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5.1. Giới thiệu chung

§ Vi kiến trúc (microarchitecture): triển khai kiến trúc 
tập lệnh bằng phần cứng 

§ Cùng một kiến trúc tập lệnh có nhiều cách triển 
khai:
§ Đơn chu kỳ (Single-cycle): mỗi lệnh thực hiện trong một 

chu kỳ
§ Đa chu kỳ (Multicycle): mỗi lệnh được chia thành chuỗi 

các bước ngắn
§ Đường ống (Pipelined): mỗi lệnh được chia thành chuỗi 

các bước ngắn và nhiều lệnh cùng được thực hiện gối 
lên nhau
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Minh hoạ các cách triển khai thiết kế bộ xử lý
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Hiệu năng của bộ xử lý

§ Hiệu năng phụ thuộc vào:
§ Số lệnh 

§ Được xác định bởi kiến trúc tập lệnh
§ Số chu kỳ trên một lệnh (CPI) và Thời gian một 

chu kỳ  
§ Được xác định bởi phần cứng của CPU
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Thiết kế bộ xử lý RISC-V 32-bit đơn giản 

§ Triển khai với một số lệnh cơ bản của RISC-V:
§ Các lệnh số học/logic kiểu R: 

§ add, sub, and, or

§ Các lệnh tham chiếu bộ nhớ: 
§ lw, sw

§ Lệnh rẽ nhánh: 
§ beq
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Tổng quan quá trình thực hiện các lệnh

§ Hai bước đầu tiên với mỗi lệnh:
§ Đưa địa chỉ từ bộ đếm chương trình PC đến bộ 

nhớ lệnh, tìm nạp lệnh từ bộ nhớ này
§ Sử dụng các số hiệu thanh ghi trong lệnh để 

chọn và đọc một hoặc hai thanh ghi:
§ Lệnh lw: đọc 1 thanh ghi (thanh ghi cơ sở)
§ Các lệnh khác: đọc 2 thanh ghi 
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Tổng quan quá trình thực hiện các lệnh (tiếp)

§ Các bước tiếp theo tùy thuộc vào loại lệnh:
§ Sử dụng ALU hoặc bộ cộng Add để: 

§ Tính kết quả phép toán với các lệnh số học/logic
§ So sánh các toán hạng với các lệnh branch
§ Tính địa chỉ đích với các lệnh branch
§ Tính địa chỉ ngăn nhớ dữ liệu với lệnh load/store

§ Truy cập bộ nhớ dữ liệu với lệnh load/store
§ Lệnh lw: đọc dữ liệu từ bộ nhớ
§ Lệnh sw: ghi dữ liệu ra bộ nhớ

§ Ghi dữ liệu đến thanh ghi đích:
§ Các lệnh số học/logic: kết quả phép toán
§ Lệnh lw: dữ liệu được đọc từ bộ nhớ dữ liệu
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Tổng quan quá trình thực hiện các lệnh (tiếp)

§ Thay đổi nội dung bộ đếm chương trình PC:
§ Với các lệnh rẽ nhánh (branch), tùy thuộc vào 

kết quả so sánh: 
§ Điều kiện thỏa mãn: PC ß địa chỉ đích BTA (địa chỉ 

của lệnh cần rẽ tới) 
§ Điều kiện không thỏa mãn: PC ß PC + 4 (địa chỉ 

của lệnh kế tiếp)
§ Với các lệnh còn lại (tuần tự)

§ PC ß PC + 4 (địa chỉ của lệnh kế tiếp)
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Sơ đồ khái quát của bộ xử lý RISC-V

12CA.RISCV.2025 ©khanhnk CH5-Bộ xử lý

256 Chapter 4 The Processor

from one of two adders, the data written into the register !le can come from either 
the ALU or the data memory, and the second input to the ALU can come from 
a register or the immediate !eld of the instruction. In practice, these data lines 
cannot simply be wired together; we must add a logic element that chooses from 
among the multiple sources and steers one of those sources to its destination. "is 
selection is commonly done with a device called a multiplexor, although this device 
might better be called a data selector. Appendix A describes the multiplexor, which 
selects from among several inputs based on the setting of its control lines. "e 
control lines are set based primarily on information taken from the instruction 
being executed.

"e second omission in Figure 4.1 is that several of the units must be controlled 
depending on the type of instruction. For example, the data memory must read 
on a load and write on a store. "e register !le must be written only on a load or 

FIGURE 4.1 An abstract view of the implementation of the RISC-V subset showing the 
major functional units and the major connections between them. All instructions start by using 
the program counter to supply the instruction address to the instruction memory. A#er the instruction is 
fetched, the register operands used by an instruction are speci!ed by !elds of that instruction. Once the 
register operands have been fetched, they can be operated on to compute a memory address (for a load or 
store), to compute an arithmetic result (for an integer arithmetic-logical instruction), or an equality check 
(for a branch). If the instruction is an arithmetic-logical instruction, the result from the ALU must be written 
to a register. If the operation is a load or store, the ALU result is used as an address to either load a value from 
memory into the registers or store a value from the registers. "e result from the ALU or memory is written 
back into the register !le. Branches require the use of the ALU output to determine the next instruction 
address, which comes either from the adder (where the PC and branch o$set are summed) or from an adder 
that increments the current PC by four. "e thick lines interconnecting the functional units represent buses, 
which consist of multiple signals. "e arrows are used to guide the reader in knowing how information %ows. 
Since signal lines may cross, we explicitly show when crossing lines are connected by the presence of a dot 
where the lines cross.

Data

PC Address Instruction

Instruction
memory

Registers ALU Address

Data

Data
memory

AddAdd

4

Register #

Register #

Register #

Cập nhật nội dung PC:
- PC=PC+4
- PC=địa chỉ đích (BTA)

Toán hạng thứ hai đưa đến ALU:
- Từ thanh ghi nguồn thứ hai (rs2)
- Hằng số imm trong lệnh

Dữ liệu đưa về thanh ghi đích:
- Kết quả từ đầu ra ALU
- Nội dung được load từ bộ nhớ dữ liệu



Bộ xử lý với các đường điều khiển chính
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 4.1 Introduction 257

an arithmetic-logical instruction. And, of course, the ALU must perform one of 
several operations. (Appendix A describes the detailed design of the ALU.) Like 
the multiplexors, control lines to are set based on various !elds in the instruction 
direct these operations.

Figure 4.2 shows the datapath of Figure 4.1 with the three required multiplexors 
added, as well as control lines for the major functional units. A control unit, which 
has the instruction as an input, is used to determine how to set the control lines 
for the functional units and two of the multiplexors. "e top multiplexor, which 

FIGURE 4.2 The basic implementation of the RISC-V subset, including the necessary multiplexors and control lines. "e 
top multiplexor (“Mux”) controls what value replaces the PC (PC + 4 or the branch destination address); the multiplexor is controlled by the gate 
that “ANDs” together the Zero output of the ALU and a control signal that indicates that the instruction is a branch. "e middle multiplexor, whose 
output returns to the register !le, is used to steer the output of the ALU (in the case of an arithmetic-logical instruction) or the output of the data 
memory (in the case of a load) for writing into the register !le. Finally, the bottom-most multiplexor is used to determine whether the second ALU 
input is from the registers (for an arithmetic-logical instruction or a branch) or from the o#set !eld of the instruction (for a load or store). "e 
added control lines are straightforward and determine the operation performed at the ALU, whether the data memory should read or write, and 
whether the registers should perform a write operation. "e control lines are shown in color to make them easier to see.
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5.2. Bộ xử lý đơn chu kỳ

§ Chia bộ xử lý thành hai phần:
§ Đường dẫn dữ liệu (Datapath)
§ Đơn vị điều khiển (Control Unit)

14CA.RISCV.2025 ©khanhnk CH5-Bộ xử lý



1. Thiết kế Datapath

§ Datapath: gồm các thành phần để xử lý dữ 
liệu và địa chỉ
§ Tập thanh ghi, ALUs, MUX’s, bộ nhớ, …

§ Sẽ xây dựng Datapath tăng dần 
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Các thành phần để thực hiện tìm nạp lệnh

§ Bộ đếm chương trình PC: 
§ Thanh ghi 32-bit chứa địa chỉ của lệnh hiện tại

§ Bộ nhớ lệnh (Instruction memory):
§ Chứa các lệnh của chương trình
§ Khi có địa chỉ lệnh từ PC đưa đến thì lệnh được đọc ra

§ Bộ cộng (Add): được sử dụng tăng nội dung PC thêm 4 
để trỏ tới lệnh kế tiếp

252 Chapter 4 The Processor

which were introduced in Chapter 2. Recall that a typical instance of such an 
instruction is add $t1,$t2,$t3, which reads $t2 and $t3 and writes $t1.

