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4.1 Introduction

In @ major matter, no details are small.

French Proverb ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

COD Chapter 1 (Computer Abstractions and Technology) explains that the performance of a
computer is determined by three key factors: instruction count, clock cycle time, and clock cycles
per instruction (CPI). COD Chapter 2 (Instructions: Language of the Computer) explains that the
compiler and the instruction set architecture determine the instruction count required for a given
program. However, the implementation of the processor determines both the clock cycle time and
the number of clock cycles per instruction. In this chapter, we construct the datapath and control
unit for two different implementations of the MIPS instruction set.

This chapter contains an explanation of the principles and techniques used in ‘.
implementing a processor, starting with a highly abstract and simplified overview

in this section. It is followed by a section that builds up a datapath and constructs

a simple version of a processor sufficient to implement an instruction set like '
MIPS. The bulk of the chapter covers a more realistic pipelined MIPS .
implementation, followed by a section that develops the concepts necessary to

implement more complex instruction sets, like the x86.

For the reader interested in understanding the high-level interpretation of instructions and its
impact on program performance, this initial section and COD Section 4.6 (An overview of
pipelining) present the basic concepts of pipelining. Recent trends are covered in COD Section 4.11
(Parallelism via instructions), and COD Section 4.12 (Putting it all together: The Intel Core i7 6700
and ARM Cortex-A53) describes the recent Intel Core i7 and ARM Cortex-A53 architectures. COD
Section 4.13 (Going Faster: Instruction-level parallelism and matrix multiply) shows how to use
instruction-level parallelism to more than double the performance of the matrix multiply from COD
Section 3.8 (Going Faster: Subword parallelism and matrix multiply). These sections provide
enough background to understand the pipeline concepts at a high level.

For the reader interested in understanding the processor and its performance in more depth, COD
Sections 4.3 (Building a datapath), 4.4 (A simple |mplementatlon Sefiere Og‘r’é%f)dth@pel ine 7dr’274
datapath and control) will be useful. Those interested in learning howrtw beilkaqmeeessorzshould
also cover COD Sections 4.2 (Logic design conventions), 4.8 (Data hazards: Forwarding versus
stalling), 4.9 (Control hazards), and 4.10 (Exceptions). For readers with an interest in modern
hardware design, COD Section 4.14 (An introduction to digital design using a hardware design
language ...) describes how hardware design languages and CAD tools are used to implement
hardware, and then how to use a hardware design language to describe a pipelined
implementation. It also gives several more illustrations of how pipelining hardware executes.
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A basic MIPS implementation

We will be examining an implementation that includes a subset of the core MIPS instruction set:

» The memory-reference instructions load word (1w) and store word (sw)
» The arithmetic-logical instructions add, sub, AND, OR, and s1t
ks 05/16/25 23:10 2475274

= The instructions branch equal (beq) and jump (5), which we@Déﬁde%st Jaheim Attri

FIUEEL4709CSpring2025
This subset does not include all the integer instructions (for example, shift, multiply, and divide are

missing), nor does it include any floating-point instructions. However, it illustrates the key principles
used in creating a datapath and designing the control. The implementation of the remaining
instructions is similar.

In examining the implementation, we will have the opportunity to see how the instruction set
architecture determines many aspects of the implementation, and how the choice of various
implementation strategies affects the clock rate and CPI for the computer. Many of the key design
principles introduced in COD Chapter 1 (Computer Abstractions and Technology) can be illustrated
by looking at the implementation, such as Simplicity favors regularity. In addition, most concepts
used to implement the MIPS subset in this chapter are the same basic ideas that are used to
construct a broad spectrum of computers, from high-performance servers to general-purpose
microprocessors to embedded processors.

An overview of the implementation

In COD Chapter 2 (Instructions: Language of the Computer), we looked at the core MIPS
instructions, including the integer arithmetic-logical instructions, the memory-reference
instructions, and the branch instructions. Much of what needs to be done to implement these
instructions is the same, independent of the exact class of instruction. For every instruction, the
first two steps are identical:

1. Send the program counter (PC) to the memory that contains the code and fetch the
instruction from that memory.

2. Read one or two registers, using fields of the instruction to select the registers to read. For
the load word instruction, we need to read only one register, but most other instructions

require reading two registers.
©zyBooks 05/16/25 23:10 2475274

After these two steps, the actions required to complete the instructior,&@@@éﬁ&f@'@@%ﬁa%%tion
class. Fortunately, for each of the three instruction classes (memory-reference, arithmetic-logical,
and branches), the actions are largely the same, independent of the exact instruction. The
simplicity and regularity of the MIPS instruction set simplifies the implementation by making the

execution of many of the instruction classes similar.

For example, all instruction classes, except jump, use the arithmetic-logical unit (ALU) after reading
the registers. The memory-reference instructions use the ALU for an address calculation, the
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arithmetic-logical instructions for the operation execution, and branches for comparison. After
using the ALU, the actions required to complete various instruction classes differ. A memory-
reference instruction will need to access the memory either to read data for a load or write data for
a store. An arithmetic-logical or load instruction must write the data from the ALU or memory back
into a register. Lastly, for a branch instruction, we may need to change the next instruction address
based on the comparison; otherwise, the PC should be incremented by 4 to get the address of the

nextinstruction. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
PARTICIPATION _ _
ACTIVITY 4.1.1: Steps for MIPS instructions.

Consider the first three steps for a typical MIPS instruction.

How to use this tool Vv
Use ALU for operation execution Use ALU for comparisons Read register(s)

Fetch instruction from memory Use ALU for address calculation

1st step
2nd step

3rd step for memory-reference
instructions

3rd step for arithmetic-logic
instructions

3rd step for branch instructions

Reset

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

The figure below shows the high-level view of a MIPS implementatior, f6eusingPonthedvarious
functional units and their interconnection. Although this figure shows most of the flow of data
through the processor, it omits two important aspects of instruction execution.

Figure 4.1.7: An abstract view of the implementation of the MIPS subset
showing the major functional units and the major connections between
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them (COD Figure 4.1).

All instructions start by using the program counter to supply the instruction address to the
instruction memory. After the instruction is fetched, the register operands used by an
instruction are specified by fields 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 %@‘[?885%8 éﬁgﬁgﬁb%%mzm
(for a branch). If the instruction is an arithmetic-logical instruction, theresulofrosnrthe2Abb)
must be written to a register. If the operation is a load or store, the ALU result is used as an
address to either store a value from the registers or load a value from memory into the
registers. The result from the ALU or memory is written back into the register file.
Branches require the use of the ALU output to determine the next instruction address,
which comes either from the ALU (where the PC and branch offset are summed) or from
an adder that increments the current PC by 4. The thick lines interconnecting the
functional units represent buses, which consist of multiple signals. The arrows are used to
guide the reader in knowing how information flows. Since signal lines may cross, we
explicitly show when crossing lines are connected by the presence of a dot where the lines

Cross.

4 —»
2 |Add
Data \
Register # ]
| PC (#~| Address Instruction Registers ALUi Address

Register # Data

Instruction S

memory Register # i
+ Data

©zyBooks 05/16/2523:10 2475274
o . ) Jaheim Attri
First, in several places, the figure above shows data going to a particutarcunit as)ceping from two

different sources. For example, the value written into the PC can come from one of two adders, the
data written into the register file 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 field 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. This selection is
commonly done with a device called a multiplexor, although this device might better be called a
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data selector. COD Appendix B (The Basics of Logic Design) describes the multiplexor, which
selects from among several inputs based on the setting of its control lines. The control lines are set
based primarily on information taken from the instruction being executed.

The second omission in the figure above is that several of the units must be controlled depending
on the type of instruction. For example, the data memory must be read on a load and written on a
store. The register file must be written only on a load or an arithmetic-logical instruction. And, of
course, the ALU must perform one of several operations. (COD A@Eﬁ@%@@ﬂ@%@%@%%@@
Design) describes the detailed design of the ALU.) Like the muItlplexop%g&nf%%%lﬁla%@ge set
on the basis of various fields in the instruction direct these operations.

The figure below shows the datapath of COD Figure 4.1 (An abstract view of the implementation of
the MIPS subset ...) 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. The third multiplexor,
which determines whether PC + 4 or the branch destination address is written into the PC, is set
based on the Zero output of the ALU, which is used to perform the comparison of a beq instruction.
The regularity and simplicity of the MIPS instruction set means that a simple decoding process can
be used to determine how to set the control lines.

Figure 4.1.2: The basic implementation of the MIPS subset, including the
necessary multiplexors and control lines (COD Figure 4.2).

The 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.
The middle multiplexor, whose output returns to the register file, 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 file. 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 offset field of the instruction (for
a load or store). The 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. The control lines are shown in color to make

them easier to see. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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In the remainder of the chapter, we refine this view to fill in the details, which requires that we add
further functional units, increase the number of connections between units, and, of course,
enhance a control unit to control what actions are taken for different instruction classes. COD
Sections 4.3 (Building a datapath) and 4.4 (A simple implementation scheme) describe a simple
implementation that uses a single long clock cycle for every instruction and follows the general
form of the above figures. In this first design, every instruction begins execution on one clock edge
and completes execution on the next clock edge.

While easier to understand, this approach is not practical, since the clock cycle must be severely
stretched to accommodate the longest instruction. After designing the control for this simple
computer, we will look at faster implementations with all their complexities, including exceptions.

PARTICIPATION

ACTIVITY 4.1.2: Check yourself: Five classic components of a computer.

How many of the five classic components of a computer appear in the figure above (COD
Figure 4.2 (The basic implementation of the MIPS subset ...))?

