg
	ReadReg1 (4), 
ReadReg2 (4),

ReadReg3 (4),

WriteReg (4),

WriteData (16),
InterruptEnable(1),

ButtonRegInputs(x15)(1)


	ReadData1 (16), ReadData2 (16), ReadData3 (16),
InterruptEnableOut(1)
	RegWrite (1),
WriteInterruptEnable(1)

	Control
	IR (16)
	All Control Signals for Components
	---

	Special
	SReadReg1 (4),

SWriteReg (4),

SWriteData (16)
	SReadData1 (16)
	SRegWrite (1)

	ALU
	ALUIn1 (16), ALUIn2 (16)
	Sum (16), Zero(1)
	OpControl (4)

	PC
	PCIn (16)
	PCOut (16)
	PCWrite (1)

	IR
	IRIn (16)
	IROut (16)
	IRWrite (1)

	A
	AIn (16)
	AOut (16)
	---

	B
	BIn (16)
	BOut (16)
	---

	C
	CIn (16)
	COut (16)
	---

	Sum
	SumIn (16)
	SumOut (16)
	---

	MemRegData
	MemIn(16)
	MemOut(16)
	---

	Latch
	LatchIn(1)
	LatchOut(1)
	LatchReset(1)


Description of Components:
Mem:


Mem handles all of the memory access for the processor.  It can either store a word to memory or it can retrieve a word from memory.

- The address input gives the address of the memory location in question.

- The WriteData input gives the 16 bit word to write into memory

- The MemData output gives the 16 bit word from memory to be used in the processor.

- MemWrite and MemRead tell the memory module (respectively) whether to be writing or reading data.

Reg:


Reg handles all calls to the general purpose registers in the processor.  It can either store 16 bit value to a register, or it can return a 16 bit value from a register.

- ReadReg1, ReadReg2, and ReadReg3 are all inputs to tell the Register module the address of the registers in question.

- WriteReg tells the Register module which general purpose register to write to.

- WriteData tells the Register what data to write into the general purpose register specified in WriteReg.

-ReadData1, ReadData2, and ReadData3 are all outputs from the specified registers in ReadReg1, ReadReg2, and ReadReg3.

- RegWrite tells the Register unit when to write the data.
-ButtonRegInputs are 15 individual inputs that will tell registers to handle interrupts from up to 15 buttons.
-InterruptEnableOut in an output that will tell if interrupts are enabled or not

Control:


The control module inputs the data from the instruction register (IR), and then decodes the data to output all of the control signals used by the other modules within the processor.

- IR is word-long instruction from the IR.  The instruction is decoded within the control unit.

- WriteInterruptEnable is an input that will determine whether or not to enable interrupts by writing to the first bit of the interrupt register.

- All control outputs are output from the control unit.  They control all of the signals for the other components, such as write signals and read signals.

Special:


The Special Register module handles all of the special registers.  It can either store a 16 bit value to the special register, or return a 16 bit value from a special register.

- SReadReg1 tells the Special Register unit what special register to read

- SWriteReg tells the Special Register unit what register to write to

- SWriteData1 tells the Special Register unit the data to write to the specified special register

- SRegWrite tells the Special Register unit when to write.

ALU:


The Arithmetic Logic Unit (ALU) does all arithmetic operations.  It takes inputs from ALUIn1 and ALUIn2, then stores the result into the Sum register.  The OpControl tells the ALU what operation to perform.

- ALUIn1, ALUIn2 are the two input arguments for the arithmetic operation.

- Sum is the arithmetic result of the computation.

- OpControl tells the ALU what operation to perform.

- Zero is an output which goes to the control unit. It has value 1 if Sum has value 0 and has value 0 otherwise. This bit is used by the control to determine if a jump should happen for beq and bne instructions.

PC:


The program counter (PC) keeps track of the next instruction address.

- PCIn is the value to be put into PC

- PCOut is the data coming from the PC

- PCWrite is the signal that tells the PC to update its value to its input.

IR:


The Instruction Register (IR) keeps track of the current instruction data.

- IRIn is the data to be written into the IR

- IROut is the output of data currently stored in the IR

- IRWrit is the signal that tells the IR when to write

A:


A is a temporary storage register

- AIn is the data to be written to A

- AOut is the data currently in A

B:


B is a temporary storage register

- BIn is the data to be written to B

- BOut is the data currently in B

C:


C is a temporary storage register

- CIn is the data to be written to C

- COut is the data currently in C

Sum:

Sum is a temporary storage register that stores the output of the ALU

- SumIn is the data to be written to Sum

- SumOut is the data that is currently in Sum

Latch:


Latch is used in handling interrupts from our buttons as a control.
-LatchIn is telling if there is an interrupt

-LatchOut controls whether to use the code for interrupts or MemData