Th e processor’s 32 general-purpose registers are stored in a structure called a 
register fi le. A register fi le is a collection of registers in which any register can be 
read or written by specifying the number of the register in the fi le. Th e register fi le 
contains the register state of the computer. In addition, we will need an ALU to 
operate on the values read from the registers.

R-format instructions have three register operands, so we will need to read two 
data words from the register fi le and write one data word into the register fi le for 
each instruction. For each data word to be read from the registers, we need an input 
to the register fi le that specifi es the register number to be read and an output from 
the register fi le that will carry the value that has been read from the registers. To 
write a data word, we will need two inputs: one to specify the register number to be 
written and one to supply the data to be written into the register. Th e register fi le 
always outputs the contents of whatever register numbers are on the Read register 
inputs. Writes, however, are controlled by the write control signal, which must be 
asserted for a write to occur at the clock edge. Figure 4.7a shows the result; we 
need a total of four inputs (three for register numbers and one for data) and two 
outputs (both for data). Th e register number inputs are 5 bits wide to specify one 
of 32 registers (32 = 25), whereas the data input and two data output buses are each 
32 bits wide.

Figure 4.7b shows the ALU, which takes two 32-bit inputs and produces a 32-bit 
result, as well as a 1-bit signal if the result is 0. Th e 4-bit control signal of the ALU is 
described in detail in  Appendix B; we will review the ALU control shortly when 
we need to know how to set it.

register fi le A state 
element that consists 
of a set of registers that 
can be read and written 
by supplying a register 
number to be accessed.

Instruction
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Instruction

Instruction
memory

a. Instruction memory

PC
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FIGURE 4.5 Two state elements are needed to store and access instructions, and an 
adder is needed to compute the next instruction address. Th e state elements are the instruction 
memory and the program counter. Th e instruction memory need only provide read access because the 
datapath does not write instructions. Since the instruction memory only reads, we treat it as combinational 
logic: the output at any time refl ects the contents of the location specifi ed by the address input, and no read 
control signal is needed. (We will need to write the instruction memory when we load the program; this is 
not hard to add, and we ignore it for simplicity.) Th e program counter is a 32-bit register that is written at the 
end of every clock cycle and thus does not need a write control signal. Th e adder is an ALU wired to always 
add its two 32-bit inputs and place the sum on its output.
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Thực hiện phần tìm nạp lệnh

Thanh ghi 
32-bit

Tăng thêm  4 
cho lệnh 
kế tiếp
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Thực hiện lệnh số học/logic kiểu R (Register-type)

§ rs1, rs2: các thanh ghi nguồn (source registers)
§ rd: thanh ghi đích (destination register)
§ op: mã thao tác (operation code hay opcode)
§ funct7, funct3: các trường function, cùng với 

opcode chỉ ra cho CPU biết thao tác cần thực hiện
18CA.RISCV.2025 ©khanhnk CH5-Bộ xử lý

31:25 24:20 19:15 14:12 11:7 6:0

funct7 rs2 rs1 funct3 rd op

7 bit 5 bit 5 bit 3 bit 5 bit 7 bit

add   rd, rs1, rs2   # rd = rs1 + rs2
and   rd, rs1, rs2   # rd = rs1 & rs2



Các thành phần thực hiện lệnh SH/LG kiểu R

§ Tập thanh ghi (Registers): có 32 thanh ghi 32-bit, mỗi thanh ghi 
được xác định bởi số hiệu 5-bit
§ Read register 1, Read register 2: các đầu vào để chọn các thanh ghi cần đọc 
§ Write register: đầu vào để chọn thanh ghi cần ghi (thanh ghi đích)
§ Read data 1, Read data 2: hai đầu ra dữ liệu được đọc từ thanh ghi (32-bit)
§ Write Data: đầu vào dữ liệu ghi vào thanh ghi đích(32-bit)
§ RegWrite: tín hiệu điều khiển ghi dữ liệu vào thanh ghi 

§ ALU để thực hiện các phép toán số học/logic
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 4.3 Building a Datapath 263

FIGURE 4.6 A portion of the datapath used for fetching instructions and incrementing 
the program counter. !e fetched instruction is used by other parts of the datapath.

FIGURE 4.7 The two elements needed to implement R-format ALU operations are the 
register !le and the ALU. !e register "le contains all the registers and has two read ports and one 
write port. !e design of multiported register "les is discussed in Section A.8 of Appendix A. !e register 
"le always outputs the contents of the registers corresponding to the Read register inputs on the outputs; 
no other control inputs are needed. In contrast, a register write must be explicitly indicated by asserting the 
write control signal. Remember that writes are edge-triggered, so that all the write inputs (i.e., the value to 
be written, the register number, and the write control signal) must be valid at the clock edge. Since writes 
to the register "le are edge-triggered, our design can legally read and write the same register within a clock 
cycle: the read will get the value written in an earlier clock cycle, while the value written will be available to 
a read in a subsequent clock cycle. !e inputs carrying the register number to the register "le are all 5 bits 
wide, whereas the lines carrying data values are 32 bits wide. !e operation to be performed by the ALU is 
controlled with the ALU operation signal, which will be 4 bits wide, using the ALU designed in Appendix A. 
We will use the Zero detection output of the ALU shortly to implement conditional branches.

PC Read
address

Instruction

Instruction
memory

Add

4

Read
register 1

Registers ALUData

Data

Zero
ALU

result

RegWrite

a. Registers b. ALU

5

5

5

Register
numbers

Read
data 1

Read
data 2

ALU operation4

Read
register 2

Write
register

Write
Data



Mô tả thực hiện lệnh SH/LG kiểu R 

CA.RISCV.2025 ©khanhnk CH5-Bộ xử lý 20

 4.3 Building a Datapath 267

Show how to build a datapath for the operational portion of the memory-
reference and arithmetic-logical instructions that uses a single register !le 
and a single ALU to handle both types of instructions, adding any necessary 
multiplexors.

To create a datapath with only a single register !le and a single ALU, we must 
support two di"erent sources for the second ALU input, as well as two di"erent 
sources for the data stored into the register !le. #us, one multiplexor is placed 
at the ALU input and another at the data input to the register !le. Figure 4.10 
shows the operational portion of the combined datapath.

Now we can combine all the pieces to make a simple datapath for the core 
RISC-V architecture by adding the datapath for instruction fetch (Figure 4.6), the 
datapath from R-type and memory instructions (Figure 4.10), and the datapath for 
branches (Figure 4.9). Figure 4.11 shows the datapath we obtain by composing the 
separate pieces. #e branch instruction uses the main ALU to compare two register 
operands for equality, so we must keep the adder from Figure 4.9 for computing 
the branch target address. An additional multiplexor is required to select either the 
sequentially following instruction address (PC + 4) or the branch target address to 
be written into the PC.

ANSWER

FIGURE 4.10 The datapath for the memory instructions and the R-type instructions. #is example shows 
how a single datapath can be assembled from the pieces in Figures 4.7 and 4.8 by adding multiplexors. Two multiplexors 
are needed, as described in the example.
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Mô tả thực hiện lệnh SH/LG kiểu R 

§ Hai số hiệu thanh ghi rs1 và rs2  đưa đến hai đầu vào Read 
register 1, Read register 2 để chọn hai thanh ghi nguồn 

§ Số hiệu thanh ghi rd đưa đến đầu vào Write register để 
chọn thanh ghi đích 

§ Hai dữ liệu được đọc từ hai thanh ghi nguồn được đưa ra 2 
đầu ra Read data 1 và Read data 2 , rồi đưa đến đầu vào 
của ALU 

§ ALU operation (4-bit): tín hiệu điều khiển chọn phép toán ở 
ALU 

§ ALU thực hiện phép toán tương ứng, kết quả phép toán ở 
đầu ra ALU result được đưa về đầu vào Write Data của tập 
thanh ghi để ghi vào thanh ghi đích 

§ RegWrite: tín hiệu điều khiển ghi dữ liệu vào thanh ghi đích
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Thực hiện lệnh lw/sw

lw rd, imm(rs1) # rd = mem[rs1+SignExtImm]
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31:20 19:15 14:12 11:7 6:0

imm11:0 rs1 funct3 rd op

12 bit 5 bit 3 bit 5 bit 7 bit

sw rs2, imm(rs1) # mem[rs1+SignExtImm]= rs2

31:25 24:20 19:15 14:12 11:7 6:0

imm11:5 rs2 rs1 funct3 imm4:0 op

7 bit 5 bit 5 bit 3 bit 5 bit 7 bit



Các thành phần thực hiện các lệnh lw/sw
ALUTập thanh ghi

Bộ mở rộng hằng số có 
dấu từ 12-bit à 32-bit

Bộ nhớ dữ liệu
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 4.3 Building a Datapath 263

FIGURE 4.6 A portion of the datapath used for fetching instructions and incrementing 
the program counter. !e fetched instruction is used by other parts of the datapath.