1) Input ©zyBooks 05/16/25 23:10 2475274]
Jaheim Attri
) True FIUEEL4709CSpring2025
() False
2) Memory D
) True
() False
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3) Control L]
True

False

4) Datapath D
True ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

5) Output ]

True

False

False

4.2 Logic design conventions

To discuss the design of a computer, we must decide how the hardware logic implementing the
computer will operate and how the computer is clocked. This section reviews a few key ideas in
digital logic that we will use extensively in this chapter. If you have little or no background in digital
logic, you will find it helpful to read COD Appendix B (The Basics of Logic Design) before continuing.

The datapath elements in the MIPS implementation consist of two different types of logic
elements: elements that operate on data values and elements that contain state. The elements that
operate on data values are all combinational, which means that their outputs depend only on the
current inputs. Given the same input, a combinational element always produces the same output.
The ALU in COD Figure 4.1 (An abstract view of the implementation of the MIPS ...) and discussed
in COD Appendix B (The Basics of Logic Design) is an example of a combinational element. Given a
set of inputs, it always produces the same output because it has no internal storage.

Combinational element. An operational element, such as an AND gate or an ALU.

Other elements in the design are not combinational, but instead contain state. An element contains
state if it has some internal storage. We call these elements stat@él’@@féﬁﬁ@@é@é&@@&ﬂ%@ﬁ@%&
the power plug on the computer, we could restart it accurately by |anjm,t£|’ﬂ§7?d%§€%&} ramtjs with
the values they contained before we pulled the plug. Furthermore, if we saved and restored the
state elements, it would be as if the computer had never lost power. Thus, these state elements
completely characterize the computer. In COD Figure 4.1 (An abstract view of the implementation
of the MIPS ..), the instruction and data memories, as well as the registers, are all examples of
state elements.
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State element. A memory element, such as a register or a memory.

A state element has at least two inputs and one output. The required inputs are the data value to be
written into the element and the clock, which determines when the data value is written. The output
from a state element provides the value that was written in an earlier clock cycle. For example, one
of the logically simplest state elements is a D-type flip-flop (see COD Appendix B (The Basics of

ks 05/16/25 23:10 247
Logic Design)), which has exactly these two inputs (a value and a cyock% and.ope optput. In adzg‘uon
to flip-flops, our MIPS implementation uses two other types of state eférhehts Inigmaries and
registers, both of which appear in COD Figure 4.1 (An abstract view of the implementation of the
MIPS ..). The clock is used to determine when the state element should be written; a state element

can be read at any time.

Logic components that contain state are also called sequential, because their outputs depend on
both their inputs and the contents of the internal state. For example, the output from the functional
unit representing the registers depends both on the register numbers supplied and on what was
written into the registers previously. The operation of both the combinational and sequential
elements and their construction are discussed in more detail in COD Appendix B (The Basics of
Logic Design).

PARTICIPATION . . .

ACTIVITY 4.2.1: Combinational and state elements.

1) A datapath element whose output D
values depend only on the present
input values is calleda ____ element.

() combinational

() state
2) A datapath element that has internal D
storage is called a element.

(O combinational

() state

3) Element E has two inputs a and b,
and one output z. The following fully ©zyBooks Oj’é;gﬁif’rf 02475274

defines z: FIUEEL4709CSpring2025

- - O Ol
- O = O|T
- O = O|N
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ElementEisa___ element.

() combinational

O state
4) Element F has input b and output z, J;
- ©zyBooks 05/16/25 23:10 24752
originally 0. If b changes from 0to 1,z Jaheim Attri
changes to 1 and stays 1 even after b FIUEEL4709CSpring2025

returns to 0. If b later changes from 0
to 1 again, z changes back to 0. And
so on.

ElementFisa____ element.
() combinational

() state
5 AnALUisa____ element. D

() combinational

() state

6) Aregisterisa____ element. ]
() combinational

() state

7) Aclock input is presentona ____ ]
element.

() combinational

() state
8) A sequential element is another name D
fora____element.
(0 combinational ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
) state FIUEEL4709CSpring2025
Clocking Methodology

A clocking methodology defines when signals can be read and when they can be written. It is
important to specify the timing of reads and writes, because if a signal is written at the same time
it is read, the value of the read could correspond to the old value, the newly written value, or even
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some mix of the two! Computer designs cannot tolerate such unpredictability. A clocking
methodology is designed to make hardware predictable.

Clocking methodology : The approach used to determine when data is valid and stable relative
to the clock.

For simplicity, we will assume an edge-triggered clocking methodology.chn egdge/riggenedelocking
methodology means that any values stored in a sequential logic eIemFeInt %rﬁ;} 9C§f§§r:on(}/20n a
clock edge, which is a quick transition from low to high or vice versa (see fhe animation elow)
Because only state elements can store a data value, any collection of combinational logic must
have its inputs come from a set of state elements and its outputs written into a set of state
elements. The inputs are values that were written in a previous clock cycle, while the outputs are

values that can be used in a following clock cycle.

Edge-triggered clocking: A clocking scheme in which all state changes occur on a clock edge.

The following animation illustrates that in a synchronous digital system, the clock determines when
elements with state will write values into internal storage. Any inputs to a state element must reach
a stable value (that is, have reached a value from which they will not change until after the clock
edge) before the active clock edge causes the state to be updated. All state elements in this
chapter, including memory, are assumed positive edge-triggered; that is, they change on the rising

clock edge.
parTIcIPATION | 4.2.2: Combinational logic, state elements, and the clock are closely L
AcCTIvITY related (COD Figure 4.3). J
State Combinational State
element > logic » element
1 2
Clock cycle

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static figure: A simple synchronous digital system is shown consisting of two state elements
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with combinational logic between the state elements. A clock cycle waveform is below the digital
system.

Step 1: On the first rising clock edge, both state elements are written.

As the first rising clock edge occurs, depicted by the waveform's transition from low to high, data
values are written simultaneously in both state elements 1 and 2.

Step 2: The new value stored in state element 1 causes new values to propagate through the
combinational logic. ©zyBooks 05/16/25 23:10 2475274
As the new data in state element 1 is processed by the combinational logiethenclack cycle
waveform transitions from high to low. FIUEEL4709CSpring2025

Step 3: The new value computed by the combinational logic must be stable and waiting to enter
state element 2 well before the next rising clock edge.

The next rising clock edge occurs, allowing state element 2 to be updated with the new value.

Animation captions:

1. On the first rising clock edge, both state elements are written.

2. The new value stored in state element 1 causes new values to propagate through the
combinational logic.

3. The new value computed by the combinational logic must be stable and waiting to enter
state element 2 well before the next rising clock edge.

The animation above shows the two state elements surrounding a block of combinational logic,
which operates in a single clock cycle: all signals must propagate from state element 1, through the
combinational logic, and to state element 2 in the time of one clock cycle. The time necessary for
the signals to reach state element 2 defines the length of the clock cycle.

For simplicity, we do not show a write control signal when a state element is written on every active
clock edge. In contrast, if a state element is not updated on every clock, then an explicit write
control signal is required. Both the clock signal and the write control signal are inputs, and the state
element is changed only when the write control signal is asserted and a clock edge occurs.

Control signal: A signal used for multiplexor selection or for directing the operation of a
functional unit; contrasts with a data signal, which contains information that is operated on by a
functional unit.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
We will use the word asserted to indicate a signal that is logically highraridassest to speifisthat a

signal should be driven logically high, and deassert or deasserted to represent logically low. We use
the terms assert and deassert because when we implement hardware, at times 1 represents
logically high and at times it can represent logically low.

Asserted: The signal is logically high or true.
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Deasserted: The signal is logically low or false.

An edge-triggered methodology allows us to read the contents of a register, send the value through
some combinational logic, and write that register in the same clock cycle. The animation below
gives a generic example. It doesn't matter whether we assume that all writes take place on the
rising clock edge (from low to high) or on the falling clock edge (from high to low), since the inputs
. ) ©zyBooﬁs 5/16/2523:10 2475274
to the combinational logic block cannot change except on the chosen clock;edgg, Iithis book we
use the rising clock edge. With an edge-triggered timing methodology; thiere4gGvé feedbackawithin a
single clock cycle, and the logic in the animation below works correctly. In COD Appendix B (The
Basics of Logic Design), we briefly discuss additional timing constraints (such as setup and hold

times) as well as other timing methodologies.

Of course, the clock cycle still must be long enough so that the input values are stable when the
active clock edge occurs. Feedback cannot occur within one clock cycle because of the edge-
triggered update of the state element. If feedback were possible, this design could not work
properly. Our designs in this chapter and the next rely on the edge-triggered timing methodology
and on structures like the one shown in the animation below.

4.2.3: An edge-triggered methodology allows a state element to be read

PARTICIPATION | and written in the same clock cycle without creating a race that could lead

ACTIVITY
to indeterminate data values (COD Figure 4.4).
State Combinational
»| element > logic
1
Clock cycle

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
. . FIUEEL4709CSpring2025
Animation content:

Static figure: A simple synchronous digital system is shown consisting of a state element
followed by combinational logic. The output of the state element is the input to the combinational
logic, and the output of the combinational logic is fed back as the input to the state element. A
clock cycle waveform is below the digital system.
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Step 1: On the first rising clock edge, state element 1 is written.

As the first rising clock edge occurs, depicted by the waveform's transition from low to high, state
element 1 is written.

Step 2: The new value stored in state element 1 causes new values to propagate through the
combinational logic.

The new value stored in state element 1 propagates through the combinational logic, producing
new values which are fed back to state element 1. The clock C@g%gygf@gmé%y@ﬂg@%m
the combinational logic propagation, but transitions to low when the new Ja@laies atirive at the
input of state element 1. FIUEEL4709CSpring2025

Step 3: The new value computed by the combinational logic must be stable and waiting to enter
state element 1 well before the next rising clock edge.

A rising clock edge occurs, allowing the new value to update state element 1.