FIGURE 4.7 The two elements needed to implement R-format ALU operations are the 
register !le and the ALU. !e register "le contains all the registers and has two read ports and one 
write port. !e design of multiported register "les is discussed in Section A.8 of Appendix A. !e register 
"le always outputs the contents of the registers corresponding to the Read register inputs on the outputs; 
no other control inputs are needed. In contrast, a register write must be explicitly indicated by asserting the 
write control signal. Remember that writes are edge-triggered, so that all the write inputs (i.e., the value to 
be written, the register number, and the write control signal) must be valid at the clock edge. Since writes 
to the register "le are edge-triggered, our design can legally read and write the same register within a clock 
cycle: the read will get the value written in an earlier clock cycle, while the value written will be available to 
a read in a subsequent clock cycle. !e inputs carrying the register number to the register "le are all 5 bits 
wide, whereas the lines carrying data values are 32 bits wide. !e operation to be performed by the ALU is 
controlled with the ALU operation signal, which will be 4 bits wide, using the ALU designed in Appendix A. 
We will use the Zero detection output of the ALU shortly to implement conditional branches.
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with the control set to subtract two values. If the Zero signal out of the ALU unit 
is asserted, we know that the register values are equal. Although the Zero output 
always signals if the result is 0, we will be using it only to implement the equality 
test of conditional branches. Later, we will show exactly how to connect the control 
signals of the ALU for use in the datapath.

!e branch instruction operates by adding the PC with the 12 bits of the 
instruction shi"ed le" by 1 bit. Simply concatenating 0 to the branch o#set 
accomplishes this shi", as described in Chapter 2.

Creating a Single Datapath
Now that we have examined the datapath components needed for the individual 
instruction classes, we can combine them into a single datapath and add the control 
to complete the implementation. !is simplest datapath will attempt to execute 
all instructions in one clock cycle. !us, that no datapath resource can be used 
more than once per instruction, so any element needed more than once must be 
duplicated. We therefore need a memory for instructions separate from one for 
data. Although some of the functional units will need to be duplicated, many of the 
elements can be shared by di#erent instruction %ows.

FIGURE 4.8 The two units needed to implement loads and stores, in addition to the 
register !le and ALU of Figure 4.7, are the data memory unit and the immediate generation 
unit. !e memory unit is a state element with inputs for the address and the write data, and a single output 
for the read result. !ere are separate read and write controls, although only one of these may be asserted on 
any given clock. !e memory unit needs a read signal, since, unlike the register &le, reading the value of an 
invalid address can cause problems, as we will see in Chapter 5. !e immediate generation unit (ImmGen) has 
a 32-bit instruction as input that selects a 12-bit &eld for load, store, and branch if equal that is sign-extended 
into a 32-bit result appearing on the output (see Chapter 2). We assume the data memory is edge-triggered for 
writes. Standard memory chips actually have a write enable signal that is used for writes. Although the write 
enable is not edge-triggered, our edge-triggered design could easily be adapted to work with real memory 
chips. See Section A.8 of Appendix A for further discussion of how real memory chips work.
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Mô tả thực hiện lệnh lw 
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 4.3 Building a Datapath 267

Show how to build a datapath for the operational portion of the memory-
reference and arithmetic-logical instructions that uses a single register !le 
and a single ALU to handle both types of instructions, adding any necessary 
multiplexors.

To create a datapath with only a single register !le and a single ALU, we must 
support two di"erent sources for the second ALU input, as well as two di"erent 
sources for the data stored into the register !le. #us, one multiplexor is placed 
at the ALU input and another at the data input to the register !le. Figure 4.10 
shows the operational portion of the combined datapath.

Now we can combine all the pieces to make a simple datapath for the core 
RISC-V architecture by adding the datapath for instruction fetch (Figure 4.6), the 
datapath from R-type and memory instructions (Figure 4.10), and the datapath for 
branches (Figure 4.9). Figure 4.11 shows the datapath we obtain by composing the 
separate pieces. #e branch instruction uses the main ALU to compare two register 
operands for equality, so we must keep the adder from Figure 4.9 for computing 
the branch target address. An additional multiplexor is required to select either the 
sequentially following instruction address (PC + 4) or the branch target address to 
be written into the PC.

ANSWER

FIGURE 4.10 The datapath for the memory instructions and the R-type instructions. #is example shows 
how a single datapath can be assembled from the pieces in Figures 4.7 and 4.8 by adding multiplexors. Two multiplexors 
are needed, as described in the example.
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Thực hiện lệnh lw
§ Số hiệu thanh ghi rs1 đưa đến đầu vào Read register 1 để 

chọn thanh ghi cơ sở rs1, nội dung rs1 được đưa đến đầu ra 
Read Data 1, rồi chuyển đến ALU

§ Hằng số imm 12-bit được đưa đến bộ Imm Gen để mở rộng 
thành 32-bit, rồi chuyển đến ALU

§ ALU cộng hai giá trị trên, kết quả ở đầu ra ALU result chính 
là địa chỉ của dữ liệu cần đọc từ bộ nhớ dữ liệu; địa chỉ này 
được đưa đến đầu vào Address của bộ nhớ dữ liệu 

§ Số hiệu thanh ghi rd đưa đến đầu vào Write Register để 
chọn thanh ghi đích 

§ Dữ liệu 32-bit ở bộ nhớ dữ liệu, tại vị trí địa chỉ đã được 
tính, được đọc ra ở đầu ra Read data của bộ nhớ dữ liệu 
nhờ tín hiệu điều khiển MemRead, rồi đưa về đầu vào Write 
Data của tập thanh ghi để ghi vào thanh ghi đích rd
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Mô tả thực hiện lệnh sw 
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 4.3 Building a Datapath 267

Show how to build a datapath for the operational portion of the memory-
reference and arithmetic-logical instructions that uses a single register !le 
and a single ALU to handle both types of instructions, adding any necessary 
multiplexors.

To create a datapath with only a single register !le and a single ALU, we must 
support two di"erent sources for the second ALU input, as well as two di"erent 
sources for the data stored into the register !le. #us, one multiplexor is placed 
at the ALU input and another at the data input to the register !le. Figure 4.10 
shows the operational portion of the combined datapath.

Now we can combine all the pieces to make a simple datapath for the core 
RISC-V architecture by adding the datapath for instruction fetch (Figure 4.6), the 
datapath from R-type and memory instructions (Figure 4.10), and the datapath for 
branches (Figure 4.9). Figure 4.11 shows the datapath we obtain by composing the 
separate pieces. #e branch instruction uses the main ALU to compare two register 
operands for equality, so we must keep the adder from Figure 4.9 for computing 
the branch target address. An additional multiplexor is required to select either the 
sequentially following instruction address (PC + 4) or the branch target address to 
be written into the PC.

ANSWER

FIGURE 4.10 The datapath for the memory instructions and the R-type instructions. #is example shows 
how a single datapath can be assembled from the pieces in Figures 4.7 and 4.8 by adding multiplexors. Two multiplexors 
are needed, as described in the example.
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Thực hiện lệnh sw
§ Số hiệu thanh ghi rs1 đưa đến đầu vào Read register 1 để 

chọn thanh ghi cơ sở rs1, nội dung rs1 được đưa ra đầu ra 
Read Data 1, rồi chuyển đến ALU

§ Hằng số imm 12-bit đưa đến bộ Imm Gen để mở rộng 
thành 32-bit, rồi chuyển đến ALU

§ ALU cộng hai giá trị trên, kết quả ở đầu ra ALU result chính 
là địa chỉ của vị trí ở bộ nhớ dữ liệu; địa chỉ này được đưa 
đến đầu vào Address của bộ nhớ dữ liệu

§ Số hiệu thanh ghi rs2 đưa đến đầu vào Read register 2 để 
chọn thanh ghi dữ liệu nguồn rs2, nội dung rs2 được đưa ra 
đầu ra Read data 2 

§ Dữ liệu 32-bit này sẽ được đưa đến đầu vào Write data 
của bộ nhớ dữ liệu và được ghi vào ngăn nhớ có địa chỉ đã 
được tính, nhờ tín hiệu điều khiển MemWrite
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Datapath cho các lệnh SH/LG kiểu R/Load/Store 

§ ALUSrc: tín hiệu điều khiển chọn toán hạng đưa đến ALU:
§ Lệnh kiểu R: toán hạng từ thanh ghi nguồn thứ hai (ALUSrc = 0)
§ Lệnh lw/sw: Hằng số imm 12-bit được mở rộng thành 32-bit (tính địa chỉ) 

(ALUSrc=1)
§ MemtoReg: tín hiệu điều khiển chọn dữ liệu đưa về thanh ghi đích:

§ Lệnh kiểu R: lấy kết quả từ ALU result (MemtoReg = 0)
§ Lệnh lw: dữ liệu đọc (Read data) từ bộ nhớ dữ liệu (MemtoReg = 1)
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 4.3 Building a Datapath 267

Show how to build a datapath for the operational portion of the memory-
reference and arithmetic-logical instructions that uses a single register !le 
and a single ALU to handle both types of instructions, adding any necessary 
multiplexors.

To create a datapath with only a single register !le and a single ALU, we must 
support two di"erent sources for the second ALU input, as well as two di"erent 
sources for the data stored into the register !le. #us, one multiplexor is placed 
at the ALU input and another at the data input to the register !le. Figure 4.10 
shows the operational portion of the combined datapath.

Now we can combine all the pieces to make a simple datapath for the core 
RISC-V architecture by adding the datapath for instruction fetch (Figure 4.6), the 
datapath from R-type and memory instructions (Figure 4.10), and the datapath for 
branches (Figure 4.9). Figure 4.11 shows the datapath we obtain by composing the 
separate pieces. #e branch instruction uses the main ALU to compare two register 
operands for equality, so we must keep the adder from Figure 4.9 for computing 
the branch target address. An additional multiplexor is required to select either the 
sequentially following instruction address (PC + 4) or the branch target address to 
be written into the PC.

ANSWER

FIGURE 4.10 The datapath for the memory instructions and the R-type instructions. #is example shows 
how a single datapath can be assembled from the pieces in Figures 4.7 and 4.8 by adding multiplexors. Two multiplexors 
are needed, as described in the example.
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Thực hiện lệnh branch

beq  rs1, rs2, label

(bne, blt, bge, bltu, bgeu)
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31:25 24:20 19:15 14:12 11:7 6:0

imm12, 10:5 rs2 rs1 funct3 imm4:1,11 op

7 bit 5 bit 5 bit 3 bit 5 bit 7 bit

funct3
000   beq 
001   bne
100   blt
101   bge
110   bltu
111   bgeu

§ So sánh nội dung hai thanh ghi rs1 và rs2:
§ Nếu điều kiện đúng: rẽ nhánh đến nhãn đích

§ PC ß PC + SignExt({imm12:1,1'b0})

§ Nếu điều kiện sai: chuyển sang thực hiện lệnh kế tiếp
§ PC ß PC + 4



Các thành phần thực hiện lệnh Branch
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266 Chapter 4 The Processor

To share a datapath element between two di!erent instruction classes, we may 
need to allow multiple connections to the input of an element, using a multiplexor 
and control signal to select among the multiple inputs.

Building a Datapath

"e operations of arithmetic-logical (or R-type) instructions and the memory 
instructions datapath are quite similar. "e key di!erences are the following:

■ "e arithmetic-logical instructions use the ALU, with the inputs coming 
from the two registers. "e memory instructions can also use the ALU 
to do the address calculation, although the second input is the sign-
extended 12-bit o!set #eld from the instruction.

■ "e value stored into a destination register comes from the ALU (for an 
R-type instruction) or the memory (for a load).

EXAMPLE

FIGURE 4.9 The portion of a datapath for a branch uses the ALU to evaluate the branch 
condition and a separate adder to compute the branch target as the sum of the PC and 
immediate (the branch displacement). Control logic is used to decide whether the incremented PC 
or branch target should replace the PC, based on the Zero output of the ALU.
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Thực hiện lệnh beq
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268 Chapter 4 The Processor

I. Which of the following is correct for a load instruction? Refer to Figure 4.10.
a. MemtoReg should be set to cause the data from memory to be sent to the 

register !le.
b. MemtoReg should be set to cause the correct register destination to be 

sent to the register !le.
c. We do not care about the setting of MemtoReg for loads.

II. "e single-cycle datapath conceptually described in this section must have 
separate instruction and data memories, because
a. the formats of data and instructions are di#erent in RISC-V, and hence 

di#erent memories are needed;
b. having separate memories is less expensive;
c. the processor operates in one clock cycle and cannot use a (single-

ported) memory for two di#erent accesses within that clock cycle.

Check  
Yourself

FIGURE 4.11 The simple datapath for the core RISC-V architecture combines the elements 
required by different instruction classes. "e components come from Figures 4.6, 4.9, and 4.10. "is 
datapath can execute the basic instructions (load-store register, ALU operations, and branches) in a single 
clock cycle. Just one additional multiplexor is needed to integrate branches.

Read
register 1

Write
data

Registers ALU

Add

Zero

RegWrite

MemRead

MemWrite

PCSrc

MemtoReg

Read
data 1

Read
data 2

ALU operation4

Imm
Gen

Instruction ALU
result

Add

Sum

M
u
x

M
u
x

M
u
x

ALUSrc

Address

Data
memory

Read
data

4

Read
address

Instruction
memory

PC
Read
register 2

Write
register

Write
data

imm12, 10:5 rs2 rs1 funct3 imm4:1,11 op

7 bit 5 bit 5 bit 3 bit 5 bit 7 bit

imm12:1 0



Thực hiện lệnh beq
§ Nhờ các số hiệu thanh ghi rs1 và rs2, hai toán hạng nguồn 

được đọc ra đưa đến ALU để so sánh
§ ALU trừ hai toán hạng và thiết lập giá trị ở đầu ra “Zero”

§ Hiệu = 0   à đầu ra Zero = 1
§ Hiệu <> 0 à đầu ra Zero = 0
§ Đầu ra Zero này được đưa đến mạch logic điều khiển rẽ nhánh

§ Bộ cộng Add tính địa chỉ đích rẽ nhánh
§ Hằng số imm 12-bit được mở rộng theo kiểu có dấu thành 32-bit, 

rồi dịch trái 1 bit 
§ Cộng với PC
à Địa chỉ đích = PC + (imm đã mở rộng 32-bit, dịch trái 1 bit)

§ Điều kiện đúng: PC ß địa chỉ đích rẽ nhánh (rẽ nhánh xảy 
ra)

§ Điều kiện sai: PC ß PC+4 (chuyển sang lệnh kế tiếp)
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Hợp các thành phần cho các lệnh 
§ Datapath cho các lệnh thực hiện trong 1 chu kỳ

§ Mỗi phần tử của datapath chỉ có thể làm một chức 
năng trong mỗi chu kỳ

§ Do đó, cần tách rời bộ nhớ lệnh và bộ nhớ dữ liệu
§ Sử dụng các bộ chọn kênh để chọn dữ liệu nguồn 

cho các lệnh khác nhau
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Datapath đơn giản cho các lệnh R/lw/sw/branch

§ PCSrc: tín hiệu điều khiển chọn giá trị cập nhật PC 
• Không rẽ nhánh: PC ß PC+4  (PCSrc = 0)
• Rẽ nhánh: PC ß PC + (imm 12-bit được mở rộng thành 32-bit  <<1) (PCSrc = 1)

CA.RISCV.2025 ©khanhnk CH5-Bộ xử lý 34

268 Chapter 4 The Processor

I. Which of the following is correct for a load instruction? Refer to Figure 4.10.
a. MemtoReg should be set to cause the data from memory to be sent to the 

register !le.
b. MemtoReg should be set to cause the correct register destination to be 

sent to the register !le.
c. We do not care about the setting of MemtoReg for loads.

II. "e single-cycle datapath conceptually described in this section must have 
separate instruction and data memories, because
a. the formats of data and instructions are di#erent in RISC-V, and hence 

di#erent memories are needed;
b. having separate memories is less expensive;
c. the processor operates in one clock cycle and cannot use a (single-

ported) memory for two di#erent accesses within that clock cycle.

Check  
Yourself

FIGURE 4.11 The simple datapath for the core RISC-V architecture combines the elements 
required by different instruction classes. "e components come from Figures 4.6, 4.9, and 4.10. "is 
datapath can execute the basic instructions (load-store register, ALU operations, and branches) in a single 
clock cycle. Just one additional multiplexor is needed to integrate branches.
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2. Thiết kế Control Unit
§ Đơn vị điều khiển có hai phần:

§ Bộ điều khiển ALU
§ Bộ điều khiển chính
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Thiết kế bộ điều khiển ALU
§ ALU được sử dụng để:

§ Load/Store: F = add (xác định địa chỉ bộ nhớ dữ liệu)
§ Branch: F = subtract (so sánh) 
§ Các lệnh số học/logic : F phụ thuộc vào funct code

ALU control lines Function

0000 AND

0001 OR

0010 add

0110 subtract
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Tín hiệu điều khiển ALU
§ Bộ điều khiển ALU sử dụng mạch logic tổ hợp:

§ Đầu vào: 2-bit ALUOp được tạo ra từ opcode của lệnh và 
các bit của funct7 và funct3

§ Đầu ra: các tín hiệu điều khiển ALU 4-bit (ALU control)

Opcode ALUOp Operation funct7 funct3 ALU function ALU 
control

lw 00 load word XXXXXXX XXX add 0010
sw 00 store word XXXXXXX XXX add 0010
beq 01 branch if equal XXXXXXX XXX subtract 0110
R-type 10 add 0000000 000 add 0010

sub 0100000 000 subtract 0110
and 0000000 111 AND 0000
or 0000000 110 OR 0001
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Thiết kế bộ điều khiển chính 
§ Các tín hiệu điều khiển được tạo ra từ lệnh
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7 bit 5 bit 5 bit 3 bit 5 bit 7 bit
funct7 rs2 rs1 funct3 rd op R-Type

imm11:0 rs1 funct3 rd op I-Type

imm11:5 rs2 rs1 funct3 imm4:0 op S-Type

imm12,10:5 rs2 rs1 funct3 imm4:1,11 op B-Type

imm31:12 rd op U-Type

imm20,10:1,11,19:12 rd op J-Type

20 bit 5 bit 7 bit



Datapath và Control Unit
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PCSrc

 4.4 A Simple Implementation Scheme 277

3. !e ALU operates on the data read from the register "le, using portions of 
the opcode to generate the ALU function.