Animation captions:

1. On the first rising clock edge, state element 1 is written.

2. The new value stored in state element 1 causes new values to propagate through the
combinational logic.

3. The new value computed by the combinational logic must be stable and waiting to enter
state element 1 well before the next rising clock edge.

For the 32-bit MIPS architecture, nearly all of these state and logic elements will have inputs and
outputs that are 32 bits wide, since that is the width of most of the data handled by the processor.
We will make it clear whenever a unit has an input or output that is other than 32 bits in width. The
figures will indicate buses, which are signals wider than 1 bit, with thicker lines. At times, we will
want to combine several buses to form a wider bus; for example, we may want to obtain a 32-bit
bus by combining two 16-bit buses. In such cases, labels on the bus lines will make it clear that we
are concatenating buses to form a wider bus. Arrows are also added to help clarify the direction of
the flow of data between elements. Finally, color indicates a control signal as opposed to a signal
that carries data; this distinction will become clearer as we proceed through this chapter.

ZﬁilT\',fT'zAT'ON 4.2.4: Combinational logic, state elements, and rising clock edges. D
1) Arising clock edge refers to the clock ©zyBooks Oj’é:]g/riif’rf 0 24752@
changing from _. FIUEEL4709CSpring2025
Oto1
1t00
eitherOto1,0or1t00
2) In the above animations, state D
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PARTICIPATION
ACTIVITY

element 1 gets written with a new
value on the first rising clock edge,
causing the combinational logic to
outputanew value _____.

O instantly

(O after some amount of time

Consider state element 2 in the above
animation. A rising clock edge writes
a new state element 1 value, serving
as input to the combinational logic. If
the logic requires 5 ns to output a
new value, designers should ensure
that rising clock edges are separated
by .

() lessthan 5ns
() exactly 5ns

() more than 5ns

In the above animation with just one
state element, what happens just
after a rising clock edge writes a new
value to the element?

() Nothing

The logic calculates a new value
that then waits at the state
element's input for the next
rising edge.

The logic calculates a new value
(O that is immediately written to
the state element.

1) Because the register file is both read

and written on the same clock cycle,
any MIPS datapath using edge-
triggered writes must have more than
one copy of the register file.

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

4.2.5: Check yourself: Edge-triggered clocking. Jaheim Attri

B

©zyBooks 05/16/25 23:10 2475@
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) True
() False

4.3 Building a datapath

©zyBooks 05/16/25 23:10 2475274
o ) ) Jaheim Attrj
A reasonable way to start a datapath design is to examine the major componetsspris

required to execute each class of MIPS instructions. Let's start at the top by

looking at which datapath elements each instruction needs, and then work our way
down through the levels of abstraction. When we show the datapath elements, we
will also show their control signals. We use abstraction in this explanation, starting
from the bottom up. AESTRACTION

Datapath element: A unit used to operate on or hold data within a processor. In the MIPS
implementation, the datapath elements include the instruction and data memories, the register
file, the ALU, and adders.

ltem a in the figure below shows the first element we need: a memory unit to store the instructions
of a program and supply instructions given an address. Item b in the figure below also shows the
program counter (PC), which as we saw in COD Chapter 2 (Instructions: Language of the Computer)
is a register that holds the address of the current instruction. Lastly, we will need an adder to
increment the PC to the address of the next instruction. This adder, which is combinational, can be
built from the ALU described in detail in COD Appendix B (The Basics of Logic Design) simply by
wiring the control lines so that the control always specifies an add operation. We will draw such an
ALU with the label Add, as in the figure below, to indicate that it has been permanently made an
adder and cannot perform the other ALU functions.

Program counter (PC): The register containing the address of the next instruction in the program
to be executed.

Figure 4.3.7: Two state elements are needed t0 storgsand @zeess?3:10 2475274

instructions, and an adder is needed to compute the &@gELJrfh é@gﬁa@gzs

address (COD Figure 4.5).

The state elements are the instruction memory and the program counter. The 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
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any time reflects the contents of the location specified 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.) The 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. The adder is an ALU wired to always add its two 32-bit inputs and place the
sum on its output.

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri

Instruction FIy 709CSpring2025
I )

address

Instruction —— PC — Add Sum
Instruction —
memory

a. Instruction memory b. Program counter c. Adder

To execute any instruction, we must start by fetching the instruction from memory. To prepare for
executing the next instruction, we must also increment the program counter so that it points at the
next instruction, 4 bytes later. The animation below shows how to combine the three elements
from the above figure to form the portion of a datapath that fetches instructions and increments
the PC to obtain the address of the next sequential instruction.

pArTICIPATION | 4.3.7: A portion of the datapath used for fetching instructions and
ACTIVITY incrementing the program counter (COD Figure 4.6). [ ]
Add
4 —
5p4 ©zyBooks 05/16/25 23:10 2475274
' PC Rj:d Jaheim Attri
500 b FIUEEL4709CSpring2025
Instruction p——
Instruction
memory
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Animation content:

Static Figure: A portion of the datapath is shown that contains a Program Counter (PC),
Instruction memory, and an Adder. The value stored in the PC is the input read address for the

instruction memory. The Instruction memory output is an instruction. The adder has two inputs:

the value stored in the PC and a constant equal to 4. The adde%%?sof?%@fé’éﬁt% thefinputto
aneim I

the PC. FIUEEL4709CSpring2025
Step 1: After the PC is written with an address on a positive clock edge, a new instruction is read

from the instruction memory.

The address "500" is written to the PC, which is then used as the input read address for the
Instruction memory. The instruction at the input read address is then produced as an output by
the instruction memory.

Step 2: Simultaneously, the next address is calculated, waiting to be written to the PC on the next
positive clock edge.

At the same time that "500" is used as the input read address by the instruction memory, "500" is
also used as an input to the adder, which adds 4 to produce a new address of "504". The "504"
address is then fed back and written to the PC when the next positive clock edge occurs.

Animation captions:

1. After the PC is written with an address on a positive clock edge, a new instruction is read
from the instruction memory.

2. Simultaneously, the next address is calculated, waiting to be written to the PC on the next
positive clock edge.

Now let's consider the R-format instructions (see COD Figure 2.20 (MIPS instruction formats). They
all read two registers, perform an ALU operation on the contents of the registers, and write the
result to a register. We call these instructions either R-type instructions or arithmetic-logical
instructions (since they perform arithmetic or logical operations). This instruction class includes
add, sub, AND, OR, and s1t, which were introduced in COD Chapter 2 (Instructions: Language of
the Computer). Recall that a typical instance of such an instructionis add $t1, $t2, $t3,

which reads $t2 and $t3 and writes $t1.
©zyBooks 05/16/25 23:10 2475274

The processor's 32 general-purpose registers are stored in a structure calledcagegister file. A

: . : : : ) . FUEEL4709CSRring2025.
register file is a collection of registers in which any register can be read or written by Sgéc ying the
number of the register in the file. The register file 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 file and write one data word into the register file for each instruction. For each data
word to be read from the registers, we need an input to the register file that specifies the register
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Register file: A state element that consists of a set of registers that can be read and written by
supplying a register number to be accessed.

number to be read and an output from the register file 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 reg|ster The register file always

zyBooks 05/16/25 23:10 24 5274
outputs the contents of whatever register numbers are on the ReaJreg|steggp@H;§AW{| tes,
however, are controlled by the write control signal, which must be assetted-fotla wiitentd G&cur at
the clock edge. Item a in the figure below shows the result; we need a total of four inputs (three for
register numbers and one for data) and two outputs (both for data). The register number inputs are
5 bits wide to specify one of 32 registers (32 = 2°), whereas the data input and two data output

buses are each 32 bits wide.

As illustrated in the animation below, the register file contains all the registers and has two read
ports and one write port. The design of multiported register files is discussed in COD Section B.8
(Memory elements: Flip-flops, latches, and registers). The register file 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 file 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. The inputs carrying the register
number to the register file are all 5 bits wide, whereas the lines carrying data values are 32 bits
wide. The 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 COD Appendix B (The Basics of Logic Design). We will
use the Zero detection output of the ALU shortly to implement branches. The overflow output will
not be needed until COD Section 4.10 (Exceptions), when we discuss exceptions; we omit it until
then.

Zé':IT\',fT'zATION 4.3.2: Fetching instructions and incrementing the PC.

Consider a rising clock edge that causes 3000 to be written into the PC.

. . . ©zyBooks 05/16/25 23:10 24752
1) The 3000 waits at the instruction Jaheim Attri

memory input for the next rising clock FIUEEL4709CSpring2025
edge, at which time the instruction at
address 3000 is read out.

True

False
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2) After the address 3000 is read into D
the PC, the 3000 only propagates to
the adder.

) True
() False

3) The 3000 waits at the adder input for ©zyBooks 05/16/25 23:10 24752@

he next rising clock ] Jaheim Attri
the nextrising cloc edge FIUEEL4709CSpring2025
) True

() False

4) 3001 will be waiting at the PC's input ]
to be written on the next instruction
fetch cycle.

) True
() False

parTICIPATION | 4.3.3: The two elements needed to implement R-format ALU operations
AcTIvVITY are the register file and the ALU (COD Figure 4.7).

-
5 |Read Registers J ALU operation
N register 1 Read 3 41
Register { 5 |Read data 1
numbers register 2 Zero
> Data ALU
S | Write S
S result
\ register Read
p—b —ip
; data 2
Data { Write J
Data
RegWrite
a. Registers b. ALU
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

Animation content:

Static figure: Two components labeled "Registers” and "ALU" are shown. The Registers
component has five inputs and two outputs. Three of the inputs are 5 bits wide and are used to
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indicate register numbers. They are labeled "Read register 1", "Read register 2", and "Write
register”. The fourth input provides input Data to the Registers component and is labeled "Write
data". The fifth input is labeled "RegWrite". The two outputs produce output data from the
Registers component and are labeled "Read data 1" and "Read data 2". The ALU component has
three inputs and two outputs. One of the inputs is 4 bits wide and is labeled "ALU operations”. The
two outputs are labeled "Zero" and "ALU result".