4. !e result from the ALU is written into the destination register (x1) in the 
register "le.

Similarly, we can illustrate the execution of a load register, such as
lw x1, offset(x2)

in a style similar to Figure 4.23. Figure 4.24 shows the active functional units and 
asserted control lines for a load. We can think of a load instruction as operating in 
"ve steps (similar to how the R-type executed in four):

FIGURE 4.21 The simple datapath with the control unit. !e input to the control unit is the 7-bit opcode "eld from the instruction. 
!e outputs of the control unit consist of two 1-bit signals that are used to control multiplexors (ALUSrc and MemtoReg), three signals for 
controlling reads and writes in the register "le and data memory (RegWrite, MemRead, and MemWrite), a 1-bit signal used in determining 
whether to possibly branch (Branch), and a 2-bit control signal for the ALU (ALUOp). An AND gate is used to combine the branch control 
signal and the Zero output from the ALU; the AND gate output controls the selection of the next PC. Notice that PCSrc is now a derived signal, 
rather than one coming directly from the control unit. !us, we drop the signal name in subsequent "gures.
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Các tín hiệu điều khiển

Tên tín hiệu Hiệu ứng khi tín hiệu = 0 Hiệu ứng khi tín hiệu = 1

Branch Không có lệnh rẽ nhánh beq Có lệnh rẽ nhánh beq
(Branch =1) & (Zero=1): rẽ nhánh xảy ra
(Branch =1) & (Zero=0): rẽ nhánh không xảy 
ra

RegWrite Không Ghi dữ liệu trên đầu vào Write Data ở tập 
thanh ghi đến thanh ghi đích 

ALUSrc Toán hạng thứ hai của ALU lấy 
từ thanh ghi nguồn thứ hai 
(Read data 2)

Toán hạng thứ hai của ALU là giá trị 12 bit 
của lệnh được mở rộng có dấu thành 32-bit

PCSrc PC ß PC+4 PC ß PC + SignExt({imm12:1,1'b0})
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Các tín hiệu điều khiển (tiếp)

Tên tín hiệu Hiệu ứng khi tín hiệu = 0 Hiệu ứng khi tín hiệu = 1

MemRead Không Nội dung ngăn nhớ dữ liệu, được xác định 
bởi địa chỉ do ALU tính, được đưa ra đầu 
ra Read data của bộ nhớ dữ liệu

MemWrite Không Dữ liệu trên đầu vào Write Data của bộ 
nhớ dữ liệu được ghi vào ngăn nhớ có địa 
chỉ do ALU tính

MemtoReg Giá trị được đưa đến đầu vào 
Write data của tập thanh ghi là 
từ ALU result

Giá trị được đưa đến đầu vào Write data 
của tập thanh ghi là từ bộ nhớ dữ liệu
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Ví dụ thực hiện lệnh kiểu R
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FIGURE 4.22 The setting of the control lines is completely determined by the opcode !elds of the instruction. !e "rst 
row of the table corresponds to the R-format instructions (add, sub, and, and or). For all these instructions, the source register "elds are rs1 
and rs2, and the destination register "eld is rd; this de"nes how the signals ALUSrc is set. Furthermore, an R-type instruction writes a register 
(RegWrite = 1), but neither reads nor writes data memory. When the Branch control signal is 0, the PC is unconditionally replaced with PC + 
4; otherwise, the PC is replaced by the branch target if the Zero output of the ALU is also high. !e ALUOp "eld for R-type instructions is set 
to 10 to indicate that the ALU control should be generated from the funct "elds. !e second and third rows of this table give the control signal 
settings for lw and sw. !ese ALUSrc and ALUOp "elds are set to perform the address calculation. !e MemRead and MemWrite are set to 
perform the memory access. Finally, RegWrite is set for a load to cause the result to be stored in the rd register. !e ALUOp "eld for branch is 
set for subtract (ALU control = 01), which is used to test for equality. Notice that the MemtoReg "eld is irrelevant when the RegWrite signal is 
0: since the register is not being written, the value of the data on the register data write port is not used. !us, the entry MemtoReg in the last 
two rows of the table is replaced with X for don’t care. !is type of don’t care must be added by the designer, since it depends on knowledge of 
how the datapath works.

FIGURE 4.23 The datapath in operation for an R-type instruction, such as add x1, x2, x3. !e control lines, datapath 
units, and connections that are active are highlighted.
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Ví dụ thực hiện lệnh lw
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imm rs1 funct3 rd op

lw  t2, 8(s3) 0000 0000 1000 10011 010 00111 0000011
lw  x7, 8(x19) 31                                             20                     19           15 14   12 11             7     6                    0

 4.4 A Simple Implementation Scheme 279

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

2. A register (x2) value is read from the register !le.
3. "e ALU computes the sum of the value read from the register !le and the 

sign-extended 12 bits of the instruction (offset).
4. "e sum from the ALU is used as the address for the data memory.
5. "e data from the memory unit is written into the register !le (x1).

FIGURE 4.24 The datapath in operation for a load instruction. "e control lines, datapath units, and connections that are active 
are highlighted. A store instruction would operate very similarly. "e main di#erence would be that the memory control would indicate a write 
rather than a read, the second register value read would be used for the data to store, and the operation of writing the data memory value to 
the register !le would not occur.
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Ví dụ thực hiện lệnh sw
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imm11:5 rs2 rs1 funct3 imm4:0 op

sw  s0, -8(s6) 1111 111 01000 10110 010 11000 0100011
sw  x8, -8(x22) 31                    25                     24           20          19           15 14   12 11             7     6                    0

 4.4 A Simple Implementation Scheme 277

3. !e ALU operates on the data read from the register "le, using portions of 
the opcode to generate the ALU function.

4. !e result from the ALU is written into the destination register (x1) in the 
register "le.

Similarly, we can illustrate the execution of a load register, such as
lw x1, offset(x2)

in a style similar to Figure 4.23. Figure 4.24 shows the active functional units and 
asserted control lines for a load. We can think of a load instruction as operating in 
"ve steps (similar to how the R-type executed in four):

FIGURE 4.21 The simple datapath with the control unit. !e input to the control unit is the 7-bit opcode "eld from the instruction. 
!e outputs of the control unit consist of two 1-bit signals that are used to control multiplexors (ALUSrc and MemtoReg), three signals for 
controlling reads and writes in the register "le and data memory (RegWrite, MemRead, and MemWrite), a 1-bit signal used in determining 
whether to possibly branch (Branch), and a 2-bit control signal for the ALU (ALUOp). An AND gate is used to combine the branch control 
signal and the Zero output from the ALU; the AND gate output controls the selection of the next PC. Notice that PCSrc is now a derived signal, 
rather than one coming directly from the control unit. !us, we drop the signal name in subsequent "gures.
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Ví dụ thực hiện lệnh kiểu B: beq
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imm12, 10:5 rs2 rs1 funct3 imm4:1,11 op

beq s0, t5, L1 0 000000 11110 01000 000 1000 0 1100011
beq  x8, x30, 16 31                    25                     24           20          19           15 14   12 11             7     6                    0

280 Chapter 4 The Processor

Finally, we can show the operation of the branch-if-equal instruction, such as 
beq x1, x2, 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. Figure 4.25 shows the four steps in execution:

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

2. Two registers, x1 and x2, are read from the register !le.

FIGURE 4.25 The datapath in operation for a branch-if-equal instruction. "e control lines, datapath units, and connections 
that are active are highlighted. A#er using the register !le and ALU to perform the compare, the Zero output is used to select the next program 
counter from between the two candidates.
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5.3. Bộ xử lý đa chu kỳ
§ Một bộ nhớ dùng chung cho cả lệnh và dữ liệu
§ Chỉ có một bộ ALU
§ Một hoặc nhiều thanh ghi được thêm sau mỗi đơn 

vị chức năng để giữ đầu ra của đơn vị đó cho đến 
khi giá trị đó được sử dụng ở chu kỳ tiếp theo
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Đường dẫn dữ liệu đa chu kỳ

§ Thanh ghi lệnh (IR) và Thanh ghi dữ liệu bộ nhớ (MDR): 
chứa lệnh và dữ liệu được đọc ra từ bộ nhớ

§ Các thanh ghi A và B để chứa các giá trị toán hạng được 
đọc từ các thanh ghi

§ Thanh ghi ALUOut chứa đầu ra của ALU
47CA.RISCV.2025 ©khanhnk CH5-Bộ xử lý

 4.5   A Multicycle Implementation  282.e1

 4.6   A Multicycle Implementation

Figure e4.5.1 shows the abstract version of the multicycle datapath. If we compare 
Figure 4.27 to the datapath for the single-cycle version in Figure 4.11 on page 250, 
we can see the following di!erences:

■ A single memory unit is used for both instructions and data.
■ "ere is a single ALU, rather than an ALU and two adders.
■ One or more registers are added a#er every major functional unit to hold the 

output of that unit until the value is used in a subsequent clock cycle.
At the end of a clock cycle, all data that is used in subsequent clock cycles must 

be stored in a state element. Data used by subsequent instructions in a later clock 
cycle is stored into one of the programmer-visible state elements: the register $le, 
the PC, or the memory. In contrast, data used by the same instruction in a later 
cycle must be stored into one of these additional registers that are appended to each 
functional unit.

"us, the position of the additional registers is determined by these two factors: 
what combinational units will $t in one clock cycle and what data is needed in later 
cycles implementing the instruction. In this multicycle design, we assume that the 
clock cycle can accommodate at most one of the following operations: a memory 
access, a register $le access (two reads or one write), or an ALU operation. Hence, 
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FIGURE e4.5.1 The high-level view of the multicycle datapath. "is picture shows the key elements of the datapath: 
a shared memory unit, a single ALU shared among instructions, and the connections among these shared units. "e use of shared 
functional units requires the addition or widening of multiplexors as well as new temporary registers that hold data between 
clock cycles of the same instruction. "e additional registers are the Instruction register (IR), the Memory data register (MDR), 
A, B, and ALUOut.
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Đường dẫn dữ liệu đa chu kỳ cho các lệnh cơ bản
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 4.5   A Multicycle Implementation  282.e3

control line, while the four-input multiplexor requires two control lines. Figure 
e4.5.3 shows the datapath of Figure 4.28 with these control lines added.

!e multicycle datapath still requires additions to support branches and jumps; 
a"er these additions, we will see how the instructions are sequenced and then 
generate the datapath control.

With the jump instruction and branch instruction, there are two possible 
sources for the value to be written into the PC:

1.  !e output of the ALU, which is the value PC + 4 during instruction fetch.
!is value should be stored directly into the PC.

2.  !e register ALUOut, which is where we will store the address of the branch 
target a"er it is computed.

As we observed when we implemented the single-cycle control, the PC is written 
both unconditionally and conditionally. During a normal increment and for jumps, 
the PC is written unconditionally. If the instruction is a conditional branch, the 
incremented PC is replaced with the value in ALUOut only if the two designated 
registers are equal. Hence, our implementation uses two separate control signals: 
PCWrite, which causes an unconditional write of the PC, and PCWriteCond, which 
causes a write of the PC if the branch condition is also true.
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FIGURE e4.5.2 Multicycle datapath for RISC-V handles the basic instructions. Although this datapath supports normal incrementing 
of the PC, a few more connections and a multiplexor will be needed for branches and jumps; we will add these shortly. !e additions versus the 
single-clock datapath include several registers (IR, MDR, A, B, ALUOut), a multiplexor for the memory address, a multiplexor for the top ALU 
input, and expanding the multiplexor on the bottom ALU input into a four-way selector. !ese small additions allow us to remove two adders and 
a memory unit.
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282.e4 4.5   A Multicycle Implementation

We need to connect these two control signals to the PC write control. Just as 
we did in the single-cycle datapath, we will use a few gates to derive the PC write 
control signal from PCWrite, PCWriteCond, and the Zero signal of the ALU, which 
is used to detect if the two register operands of a beq are equal. To determine 
whether the PC should be written during a conditional branch, we AND together 
the Zero signal of the ALU with the PCWriteCond. !e output of this AND gate is 
then ORed with PCWrite, which is the unconditional PC write signal. !e output 
of this OR gate is connected to the write control signal for the PC.

Figure e4.5.4 shows the complete multicycle datapath and control unit, including 
the additional control signals and multiplexor for implementing the PC updating.

Before examining the steps to execute each instruction, let us informally examine 
the e"ect of all the control signals (just as we did for the single-cycle design in 
Figure 5.16 on page 306). Figure e4.5.5 shows what each control signal does when 
asserted and deasserted.

Read
register 1

Read
register 2

Write
register

Write
data

Registers ALU
Zero

Read
data 1

Read
data 2

Instruction
[19–15]

Instruction
[24–20]

Instruction
[11–7]

ALU
result

M
u
x

M
u
x

Instruction
register

PC 0

1

M
u
x

0

1

M
u
x

0

1
A

B 0
1
2

ALUOut

Instruction
[31–0]

Memory
data

register

Address

Write
data

Memory
MemData

4

ALU
control

Instruction [6-0]

ALUOpALUSrcBMemtoReg

IorD MemRead MemWrite IRWrite RegWrite ALUSrcA

Imm
Gen

FIGURE e4.5.3 The multicycle datapath from Figure 4.28 with the control lines shown. !e signals ALUOp and 
ALUSrcB are 2-bit control signals, while all the other control lines are 1-bit signals. Neither register A nor B requires a write signal, since 
their contents are only read on the cycle immediately a#er it is written. !e memory data register has been added to hold the data from a 
load when the data returns from memory. Data from a load returning from memory cannot be written directly into the register $le since 
the clock cycle cannot accommodate the time required for both the memory access and the register $le write. !e MemRead signal has 
been moved to the top of the memory unit to simplify the $gures. !e full set of datapaths and control lines for branches will be added 
shortly.
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 4.5   A Multicycle Implementation  282.e5

Elaboration: To reduce the number of signal lines interconnecting the functional units, 
designers can use shared buses. A shared bus is a set of lines that connect multiple 
units; in most cases, they include multiple sources that can place data on the bus and 
multiple readers of the value. Just as we reduced the number of functional units for the 
datapath, we can reduce the number of buses interconnecting these units by sharing 
the buses. For example, there are six sources coming to the ALU; however, only two of 
them are needed at any one time. Thus, a pair of buses can be used to hold values that 
are being sent to the ALU. Rather than placing a large multiplexor in front of the ALU, a 
designer can use a shared bus and then ensure that only one of the sources is driving 
the bus at any point. Although this saves signal lines, the same number of control lines 
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FIGURE e4.5.4 The complete datapath for the multicycle implementation together with the necessary control lines. 
!e control lines of Figure e4.5.3 are attached to the control unit, and the control and datapath elements needed to e"ect changes to the 
PC are included. !e major additions from Figure 4.29 include the multiplexor used to select the source of a new PC value; gates used to 
combine the PC write signals; and the control signals PCSource, PCWrite, and PCWriteCond. !e PCWriteCond signal is used to decide 
whether a conditional branch should be taken.



Các tín hiệu điều khiển 1-bit
Tên tín hiệu Hiệu ứng khi tín hiệu = 0 Hiệu ứng khi tín hiệu = 1

RegWrite Không Ghi dữ liệu trên đầu vào Write Data ở tập 
thanh ghi đến thanh ghi đích 

ALUSrcA Toán hạng thứ nhất của ALU là 
từ PC

Toán hạng thứ nhất của ALU là từ thanh ghi 
A 

MemRead Không Nội dung ngăn nhớ dữ liệu, được xác định 
bởi địa chỉ do ALU tính, được đưa ra đầu ra 
Memory data output đưa đến Memory data 
register (MDR)

MemWrite Không Dữ liệu trên đầu vào Write Data của bộ nhớ 
dữ liệu được ghi vào ngăn nhớ có địa chỉ do 
ALU tính

MemtoReg Giá trị được đưa đến đầu vào 
Write data của tập thanh ghi 
là từ ALU Out

Giá trị được đưa đến đầu vào Write data 
của tập thanh ghi là từ MDR

IorD PC cung cấp địa chỉ đến bộ 
nhớ để đọc lệnh

ALUOut cung cấp địa chỉ đến bộ nhớ (với 
lệnh load/store
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Các tín hiệu điều khiển 1-bit (tiếp)

Tên tín hiệu Hiệu ứng khi tín hiệu = 0 Hiệu ứng khi tín hiệu = 1

IRWrite Không Đầu ra của bộ nhớ được ghi đến Thanh ghi 
lệnh IR

PCWrite Không PC được ghi; nguồn được điều khiển bởi 
PCSource

PCWriteCond Không PC được ghi nếu đầu ra Zero output = 1
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Các tín hiệu điều khiển 2-bit
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Tên tín hiệu Giá trị Hiệu ứng
ALUOp 00 ALU thực hiện phép cộng

01 ALU thực hiện phép trừ
10 Trường funct của lệnh xác định phép toán của ALU

ALUSrcB 00 Đầu vào thứ hai của ALU từ thanh ghi B
01 Đầu vào thứ hai của ALU là hằng số 4
10 Đầu vào thứ hai của ALU là hằng số imm đã được mở rộng 

PCSource 00 Đầu ra của ALU (PC+4) đưa về PC 
01 Nội dung của ALUOut (địa chỉ đích rẽ nhánh) đưa về PC
10 The jump target address (IR[25:0] shifted left 2 bits and 

concatenated with PC + 4[31:28]) is sent to the PC for writing. 