Step 1: The register file always outputs the data in registers CO@Q§§Q&@@@/@%}E§ twodnpytread
addresses. Ex: The data (488 and 999) in registers 7 and 30 is read and outpetn Attri

The binary values 00111 and 11110 are provided as inputs to "Readﬁ'%@té?olgca’?&ﬂi“‘IQ%%Sregister
2" Inside the Registers component two register values are displayed as "Reg 7: 488" and "Reg 30:
999". The two Registers outputs, "Read data 1" and "Read data 2", are assigned the values 488
and 999.

Step 2: A write occurs on a rising clock edge if RegWrite is 1. Ex: Register 30's data can be
overwritten with new data (665) on a rising clock edge.

The binary value 11110 is provided as an input to "Write register’, and the value 665 is provided
as an input to "Write data". The register value displayed as "Reg 30: 999" is updated to "Reg 30:
665". The "Read data 2" value is updated from 999 to 665.

Animation captions:

1. The register file always outputs the data in registers corresponding to the two input read
addresses. Ex: The data (488 and 999) in registers 7 and 30 is read and output.

2. A write occurs on a rising clock edge if RegWrite is 1. Ex: Register 30's data can be
overwritten with new data (665) on a rising clock edge.

Item b in the animation above 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. The 4-bit control signal of the ALU is described in
detail in COD Appendix B (The Basics of Logic Design); we will review the ALU control shortly when
we need to know how to set it.

ZﬁilT\',fT'zATION 4.3.4: Register file and ALU. L

Consider a rising clock edge.
©zyBooks 05/16/25 23:10 2475274

1) The register file always outputs the FIUEELJA?7h§ggSAptrtirr:gzozs D

two registers' values for the two input
read addresses.

True

False

2) The register file writes to one register D
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on every rising clock edge.
O True
O False

3) The design can read from two D
registers and write to one register

during the same clock cycle. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
) True FIUEEL4709CSpring2025

() False

4) The programmer must take care not D
to create a program that writes to a
register during the same cycle that
the same register is read.

) True
() False

Next, consider the MIPS load word and store word instructions, which have the general form

lw $tl, offset value($t2) orsw $tl, offset value($t2). Theseinstructions
compute a memory address by adding the base register, which is $t2, to the 16-bit signed offset
fleld contained in the instruction. If the instruction is a store, the value to be stored must also be
read from the register file where it resides in $t1. If the instruction is a load, the value read from
memory must be written into the register file in the specified register, which is $t1. Thus, we will
need both the register file and the ALU from the animation above.

In addition, we will need a unit to sign-extend the 16-bit offset field in the instruction to a 32-bit
signed value, and a data memory unit to read from or write to. The data memory must be written
on store instructions; hence, data memory has read and write control signals, an address input, and
an input for the data to be written into memory. The figure below shows these two elements.

Sign-extend: To increase the size of a data item by replicating the high-order sign bit of the
original data item in the high-order bits of the larger, destination data item.

©zyBooks 05/16/25 23:10 2475274
Jaheim At'gri
Figure 4.3.2: The two units needed to implement loads and §tores >
addition to the register file and ALU, are the data memory unit and the sign

extension unit (COD Figure 4.8).

The memory unit is a state element with inputs for the address and the write data, and a
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single output for the read result. There are separate read and write controls, although only
one of these may be asserted on any given clock. The memory unit needs a read signal,
since, unlike the register file, reading the value of an invalid address can cause problems,
as we will see in COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy). The sign
extension unit has a 16-bit input that is sign-extended into a 32-bit result appearing on the
output (see COD Chapter 2 (Instructions: Language of the Computer)). We assume the
data memory is edge-triggered for writes. Standard memory C@%%gpéqigl/m&%@yy{g%ﬁzm
enable signal that is used for writes. Although the write enable is not edgedniggeted, our
edge-triggered design could easily be adapted to work with real meﬁHlé%LcﬁB%.C%%ré”@%ﬂgS
Section B.8 (Memory elements: Flip-flops, latches, and registers) for further discussion of
how real memory chips work.

MemWrite

— Address Read —
data ' '
16 [ o | 32
| sign- | .
Data | extend ,
|
Write ~ memory '
data /
‘ MemRead
a. Data memory unit b. Sign extension unit

The beq instruction has three operands, two registers that are compared for equality, and a 16-bit
offset used to compute the branch target address relative to the branch instruction address. Its
formisbeqg $tl, $t2, offset. Toimplement this instruction, we must compute the branch
target address by adding the sign-extended offset field of the instruction to the PC. There are two
details in the definition of branch instructions (see COD Chapter 2 (Instructions: Language of the
Computer)) to which we must pay attention:

= The instruction set architecture specifies that the base for the branch address calculation is
the address of the instruction following the branch. Since we compute PC + 4 (the address of
the next instruction) in the instruction fetch datapath, it is easy to use this value as the base
for computing the branch target address.

» The architecture also states that the offset field is shifted Ig%y?%?tgsggék%ﬁi@g ev%%%?flslet;
this shift increases the effective range of the offset field by a fa¢toEBf4709CSpring2025

To deal with the latter complication, we will need to shift the offset field by 2.

As well as computing the branch target address, we must also determine whether the next

instruction is the instruction that follows sequentially or the instruction at the branch target
address. When the condition is true (i.e., the operands are equal), the branch target address
becomes the new PC, and we say that the branch is taken. If the operands are not equal, the
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Branch target address: The address specified in a branch, which becomes the new program
counter (PC) if the branch is taken. In the MIPS architecture the branch target is given by the
sum of the offset field of the instruction and the address of the instruction following the branch.

incremented PC should replace the current PC (just as for any other normal instruction); in this

case, we say that the branch is not taken.
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
Branch taken: A branch where the branch condition is satisfied and theprogram @ouniter{FPC)

becomes the branch target. All unconditional branches are taken branches.

Branch not taken or (untaken branch): A branch where the branch condition is false and the
program counter (PC) becomes the address of the instruction that sequentially follows the
branch.

Thus, the branch datapath must do two operations: compute the branch target address and
compare the register contents. (Branches also affect the instruction fetch portion of the datapath,
as we will deal with shortly.) The figure below shows the structure of the datapath segment that
handles branches. To compute the branch target address, the branch datapath includes a sign
extension unit, from COD Figure 4.8 (The two units needed to implement loads and stores ...) and
an adder. To perform the compare, we need to use the register file shown in COD Figure 4.7a (The
two elements needed to implement R-format ALU operations ...) to supply the two register
operands (although we will not need to write into the register file). In addition, the comparison can
be done using the ALU we designed in COD Appendix B (The Basics of Logic Design). Since that
ALU provides an output signal that indicates whether the result was 0, we can send two register
operands to the ALU with the control set to do a subtract. If the Zero signal out of the ALU unit is
asserted, we know that the two values are equal. Although the Zero output always signals if the
result is 0, we will be using it only to implement the equal test of branches. Later, we will show
exactly how to connect the control signals of the ALU for use in the datapath.

The jump instruction operates by replacing the lower 28 bits of the PC with the lower 26 bits of the
instruction shifted left by 2 bits. Simply concatenating 00 to the jump offset accomplishes this
shift, as described in COD Chapter 2 (Instructions: Language of the Computer).

) ) ©zyBooks 05/16/25 23:10 2475274
Figure 4.3.3: The portion of a datapath for a branch uses thex@hWto

n 09CSpying202
evaluate the branch condition and a separate adder toFlggErﬁgute the'Branch
target as the sum of the incremented PC and the sign-extended, lower 16
bits of the instruction (the branch displacement), shifted left 2 bits (COD

Figure 4.9).
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The unit labeled Shift left 2 is simply a routing of the signals between input and output that

adds 004y, to the low-order end of the sign-extended offset field; no actual shift hardware
is needed, since the amount of the "shift" is constant. Since we know that the offset was
sign-extended from 16 bits, the shift will throw away only "sign bits." 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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In the MIPS instruction set, branches are delayed, meaning that the instruction
immediately following the branch is always executed, independent of whether the
branch condition is true or false. When the condition is false, the execution looks like a
normal branch. When the condition is true, a delayed branch first executes the
instruction immediately following the branch in sequential instruction order before
jumping to the specified branch target address. The motivation for delayed branches
. o . ©zyBogoks (5/16/25 23:10 2475274
arises from how pipelining affects branches (see COD Section 1% fzjfontjgl azal ﬁ:} .
For simplicity, we generally ignore delayed branches in this chapteriahglLifipterbernta2025

nondelayed begq instruction.

Delayed branch: A type of branch where the instruction immediately following the branch is
always executed, independent of whether the branch condition is true or false.

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. This simplest datapath will attempt to execute all instructions in one clock cycle.
This design means 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 different instruction flows.

To share a datapath element between two different 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.

Example 4.3.1: Building a datapath.

The operations of arithmetic-logical (or R-type) instructions an@%@%ﬂ?’rﬁ@ﬁf&%%ﬁzm
aneim I
datapath are quite similar. The key differences are the following: ¢ jyeE 4700CSpring2025

= The arithmetic-logical instructions use the ALU, with the inputs coming from the two
registers. The memory instructions can also use the ALU to do the address
calculation, although the second input is the sign-extended 16-bit offset field from
the instruction.

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

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

Answer
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
To create a datapath with only a single register file and a single ALU; wermusbsappest twve

different sources for the second ALU input, as well as two different sources for the data
stored into the register file. Thus, one multiplexor is placed at the ALU input and another at
the data input to the register file. The figure below shows the operational portion of the
combined datapath.

Figure 4.3.4: The datapath for the memory instructions and the R-type
instructions (COD Figure 4.10).

This example shows how a single datapath can be assembled from the pieces in COD
Figures 4.7 (The two elements needed to implement R-format ALU operations ...) and 4.8
(The two units needed to implement loads and stores ...) by adding multiplexors. Two
multiplexors are needed, as described in the example.

Rea}dt : J ALU operation
register "
9 dR?a? MemWrite
ata
Reafd Zero MemtoReg
Instruction register 2 ALUSrc | P
_ Registers g4 ALU Read
Wiite data 2 0 result Address g [—
register 'd'
_»| Write 1X
data . Data
RegWrite a2 x\;:ge GOy
18 | gign- | 32 ©zyBooks 0bMdniRe£8:10 2475274
~ | extend Jaheim Attri
FIUEEL4709CSpring2025

Now we can combine all the pieces to make a simple datapath for the core MIPS architecture by
adding the datapath for instruction fetch (COD Figures 4.6 (A portion of the datapath used for
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fetching instructions ..)), the datapath from R-type and memory instructions (COD Figure 4.10 (The
datapath for the memory instructions and the R-type instructions)), and the datapath for branches
(COD Figure 4.9 (The datapath for a branch uses the ALU ...)). The animation below shows the
datapath we obtain by composing the separate pieces. The branch instruction uses the main ALU
for comparison of the register operands, so we must keep the adder from COD Figure 4.9 (The
datapath for a branch uses the ALU ...) for computing the branch target address. An additional

multiplexor is required to select either the sequentially following '@g%%ﬂgrd@qugg%ﬁ% *A)son ihe

branch target address to be written into the PC. Jaheim Attri
FIUEEL4709CSpring2025

The components come from COD Figures 4.6 (A portion of the datapath used for fetching
instructions and incrementing the program counter), 4.9 (The datapath for a branch uses the ALU
..),and 4.10 (The datapath for the memory instructions and the R-type instructions). This datapath
can execute the basic instructions (load-store word, ALU operations, and branches) in a single
clock cycle. Just one additional multiplexor is needed to integrate branches. The support for jumps
will be added later.

paRTICIPATION | 4.3.5: The simple datapath for the core MIPS architecture combines the
ACTIvITY elements required by different instruction classes (COD Figure 4.11).
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Animation content:

Static figure: Nearly the full MIPS datapath is displayed, showing the connections of data and
control signals to various components in a datapath. The PC provides a read address to the
instruction memory. The instruction memory reads an instruction based on this address and
outputs it to several parts of the datapath, including the reglsteéﬂlg Tp (5?%' }8%@?“)334%8‘?4
inputs that come from the instruction, Read register 1, Read reglsterZ and:M&ieregister. The
register file as one input, Write data, that can come from either the DatafreridryBrhe AU
result. The register file also has two outputs, Read data 1 and Read data 2. The output, Read data
1, is provided as an input to the ALU. A Sign-extend component, which is adjacent to the Register
file and the ALU, extends a 16-bit value from the instruction to a 32 bit value. A mux with select
input, ALUSTrc, selects between the sign-extended value and the register file output Read data 2
as the second input to the ALU. The ALU performs the operation selected by the 4-bit input, ALU
operation. The ALU generates two outputs: the ALU result and a Zero. Adjacent to the ALU is the
Data memory, which uses the ALU result as an input Address. The Data memory has three
additional inputs, Write data, MemRead, and MemWrite, and one output Read data. A mux with
select input, MemtoReg, selects between Data memory output, Read data, and the ALU result for
writing back to the Register file. The PC value is also an input to an adder that increments the PC
value by 4. The output of this adder is an input to a second adder, with the other input being the
sign-extended value shifted left by 2 by a Shift left 2 component. The output of the second adder
is an input to a MUX with select input, PCSrc, that selects between the result of the second adder
and the PC value incremented by 4. The output of the mux is the input to the PC that determines
the next PC value.

Step 1: The two units needed to implement R-format ALU operations: the register file and ALU.
The register file and ALU are displayed.

Step 2: The four units needed to implement loads and stores: register file, ALU, data memory unit,
and sign extension unit. Wires/muxes are also needed.

The Data memory, Sign-extend component, and muxes are displayed, as well as wires that show
connections between the datapath components.

Step 3: The five units needed for a branch. The ALU evaluates the branch condition, and the adder

computes branch target address (sign extending, then shifting @;@0@'05/16/25 23:10 2475274

The Shift left 2 component and second adder are displayed. Jaheim Attri
FIUEEL4709CSpring2025

Step 4: The remaining datapath portion for fetching instructions and incrementing the program
counter. Nearly the full MIPS datapath is now shown.

The first adder that increments the PC by 4 and the mux that selects the next PC value are
shown.

Animation captions:
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1. The two units needed to implement R-format ALU operations: the register file and ALU.
2. The four units needed to implement loads and stores: register file, ALU, data memory unit,

and sign extension unit. Wires/muxes are also needed.

3. The five units needed for a branch. The ALU evaluates the branch condition, and the adder
computes branch target address (sign extending, then shifting left by 2).
4. The remaining datapath portion for fetching instructions and incrementing the program

counter. Nearly the full MIPS datapath is now shown.

PARTICIPATION

ACTIVITY 4.3.6: The MIPS datapath.

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

|

Consider the MIPS datapath above. Find the error in each of the following statements.

‘|) An R-type instruction like add uses three
datapath units: the

2) In addition to the register file and ALU, a load or
store instruction also involves the

4) During a load instruction, the mux to the data
memory's right would pass the
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]

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Now that we have completed this simple datapath, we can add the control unit. The control unit
must be able to take inputs and generate a write signal for each state element, the selector control
for each multiplexor, and the ALU control. The ALU control is different in a number of ways, and it
will be useful to design it first before we design the rest of the control unit. The design of the
control unit is discussed in another section (COD Section 4.4 (A Simple Implementation Scheme)).

PARTICIPATION
ACTIVITY

1) Which of the following is correct for a
load instruction?

SN
16 | sign- | 32

| extend [

\\» J

MemtoReg should be set to
(O cause the data from memory to
be sent to the register file.

MemtoReg should be set to
cause the correct register
destination to be sent to the
register file.

We do not care about the
setting of MemtoReg for loads.

2) The single-cycle datapath
conceptually described in this section

4.3.7: Check yourself: Load instruction.

]

]

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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must have separate instruction and
data memories, because .

the formats of data and
instructions are different in
MIPS, and hence different

memories are needed

havi L ©zyBooks 05/16/25 23:10 2475274
aving separate memories Is Jaheim Attri

less expensive FIUEEL4709CSpring2025

the processor operates in one
cycle

4.4 A simple implementation scheme

In this section, we look at what might be thought of as the simplest possible implementation of our
MIPS subset. We build this simple implementation using the datapath of the last section and
adding a simple control function. This simple implementation covers load word (1w), store word
(sw), branch equal (beq), and the arithmetic-logical instructions add, sub, OR,, and

set on less than. We will later enhance the design to include a jump instruction (5).

The ALU control

The MIPS ALU in COD Appendix B (The basics of logic design) defines 6 following combinations of

four control inputs, shown in the below animation's "ALU control lines / Function" table.

| ALU control lines | Function
0000 AND
0001 OR
0010 add
0110 subtract
0111 set on less than
1100 NOR

Depending on the instruction class, the ALU will need to perform one of these five functions. (NOR
is needed for other parts of the MIPS instruction set not found in the subset we are implementing.)
For load word and store word instructions, we use the ALU to coWgoQ%eo@%r)%yﬁ%rgg%% 4
addition. For the R-type instructions, the ALU needs to perform one of the fiveractionsi(AND, OR,
subtract, add, or set on less than), depending on the value of the 6-bit FYAELH{GPRiNEIBAY fiehd in the
low-order bits of the instruction (see COD Chapter 2 (Instructions: Language of the computer)). For
branch equal, the ALU must perform a subtraction.

We can generate the 4-bit ALU control input using a small control unit that has as inputs the
function field of the instruction and a 2-bit control field, which we call ALUOp. ALUOp indicates
whether the operation to be performed should be add (00) for loads and stores, subtract (01) for
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beq, or determined by the operation encoded in the funct field (10). The output of the ALU control
unit is a 4-bit signal that directly controls the ALU by generating one of the 4-bit combinations
shown previously.

In the animation below, we show how to set the ALU control inputs based on the 2-bit ALUOp
control and the 6-bit function code. Later in this chapter we will see how the ALUOp bits are

generated from the main control unit.
©zyBooks 05/16/25 23:10 2475274
The opcode, listed in the first column, determines the setting of the ALUOp bits:iAllie encodings

are shown in binary. Notice that when the ALUOp code is 00 or 07, thé ¢&sitéd BT etiod does not
depend on the function code field; in this case, we say that we "don't care" about the value of the
function code, and the funct field shown as XXXXXX. When the ALUOp value is 10, then the
function code is used to set the ALU control input. See COD Appendix B (The basics of logic

design).
4.4.1: How the ALU control bits are set depends on the ALUOp control bits
Z’:;IT\',?T":,AT'ON and the different function codes for the R-type instruction (COD Figure
4.12).
ALU control lines
Instruction ALl"Zero gggi A:RD
“‘:S'L']{ 0010 add
6 bits 6 bits 0110 subtract
Opcode Funct (R-type) 0111 set on less than
1100 NOR
AND: 100100
000000 -

ALUOp

2 bits (ALUOp)

Instmctlon
Funct field Input

load word add 0010
SW 00 | store word XXXXXX  ©OFgagoks 05716725 23 1(hgd o274
Branch equal 01 branch equal XXXXXX sup}mg,t_—ldf;(;:c;'('\' ;Lrli'r:gmf/;l@
R-type 10 add 100000 add 0010
R-type 10 subtract 100010 subtract 0110
R-type 10 AND 100100 AND 0000
R-type 10 OR 100101 OR 0001
R-type 10 set on less than 101010 set on less than 0111
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Animation content:

Static Figure:

A diagram shows how the bits of an instruction are used to corétrolgt s%é%%%%%ﬁ%?%f}?
of an instruction, called Opcode, are used to determine the 2-bit ALUOp signalind he 6 rightmost
bits, called the Funct field for R-type instructions, are sent to the ALGIE6RtOIAMitaI6a80KTth the
ALUOp signal to determine the 4-bit ALU control input. An AND instruction with Opcode 00000
0 generates 1 0 as the 2-bit ALUOp signal. The Funct field of the AND instruction, 700100, is
sent to the ALU control unit. Together with the ALUOp signal, the ALU control unit sends a 4-bit
signal 0 0 0 0 to the ALU. The ALU has two input ports for the operands and two output ports.
One output port is for the ALU result, and the other output port is for the comparison result, called
Zero.