Ví dụ về hiệu năng

§ Thống kê trong chương trình: 20% lệnh load, 8% 
lệnh store, 10% lệnh branch, 62% lệnh ALU

§ CPI: các lệnh load: 5, các lệnh store: 4, các lệnh 
ALU: 4, các lệnh branch: 3

§ CPITB = 0,2x5 + 0,08x4 + 0,1x3 + 0,62x4 = 4,10
§ So với bộ xử lý đơn chu kỳ ?

§ Chu kỳ của bộ xử lý đơn chu kỳ = 5 chu kỳ của bộ xử lý 
đa chu kỳ (lệnh load) à CPI = 5
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5.4. Bộ xử lý đường ống
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§ Kỹ thuật đường ống lệnh (Instruction Pipelining): Chia chu 
trình lệnh thành các công đoạn và cho phép thực hiện gối 
lên nhau (như dây chuyền lắp ráp)

§ Bộ xử lý RISC-V có 5 công đoạn, mỗi công đoạn được mô 
tả liên quan với một thành phần chính của bộ xử lý:

1. IF: Tìm nạp lệnh từ bộ nhớ  (IM - Instruction Memory)
2. ID: Giải mã lệnh và đọc thanh ghi (RF - Register File)
3. EX: Thực thi thao tác hoặc tính toán địa chỉ (ALU)
4. MEM: Truy nhập toán hạng bộ nhớ (DM – Data Memory)
5. WB: Ghi kết quả trả về thanh ghi (RF - Register File)

MEMIF ID WBEX



Biểu đồ thời gian của đường ống lệnh

Thời gian thực hiện 1 công đoạn = T
Thời gian thực hiện tuần tự 8 lệnh: 8 x 5T = 40T
Thời gian thực hiện đường ống 8 lệnh: (1 x 5T) + [ (8-1) x T ] = 12T
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Các trở ngại (Hazard) của đường ống lệnh

§ Hazard: Tình huống ngăn cản bắt đầu của lệnh tiếp 
theo ở chu kỳ tiếp theo
§ Hazard cấu trúc: do tài nguyên được yêu cầu đang bận

§ Hazard dữ liệu: cần phải đợi để lệnh trước hoàn thành 
việc đọc/ghi dữ liệu

§ Hazard điều khiển: do rẽ nhánh gây ra
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Hazard cấu trúc
§ Xung đột khi sử dụng tài nguyên
§ Giả sử trong đường ống của RISC-V với một bộ 

nhớ dùng chung
§ Lệnh Load/store yêu cầu truy cập dữ liệu
§ Tìm nạp lệnh cần trì hoãn cho chu kỳ đó

§ Bởi vậy, datapath kiểu đường ống yêu cầu bộ nhớ 
lệnh và bộ nhớ dữ liệu tách rời (hoặc cache 
lệnh/cache dữ liệu tách rời)
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Hazard dữ liệu
§ Lệnh phụ thuộc vào việc hoàn thành truy cập dữ 

liệu của lệnh trước đó
 add s0, t0, t1  # s0 = t0 + t1 
 sub s1, s0, t2  # s1 = s0 – t2
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add s0, t0, t1

sub s1, s0, t2

s0

s0

EXIF ID MEM WB

EXIF ID MEM WB

lệnh sub yêu cầu đọc giá trị ở s0 trước khi lệnh add ghi kết quả đến s0 !



Trì hoãn và Chuyển tiếp trước
§ Trì hoãn (stalling)
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§ Chuyển tiếp trước (forwarding)

add s0, t0, t1

sub s1, s0, t2

EXIF ID MEM WB

EXIF ID MEM WB

bubble bubble bubble bubble bubble

bubble bubble bubble bubble bubble

s0

s0

add s0, t0, t1

sub s1, s0, t2

EXIF ID MEM WB

EXIF ID MEM WB

t0+t1



Hazard dữ liệu với lệnh load
§ Có sử dụng forwarding
§ Cần chèn 1 bước trì hoãn
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lw s0, 20(t1)

sub s1, s0, t2

EXIF ID MEM WB

EXIF ID MEM WB

bubble bubble bubble bubble bubble



Lập lịch mã để tránh trì hoãn
§ Thay đổi trình tự mã để tránh sử dụng kết quả load ở lệnh 

tiếp theo
§ Mã C: 
 a = b + e; 
 c = b + f;

11 cycles
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lw t1, 0(t0) 
lw t2, 4(t0)

lw t4, 8(t0) 

add t3, t1, t2

sw t3, 12(t0)   

add t5, t1, t4
sw t5, 16(t0)

13 cycles

lw t1, 0(t0)  # nạp b
lw t2, 4(t0)  # nạp e

add t3, t1, t2 # b+e

sw t3, 12(t0) # cất ra a

lw t4, 8(t0)  # nạp f

add t5, t1, t4 # b+f
sw t5, 16(t0) # cất ra c

stall

stall



Hazard điều khiển
§ Rẽ nhánh xác định luồng điều khiển

§ Tìm nạp lệnh tiếp theo phụ thuộc vào kết quả rẽ nhánh
§ Đường ống không thể luôn nhận đúng lệnh

§ Vẫn đang làm ở công đoạn giải mã lệnh (ID) của lệnh rẽ nhánh

§ Trong đường ống của RISC-V
§ Cần so sánh thanh ghi và tính địa chỉ đích sớm trong 

đường ống
§ Thêm phần cứng để thực hiện việc đó trong công đoạn 

ID
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Trì hoãn khi rẽ nhánh
§ Đợi cho đến khi kết quả rẽ nhánh đã được xác 

định trước khi tìm nạp lệnh tiếp theo
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pipeline, we have to wait until the second stage to examine the dry uniform to see 
if we need to change the washer setup or not. What to do?

Here is the !rst of two solutions to control hazards in the laundry room and its 
computer equivalent.

Stall: Just operate sequentially until the !rst batch is dry and then repeat until 
you have the right formula.

"is conservative option certainly works, but it is slow.
"e equivalent decision task in a computer is the conditional branch instruction. 

Notice that we must begin fetching the instruction following the branch on the 
following clock cycle. Nevertheless, the pipeline cannot possibly know what the 
next instruction should be, since it only just received the branch instruction from 
memory! Just as with laundry, one possible solution is to stall immediately a#er we 
fetch a branch, waiting until the pipeline determines the outcome of the branch 
and knows what instruction address to fetch from.

Let’s assume that we put in enough extra hardware so that we can test a register, 
calculate the branch address, and update the PC during the second stage of the 
pipeline (see Section 4.9 for details). Even with this added hardware, the pipeline 
involving conditional branches would look like Figure 4.33. "e instruction to be 
executed if the branch fails is stalled one extra 200 ps clock cycle before starting.

Performance of “Stall on Branch”

Estimate the impact on the clock cycles per instruction (CPI) of stalling on 
branches. Assume all other instructions have a CPI of 1.

FIGURE 4.33 Pipeline showing stalling on every conditional branch as solution to control 
hazards. "is example assumes the conditional branch is taken, and the instruction at the destination of 
the branch is the or instruction. "ere is a one-stage pipeline stall, or bubble, a#er the branch. In reality, the 
process of creating a stall is slightly more complicated, as we will see in Section 4.9. "e e$ect on performance, 
however, is the same as would occur if a bubble were inserted.
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Dự đoán rẽ nhánh
§ Những đường ống dài hơn không thể sớm xác 

định dễ dàng kết quả rẽ nhánh 
§ Cách trì hoãn không đáp ứng được

§ Dự đoán kết quả rẽ nhánh
§ Chỉ trì hoãn khi dự đoán là sai

§ Với RISC-V
§ Có thể dự đoán rẽ nhánh không xẩy ra
§ Tìm nạp lệnh ngay sau lệnh rẽ nhánh (không làm trễ)
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RISC-V với dự đoán rẽ nhánh không xẩy ra
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add s4, s5, s6

beq s1, s2, L1
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ANSWER
Figure 3.22 in Chapter  3 shows that conditional branches are 10% of the 
instructions executed in SPECint2006. Since the other instructions run have a 
CPI of 1, and conditional branches took one extra clock cycle for the stall, then 
we would see a CPI of 1.10 and hence a slowdown of 1.10 versus the ideal case.