The following table shows a list of the ALU control input values and the corresponding ALU
functions. The first row is highlighted, indicating an AND operation.

ALU control lines Function
0000 AND

0001 OR

0010 add

0110 subtract

0111 set on less than
1100 NOR

The following table shows a list of instruction Opcodes and the corresponding ALUOp,
Instruction operations, Funct fields, desired ALU actions, and Akl\eentroh ipeiss bhe sow withuR-

type AND instruction operation is highlighted. Jaheim Attri
FIUEEL4709CSpring2025

Instruction Instruction Funct Desired ALU ALU control
ALUOp . : i
opcode operation fleld action input
LW 00 load word XXXXXX ' add 0010
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Instruction Instruction Funct Desired ALU ALU control
ALUOp . . .
opcode operation field action input
SW 00 store word XXXXXX  add 0010
Branch equal 01 branch equal XXXXXX | subtract 0110
R-type 10 add 100000  deld/Books 05/16/25Q08710 2475274
Jaheim At'gri
R-type 10 subtract 100010 subtrab{FEH4709CSgg025
R-type 10 AND 100700  AND 0000
R-type 10 OR 100101 OR 0001
R-type 10 set on less than 101010 setonlessthan 0111

Step 1: The ALU's four control inputs (the thick wire below the ALU) perform the functions shown.
An ALU is shown. The ALU has two operand input ports and two output ports. One output port is
labeled Zero. The other output port is labeled ALU result. The ALU also has a 4-bit control input
port, displayed as a thick wire connected to the ALU.

The first table in the static figure, about the ALU control input values and the corresponding ALU
functions, is also shown.

Step 2: An instruction's opcode, and possibly funct field (for R-type), define the needed ALU
function. The ALU control converts the 2-bit ALUOp signal (derived from opcode) and funct to the
4 ALU control inputs.

The diagram described in the static figure is shown, albeit without any binary numbers.

Step 3: For a load or store instruction, the ALU should perform an add to determine the memory
address (by adding a base address and offset).

The first two rows (LW and SW) of the Instruction opcode table described in the static figure are
displayed. The opcode for LW, 1000 1 1, determines the 2-bit ALUOp signal to be 0 0. The
desired ALU action is an add operation, and the ALU control unit sends 0 0 1 0 as the 4-bit control

input to the ALU to perform an add operation. ©2yBooks 05/16/25 23:10 2475274

Jaheim Attri
Step 4: For a branch if equal, a subtraction is performed to check for gGafityy fzere)ng2025

The Branch equal row of the Instruction opcode table described in the static figure is displayed.
The opcode for beg, 0 00 1 0 0, determines the 2-bit ALUOp signal to be 0 1. The desired ALU
action is a sub operation, and the ALU control unit sends 0 1 1 0 as the 4-bit control input to the
ALU to perform a sub operation.

Step 5: For all R-type instructions, ALUOp is 1 0. The instruction's funct field then determines
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The rest of the Instruction opcode table is displayed. The instruction operation AND row is
highlighted. The opcode for AND (R-type), 0 0 0 0 0 0, determines the 2-bits ALUOp signal to be 1
0. The funct field for AND, 1 00 1 0 0, and the ALUOp signal of T 0 determine the ALU control
input to be 0 0 0 O for the desired ALU action, which is an and operation.

Animation captions:

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

1. The ALU's four control inputs (the thick wire below the ALU) pérftrimAhefumctioas’Shown.
2. An instruction's opcode, and possibly funct field (for R-type), define the needed ALU
function. The ALU control converts the 2-bit ALUOp signal (derived from opcode) and funct

to the 4 ALU control inputs.

3. For a load or store instruction, the ALU should perform an add to determine the memory
address (by adding a base address and offset).

4. For a branch if equal, a subtraction is performed to check for equality (zero).

5. For all R-type instructions, ALUOp is 10. The instruction's funct field then determines
whether to perform an add, subtract, AND, etc.

This style of using multiple levels of decoding—that is, the main control unit generates the ALUOp
bits, which then are used as input to the ALU control that generates the actual signals to control the
ALU unit—is a common implementation technique. Using multiple levels of control can reduce the
size of the main control unit. Using several smaller control units may also potentially increase the
speed of the control unit. Such optimizations are important, since the speed of the control unit is

often critical to clock cycle time.

PARTICIPATION

ACTIVITY 4.4.2: Consider the ALU control bits animation above. L

1) If the instruction is SW, then ALUOp
shouldbe .

(00
© 01
10

() unknown

2) If the instruction is SW, then the ALU's
four control inputs shouldbe _____.

() 0000
0010
0110

]

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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3) For LW and SW instructions, the ALU ]
function ___.

() isthe same

() differs
4) If the instruction is OR, then ALUOp L]
shouldbe . ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
() 0001 FIUEEL4709CSpring2025
10
(O unknown
5) If the instruction is OR, then as well as D
examining the ALUOp bits, the ALU
control will also examine .
Instruction[31:26] (the leftmost
bits)
Instruction[5:0] (the rightmost
bits)
6) If the instruction is OR, then the ALU D

control will (after examining the
ALUOp and funct bits) output .

10
() 0000
() 00071

There are several different ways to implement the mapping from the 2-bit ALUOp field and the 6-bit
funct field to the four ALU operation control bits. Because only a small number of the 64 possible
values of the function field are of interest and the function field is used only when the ALUOp bits
equal 10, we can use a small piece of logic that recognizes the subset of possible values and
causes the correct setting of the ALU control bits.

As a step in designing this logic, it is useful to create a truth tablefgrsthe interesting eombinations
of the function code field and the ALUOp bits, as we've done in the figure beleWwgithisttriuth table

shows how the 4-bit ALU control is set depending on these two input Flelds- il TR AP fruth
table is very large (28 = 256 entries) and we don't care about the value of the ALU control for many
of these input combinations, we show only the truth table entries for which the ALU control must
have a specific value. Throughout this chapter, we will use this practice of showing only the truth
table entries for outputs that must be asserted and not showing those that are all deasserted or
don't care. (This practice has a disadvantage, which we discuss in COD Section D.2 (Implementing
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combinational control units).)

Truth table: From logic, a representation of a logical operation by listing all the values of the
inputs and then in each case showing what the resulting outputs should be.

. Kk
Figure 4.4.1: The truth table for the 4 ALU control t@;}lzt S c(’:asl logh 5@2{%1 |002r£11 v

(COD Figure 4 3) FIUEEL4709CSpr|n92025

The inputs are the ALUOp and function code field. Only the entries for which the ALU
control is asserted are shown. Some don't-care entries have been added. For example, the
ALUOp does not use the encoding 11, so the truth table can contain entries 1X and X1,
rather than 10 and 01. Note that when the function field is used, the first 2 bits (F5 and F4)
of these instructions are always 10, so they are don't-care terms and are replaced with XX
in the truth table.

| awop | Funct field
mmnmnnmm Operation

0 0 0010

X 1 X X X X X | X 0110

1 X X X 0 0 0o | 0 0010

1 X X X 0 0 1| 0 0110

1 X X X 0 1 0 0 0000

1 X X X 0 1 0 | 1 0001

1 X X X 1 0 1| 0 0111

Because in many instances we do not care about the values of some of the inputs, and because we
wish to keep the tables compact, we also include don't-care terms. A don't-care term in this truth
table (represented by an X in an input column) indicates that the output does not depend on the
value of the input corresponding to that column. For example, when the ALUOp bits are 00, as in
the first row of the figure above, we always set the ALU control to 0010, independent of the function
code. In this case, then, the function code inputs will be don't cares in this line of the truth table.
Later, we will see examples of another type of don't-care term. If my@{@‘gr@fgﬁ@y@g y\gtmt@,¢75274

concept of don't-care terms, see COD Appendix B (The basics of logic dem%hi
FIUEEL4709C Spr|n92025
information.

Don't-care term: An element of a logical function in which the output does not depend on the
values of all the inputs. Don't-care terms may be specified in different ways.

I ]
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PARTICIPATION | 4 4 3: Truth table for the four ALU control inputs. |
ACTIVITY

Consider the truth table above, which has seven rows (Row 1, Row 2, ..., Row 7). Indicate
which instruction(s) correspond to the listed rows.

How to use this tool Vv
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
OR LWorSW  branchequal sub FIUEEL4709CSpring2025
Row 1
Row 2
Row 4
Row 6
Reset

Once the truth table has been constructed, it can be optimized and then turned into gates. This
process is completely mechanical. Thus, rather than show the final steps here, we describe the
process and the result in COD Section D.2 (Implementing combinational control units).

Designing the main control unit

Now that we have described how to design an ALU that uses the function code and a 2-bit signal
as its control inputs, we can return to looking at the rest of the control. To start this process, let's
identify the fields of an instruction and the control lines that are needed for the datapath we
constructed in COD Figure 4.11 (The simple datapath for the core MIPS architecture ...). To
understand how to connect the fields of an instruction to the datapath, it is useful to review the

formats of the three instruction classes: the R-type, branch, and load-store instructions. The figure
below shows these formats. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Figure 4.4.2: The three instruction classes (R-type, load and store, and
branch) use two different instruction formats (COD Figure 4.14).

The jump instructions use another format, which we will discuss shortly. (a) Instruction
format for R-format instructions, which all have an opcode of 0. These instructions have
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three register operands: rs, rt, and rd. Fields rs and rt are sources, and rd is the destination.
The ALU function is in the funct field and is decoded by the ALU control design in the
previous section. The R-type instructions that we implement are add, sub, AND, OR, and
s1t. The shamt field is used only for shifts; we will ignore it in this chapter. (b) Instruction
format for load (opcode = 35;¢,) and store (opcode = 43;¢p) instructions. The register rs is
the base register that is added to the 16-bit address field to form the memory address. For
loads, rt is the destination register for the loaded value. For storesaddgdhe/seuree segisterso 74
whose value should be stored into memory. (c) Instruction format for braseheegualri
(opcode = 4). The registers rs and rt are the source registers that ar':el%%%%orggsf%rrmgm%
equality. The 16-bit address field is sign-extended, shifted, and added to the PC + 4 to
compute the branch target address.

Field 0 [ rs [ rt> [ rd [ shamt [ funct
Bit positions 31:26 25:21 20:16 15:11 10:6 5:0
i \-type instructior

Field 35 0r 43 rs rt address

Bit positions 31:26 25:21 20:16 15:0

b. Load or store instruction

Field 4 . rs rt _ address

Bit positions 31:26 25:21 20:16 15:0

Branch instruction

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

= The op field, which as we saw in COD Chapter 2 (Instructions: Language of the Computer) is
called the opcode, is always contained in bits 31:26. We will refer to this field as Op[5:0].

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

= The base register for load and store instructions is always in bit positions 25:21 (rs).

» The 16-bit offset for branch equal, load, and store is always in positions 15:0.

» The destination register is in one of two places. For a load it is in bit positions 20:16 (rt), while
for an R-type instruction it is in bit positions 15:17 (rd). Thus, we will need to add a multiplexor

to select which field of the instruction is used to indicate the register number to be written.

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
Opcode: The field that denotes the operation and format of an instrugtien. 4709cSpring2025

The first design principle from COD Chapter 2 (Instructions: Language of the computer)—simplicity
favors regularity—pays off here in specifying control.

Using this information, we can add the instruction labels and extra multiplexor (for the Write
register number input of the register file) to the simple datapath. The figure below[a] shows these
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additions plus the ALU control block, the write signals for state elements, the read signal for the
data memory, and the control signals for the multiplexors. Since all the multiplexors have two
inputs, they each require a single control line.

Figure 4.4.3: The datapath of COD Figure 4.11 (The simple datapath for the

core MIPS architecture ...) with all necessary muIticgzlyegg%@o%ﬂg/gy29%1559[5274
lines identified (COD Figure 4.15).

The control lines are shown in color. The ALU control block has also been added. The PC
does not require a write control, since it is written once at the end of every clock cycle; the
branch control logic determines whether it is written with the incremented PC or the

branch target address.

Jaheim Attri
FIUEEL4709CSpring2025

Add

Read
address

Instruction
[31:0]

Instruction
memory

Instruction [25:21)

Instruction [20:16]

4 L.

Instruction [15:11]

RegDst

Instruction [15:0]

RegWrite
Read
register 1 Read
Read data 1
*| register 2
Write Read

register data 2

| Write
dala Registers

16 Sign-

~ |lextend

Instruction [5:0]

32

PCSrc
0
M
u
X
ALU
Addeg it U
-.
MemWrite
\
ALUS Zero
‘ ALU ALy Read
& result [T* Address data
u
X
b1 1
Data
Wntememo
data b
1
|
|
MemRead

ALUOp

The figure above shows seven single-bit control lines plus the 2- @F)ﬁ.@@%%ﬂmf’/@l o
already defined how the ALUOp control signal works, and it is useful tp@g@m@% k sgven other

control signals do informally before we determine how to set these control signals durmg
instruction execution. The figure below describes the function of these seven control lines.

&l AW hdve

Figure 4.4.4: The effect of each of the seven control signals (COD Figure

4.16).
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When the 1-bit control to a two-way multiplexor is asserted, the multiplexor selects the
input corresponding to 1. Otherwise, if the control is deasserted, the multiplexor selects
the 0 input. Remember that the state elements all have the clock as an implicit input and
that the clock is used in controlling writes. Gating the clock externally to a state element
can create timing problems. (See COD Appendix B (The Basics of Logic Design) for further

discussion of this problem.) ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
Azooconing )25
Signal
name Effect when deasserted Effect when asserted
RegDst | The register destination number for the The register destination number for the Write
Write register comes from the rt field register comes from the rd field (bits 15:11).
(bits 20:16). |
RegWrite None. | The register on the Write register input is

| written with the value on the Write data input.

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

PCSrc [The PC is replaced by the output of the | The PCis replaced by the output of the adder
adder that computes the value of PC + 4. | that computes the branch target.

Data memory contentsicigéiéga}éd by the '
| address input are put on the Read data output.

‘MemRead hli\!ione.

MemWrite | None. Data m;fﬁafygontents désignated by the
| address input are replaced by the value on
| the Write data input.

MemtoReg ' The value fed to the register Write data ?'The value fed to the register Write data inputw
| input comes from the ALU. | comes from the data memory.

Now that we have looked at the function of each of the control signals, we can look at how to set
them. The control unit can set all but one of the control signals based solely on the opcode field of
the instruction. The PCSrc control line is the exception. That control line should be asserted if the
instruction is branch on equal (a decision that the control unit can make) and the Zero output of the
ALU, which is used for equality comparison, is asserted. To generate the PCSrc signal, we will need
to AND together a signal from the control unit, which we call Branch, with the Zero signal out of the
ALU.

These nine control signals (seven from the figure above and two for ALUOp) can now be set on the
basis of six input signals to the control unit, which are the opcode bits 31 to 26. The figure below
shows the datapath with the control unit and the control signals.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Figure 4.4.5: The simple datapath with the control uniti(CQE tigrsrekor7).

The input to the control unit is the 6-bit opcode field from the instruction. The outputs of
the control unit consist of three 1-bit signals that are used to control multiplexors (RegDst,
ALUSrc, and MemtoReq), three signals for controlling reads and writes in the register file
and data memory (RegWrite, MemRead, and MemWrite), a 1-bit signal used in determining
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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. Thus, we drop the
signal name in subsequent figures.

©zyBooks 05/16f25 23:10 2475274
Jahe|m Attri
" FHERHA709CSpring2025
Add s
ALU
S Addresull
/\J RegDst
\ Branch
f | MemRead
Instruction [31-26] | | MemtoReg
Control 2T 00p
| [ MemWrite
". | ALUSrc
\  / RegWrite
Nz
Instruction [25-21] Read
- - Read register 1
address Read
Instruction [20-16] | Raaq  datal
Instruction | | register 2
—4 0
S M1 | write Read 0 Address%eaa:g 1
Instruction | | [instruction (15-11) | ¥ ["| register data 2 M M
memory 1 ' u u
| Write ) 1" 0
data Registers Write Data
data memory
r
Instruction [15-0) 16 | sign- | 32 \ T
" extend| = [ ALU [
U ‘,Icontroll.
.\_ Y,
Instruction [5-0] |
PARTICIPATION . . .
ACTIVITY 4.4.4: The control unit's signals.

Consider the figure above showing the datapath and control unit (labeled as "Control"),

and table further above listing control unit output signals. ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
1) The control unit sends __bits to FIUEEL4709CSpring2025 D

the ALU control.
©0
O
02
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2)

The control unit enables a write to the
register file using the signal.

() RegDst
O MemWrite
) RegWrite

When MemToReg is 0, the data
appearing at the register file's data
input comes fromthe .

() ALU's output
() data memory's output

O register file's output

The ALU's top input always comes
from the Read data 1 output of the
register file. The ALU's bottom input
can come from two possible places:
The Read data 2 output of the register
file, or the instruction's lower 16 bits,
sign extended to 32 bits. Which
control unit output select among
those two places?

) ALUOp
(O ALUSrc
() Zero

The control unit's Branch output will
be 1 for a branch equal instruction.
However, the branch's target address
is only loaded into the PC if the ALU's
Zero output is . Otherwise, PC is
loaded with PC + 4.

©0
O 1

O (actually, Zero is not involved)
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]
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Jaheim Attri
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Before we try to write a set of equations or a truth table for the control unit, it will be useful to try to
define the control function informally. Because the setting of the control lines depends only on the
opcode, we define whether each control signal should be 0, 1, or don't care (X) for each of the
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opcode values. The figure below defines how the control signals should be set for each opcode;
this information follows directly from COD Figures 4.12 (How the ALU control bits are set ...), 4.16
(The effect of each of the seven control signals), and 4.17 (The simple datapath with the control
unit).