If we cannot resolve the branch in the second stage, as is o"en the case for longer 
pipelines, then we’d see an even larger slowdown if we stall on conditional branches. 
#e cost of this option is too high for most computers to use and motivates a second 
solution to the control hazard using one of our great ideas from Chapter 1:

Predict: If you’re sure you have the right formula to wash uniforms, then just predict 
that it will work and wash the second load while waiting for the $rst load to dry.

#is option does not slow down the pipeline when you are correct. When you 
are wrong, however, you need to redo the load that was washed while guessing the 
decision.

Computers do indeed use prediction to handle conditional branches. One 
simple approach is to predict always that conditional branches will be untaken. 
When you’re right, the pipeline proceeds at full speed. Only when conditional 
branches are taken does the pipeline stall. Figure 4.34 shows such an example:

FIGURE 4.34 Predicting that branches are not taken as a solution to control hazard. #e 
top drawing shows the pipeline when the branch is not taken. #e bottom drawing shows the pipeline when 
the branch is taken. As we noted in Figure 4.33, the insertion of a bubble in this fashion simpli$es what actually 
happens, at least during the $rst clock cycle immediately following the branch. Section 4.9 will reveal the details.
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pipeline, we have to wait until the second stage to examine the dry uniform to see 
if we need to change the washer setup or not. What to do?

Here is the !rst of two solutions to control hazards in the laundry room and its 
computer equivalent.

Stall: Just operate sequentially until the !rst batch is dry and then repeat until 
you have the right formula.

"is conservative option certainly works, but it is slow.
"e equivalent decision task in a computer is the conditional branch instruction. 

Notice that we must begin fetching the instruction following the branch on the 
following clock cycle. Nevertheless, the pipeline cannot possibly know what the 
next instruction should be, since it only just received the branch instruction from 
memory! Just as with laundry, one possible solution is to stall immediately a#er we 
fetch a branch, waiting until the pipeline determines the outcome of the branch 
and knows what instruction address to fetch from.

Let’s assume that we put in enough extra hardware so that we can test a register, 
calculate the branch address, and update the PC during the second stage of the 
pipeline (see Section 4.9 for details). Even with this added hardware, the pipeline 
involving conditional branches would look like Figure 4.33. "e instruction to be 
executed if the branch fails is stalled one extra 200 ps clock cycle before starting.

Performance of “Stall on Branch”

Estimate the impact on the clock cycles per instruction (CPI) of stalling on 
branches. Assume all other instructions have a CPI of 1.

FIGURE 4.33 Pipeline showing stalling on every conditional branch as solution to control 
hazards. "is example assumes the conditional branch is taken, and the instruction at the destination of 
the branch is the or instruction. "ere is a one-stage pipeline stall, or bubble, a#er the branch. In reality, the 
process of creating a stall is slightly more complicated, as we will see in Section 4.9. "e e$ect on performance, 
however, is the same as would occur if a bubble were inserted.
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5 công đoạn của Pipelined Datapath
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!ve stages as they complete execution. Returning to our laundry analogy, clothes 
get cleaner, drier, and more organized as they move through the line, and they 
never move backward.

"ere are, however, two exceptions to this le#-to-right $ow of instructions:

■ "e write-back stage, which places the result back into the register !le in the 
middle of the datapath

■ "e selection of the next value of the PC, choosing between the incremented 
PC and the branch address from the MEM stage

Data $owing from right to le# do not a%ect the current instruction; these reverse 
data movements in$uence only later instructions in the pipeline. Note that the !rst 
right-to-le# $ow of data can lead to data hazards and the second leads to control 
hazards.

WB: Write backMEM: Memory accessIF: Instruction fetch EX: Execute/
address calculation
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FIGURE 4.35 The single-cycle datapath from Section 4.4 (similar to Figure 4.21). Each step of the instruction can be mapped 
onto the datapath from le# to right. "e only exceptions are the update of the PC and the write-back step, shown in color, which sends either 
the ALU result or the data from memory to the le# to be written into the register !le. (Normally we use color lines for control, but these are 
data lines.)



Pipelined Datapath
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to the next. !e registers are named for the two stages separated by that register. 
For example, the pipeline register between the IF and ID stages is called IF/ID.

Notice that there is no pipeline register at the end of the write-back stage. All 
instructions must update some state in the processor—the register "le, memory, 
or the PC—so a separate pipeline register is redundant to the state that is updated. 
For example, a load instruction will place its result in one of the 32 registers, and 
any later instruction that needs that data will simply read the appropriate register.

Of course, every instruction updates the PC, whether by incrementing it or by 
setting it to a branch destination address. !e PC can be thought of as a pipeline 
register: one that feeds the IF stage of the pipeline. Unlike the shaded pipeline 
registers in Figure 4.37, however, the PC is part of the visible architectural state; 
its contents must be saved when an exception occurs, while the contents of the 
pipeline registers can be discarded. In the laundry analogy, you could think of 
the PC as corresponding to the basket that holds the load of dirty clothes before 
the wash step.

To show how the pipelining works, throughout this chapter we show sequences 
of "gures to demonstrate operation over time. !ese extra pages would seem to 
require much more time for you to understand. Fear not; the sequences take much 
less time than it might appear, because you can compare them to see what changes 
occur in each clock cycle. Section 4.8 describes what happens when there are data 
hazards between pipelined instructions; ignore them for now.

FIGURE 4.37 The pipelined version of the datapath in Figure 4.35. !e pipeline registers, in color, separate each pipeline stage. 
!ey are labeled by the stages that they separate; for example, the "rst is labeled IF/ID because it separates the instruction fetch and instruction 
decode stages. !e registers must be wide enough to store all the data corresponding to the lines that go through them. For example, the IF/ID 
register must be 96 bits wide, because it must hold both the 32-bit instruction fetched from memory and the incremented 64-bit PC address. 
We will expand these registers over the course of this chapter, but for now the other three pipeline registers contain 256, 193, and 128 bits, 
respectively.
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Hence, we need to preserve the destination register number in the load 
instruction. Just as store passed the register value from the ID/EX to the EX/MEM 
pipeline registers for use in the MEM stage, load must pass the register number 
from the ID/EX through EX/MEM to the MEM/WB pipeline register for use in the 
WB stage. Another way to think about the passing of the register number is that to 
share the pipelined datapath, we need to preserve the instruction read during the 
IF stage, so each pipeline register contains a portion of the instruction needed for 
that stage and later stages.

Figure 4.43 shows the correct version of the datapath, passing the write register 
number !rst to the ID/EX register, then to the EX/MEM register, and !nally to the 
MEM/WB register. "e register number is used during the WB stage to specify 
the register to be written. Figure 4.44 is a single drawing of the corrected datapath, 
highlighting the hardware used in all !ve stages of the load register instruction in 
Figures 4.38 through 4.40. See Section 4.9 for an explanation of how to make the 
branch instruction work as expected.

Graphically Representing Pipelines
Pipelining can be di#cult to master, since many instructions are simultaneously 
executing in a single datapath in every clock cycle. To aid understanding, there are 
two basic styles of pipeline !gures: multiple-clock-cycle pipeline diagrams, such as 
Figure 4.36 on page 298, and single-clock-cycle pipeline diagrams, such as Figures 
4.38 through 4.42. "e multiple-clock-cycle diagrams are simpler but do not contain 
all the details. For example, consider the following !ve-instruction sequence:

FIGURE 4.43 The corrected pipelined datapath to handle the load instruction properly. "e write register number now 
comes from the MEM/WB pipeline register along with the data. "e register number is passed from the ID pipe stage until it reaches the MEM/
WB pipeline register, adding !ve more bits to the last three pipeline registers. "is new path is shown in color.
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Đặc điểm của đường ống
§ Kỹ thuật đường ống cải thiện hiệu năng bằng cách 

tăng số lệnh thực hiện
§ Thực hiện nhiều lệnh đồng thời
§ Mỗi lệnh có cùng thời gian thực hiện

§ Các dạng hazard:
§ Cấu trúc, dữ liệu, điều khiển

§ Thiết kế tập lệnh ảnh hưởng đến độ phức tạp của 
việc thực hiện đường ống
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Tăng cường khả năng song song mức lệnh

n Tăng số công đoạn của đường ống

n Siêu vô hướng (Superscalar)
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Kiến trúc máy tính

Hết chương 5
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