Figure 4.4.6: The setting of the control lines is completely determined b
ooks 05/16/25 23:10 2475274

the opcode fields of the instruction (COD Figure 4. 1 ? Jaheim Attri
FIUEEL4709CSpring2025

The first row of the table corresponds to the R-format instructions (add, sub, AND, OR, and
s1t). For all these instructions, the source register fields are rs and rt, and the destination
register field is rd; this defines how the signals ALUSrc and RegDst are set. Furthermore,
an R-type instruction writes a register (Reg-Write = 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. The ALUOp field for R-type instructions is set to 10 to indicate that the ALU control
should be generated from the funct field. The second and third rows of this table give the
control signal settings for 1w and sw. These ALUSrc and ALUOp fields are set to perform
the address calculation. The MemRead and MemWrite are set to perform the memory
access. Finally, RegDst and RegWrite are set for a load to cause the result to be stored into
the rt register. The branch instruction is similar to an R-format operation, since it sends the
rs and rt registers to the ALU. The ALUOp field for branch is set for a subtract (ALU control
=01), which is used to test for equality. Notice that the MemtoReg field is irrelevant when
the RegWrite signal is O: since the register is not being written, the value of the data on the
register data write port is not used. Thus, the entry MemtoReg in the last two rows of the
table is replaced with X for don't care. Don't cares can also be added to RegDst when
RegWrite is 0. This type of don't care must be added by the designer, since it depends on
knowledge of how the datapath works.

Memto- Reg- Mem-
Instructi RegDst Reg Write Read Write
. . |1 1 1 | o | . I

[ R-format 1 0 1 0 i
\ W 0 1 0 0 0 \
\ X 1 X | o | o | 1 0 0 0 \
[ beq X 0 x | o [ o | o 1 o |1 j
©zyBooks 05/16/25 23710 24752
Jaheim Attri
FIUEEL4709CSpring2025
| iﬁf&ﬂf{”lo” 4.4.5: Determining control unit outputs from the opcode fields.

Consider the above figure showing control unit outputs for four kinds of instructions,
using four rows (Rows 1, 2, 3, and 4).
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1) InRow 1, RegWrite is 1, meaning the D
register is always written for an R-
type instruction.

O True
O False
2) In Row 1, the last two bits, ALUOp, are ©zyBooks 05/16/25 23:10 24752@
10, meaning the ALU will perform an Jaheim Attri

. FIUEEL4709CSpring2025
add function.

) True
() False

3) MemWrite is 1 for Row 3 (SW), but is ]
0 for Row 2. The reason is because
while a store word instruction writes
to the data memory,a
instruction does not.

O R-type
() load word

4) In beq's Row 4, MemToReg is X L]
because the value appearing at the
register file's Write data input is
irrelevant.

) True
() False

Operation of the datapath

With the information contained in COD Figures 4.16(The effect of each of the seven control signals)
and 4.18 (The setting of the control lines ...), we can design the control unit logic, but before we do
that, let's look at how each instruction uses the datapath. In the next few figures, we show the flow
of three different instruction classes through the datapath. The assgsted contiel signats and-active
datapath elements are highlighted in each of these. Note that a multiplexord#hese/sontrol is 0 has
a definite action, even if its control line is not highlighted. Multiple-bit lczé)UnE[%ﬁnggncaSlg%nr%zlq%%Iighted
if any constituent signal is asserted.

The animation below shows the operation of the datapath for an R-type instruction, such as
add stl, $t2, s$t3.Although everything occurs in one clock cycle, we can think of four steps
to execute the instruction; these steps are ordered by the flow of information:
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1. The instruction is fetched, and the PC is incremented.

2. Two registers, st2 and st 3, are read from the register file; also, the main control unit
computes the setting of the control lines during this step.

3. The ALU operates on the data read from the register file, using the function code (bits 5:0,
which is the funct field, of the instruction) to generate the ALU function.

4. The result from the ALU is written into the register file using bits 15:11 of the instruction to

select the destination register ($tl). ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
paRTICIPATION | 4.4.6: The datapath in operation for an R-type instruttitr (OB Frglirg202°
ACTIVITY 4 9)

add $t0 $s1 $s2
000000 10001 10010 01000 00000 100000

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
31-26 25-21 20-16 15-11 10-6 5-0
R ———
Add I
4
_ [ Shift
/ 1\ RegDst left 2
0 \ Branch -
f | MemRead
Instruction [31_26”(:0"“ \ MemtoReg
ALUOp
000000 I. 18‘ Mem\Write
\  glALUS®
1 RegWrite
Instruction [25-21] Read
.| Read 000 register 1
- address " Read
Instruction [20-16] | Reagd data 1
Instruction| || 1 TR | register 2
(31-0] M| | write Read 1
Instruction || linstruction [15-11)| ¥ [7| register data 2 M
memory 4 ’b ) 3
o | Write 88 0
data Registers y Data
‘, memory
Instruction [15-0] 16 [ gign- | 32
extend)
Instruction [5-0] |
100UUU

©zyBooks 057167252310 2475274
Jaheim Attri
The datapath in operation for an R-type instruction, such as add St0,/$81 4552 CEheicontrd lines,

datapath units, and connections that are active are highlighted.

Animation content:

Static figure: The instruction add $t0 Ss1 S$s2 is shown. Below the instruction, the fields of the
corresponding machine instruction are shown as follows:
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Instruction bits 31-26 are 000000, Instruction bits 25-21are 10001, Instruction bits 20-16 are
10010, Instruction bits 10-6 are 01000, and Instruction bits 5-0 are 100000.

A diagram of a datapath is shown. The diagram is composed of various interconnected
components representing the stages of instruction processing, including an Instruction memory,
Control unit, multiplexers, ALU, and Registers.

In the datapath: Instruction 31-26 is shown as bits 000000. Instruction 25-21 is shown as bits
10001. Instruction 20-16 is shown as bits 10010. Instruction 1@5;)/18590@@\% 2% bits. 010005,
Instruction 5-0 is shown as bits 700000. The outputs of the Control unit asetasnfiollows: RegDst is
1, Branch is 0, MemRead is 0, MemtoReg is 0, ALUOp is 10, MemWrite i§ 6 AUSRETY 87 RegWwrite
is 1. Write data of the Registers is 88. Read data 1 of the Registers is 55, which is connected to
the ALU unit. 33 is also going into the ALU unit. 0010 (add) is the ALU control input sent to the
ALU.

Step 1: Step 1: An instruction is fetched, in this case an add instruction. The PC is also
incremented.

The datapath is shown, and the Instruction memory is highlighted. Instruction add S$t0 Ss1 Ss2 is
fetched from the Instruction memory and the corresponding machine instruction is displayed.

Step 2: Step 2: Two registers are read. Also, the control unit converts the opcode into control line
values. Ex: RegDst is set to 1 so that the write is to the destination register specified by
Instr[15-11].

Instruction 25-21 is displayed as 10001. Instruction 20-16 is displayed as 10010. 55 and 33 are
loaded from the registers as Read data 1 and Read data 2. 55 is sent to the input port of the ALU,
and 33 is sent to the other input port of the ALU through a mux controlled by ALUSrc. Instruction
31-26 is displayed as 000000. In the Control unit, RegDst is set to 1.

Step 3: Step 2: Branch is set to 0 because no branching occurs. MemRead is set to 0 because
data memory is not being read.
In the control unit, Branch is set to 0, and MemRead is set to 0.

Step 4: Step 2: MemToReg is 0 so the ALU's output (the add result) goes to the register file's Write
data input. ALUOp is 10 to indicate an R-type instruction to ALU control.
In the control unit, MemtoReg is set to 0, and ALUOp is set to 10.

Step 5: Step 2: MemWrite is 0 due to no write to data memory. AkLUSiis(® 50 the Al-thgetsRead

data 2. And finally, RegWrite is 1 because an R-type instruction writesl. are ?%@SAH'H S
In the control unit, MemWrite is set to 0, ALUSrc is set to 0, and RegWEe is'settd 1. ¢

Step 6: (Suppose Ss1 and Ss2 have 55 and 33). Step 3: The ALU operates, performing the
function specified by the funct field.

Instruction 5-0, which is the funct field, is shown as 100000. add is the operation for the ALU, so
0010 is sent from the ALU control unit to the ALU. Taking the inputs 55 and 33, the ALU produces
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88 as the ALU result. 88 is then sent to the Write data port of the Registers, passing through a
mux controlled by MemtoReg.

Step 7: Step 4: Finally, the result is written into the register specified by Instr[15-11]. All the
actions actually occur nearly simultaneously during one clock cycle.
88 is stored in the register specified by the Instruction 15-11, which is 071000.

©zyBooks 05/16/25 23:10 2475274

Animation captions: Jaheim Attri
FIUEEL4709CSpring2025

1. Step 1: An instruction is fetched, in this case an add instruction. The PC is also
incremented.

2. Step 2: Two registers are read. Also, the control unit converts the opcode into control line
values. Ex: RegDst is set to 1 so that the write is to the destination register specified by
Instr[15-11].

3. Step 2: Branch is set to 0 because no branching occurs. MemRead is set to 0 because data
memory is not being read.

4. Step 2: MemToReg is 0 so the ALU's output (the add result) goes to the register file's Write
data input. ALUOp is 10 to indicate an R-type instruction to ALU control.

5. Step 2: MemWrite is 0 due to no write to data memory. ALUSrc is 0 so the ALU gets Read
data 2. And finally, RegWrite is 1 because an R-type instruction writes a register.

6. (Suppose Ss1 and Ss2 have 55 and 33). Step 3: The ALU operates, performing the function
specified by the funct field.

7. Step 4: Finally, the result is written into the register specified by Instr[15-11]. All the actions
actually occur nearly simultaneously during one clock cycle.

Similarly, we can illustrate the execution of a load word, such as

lw Stl, offset ($t2)

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

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

2. Aregister ($t2) value is read from the register file. ©zyBooks 05/16/25 23:10 2475274

3. The ALU computes the sum of the value read from the register H%@éﬁﬁﬁé&%ﬁ%&t@@ed'
lower 16 bits of the instruction (offset).

4. The sum from the ALU is used as the address for the data memory.

5. The data from the memory unit is written into the register file; the register destination is given
by bits 20:16 of the instruction ($t1).
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Figure 4.4.7: The datapath in operation for a load instruction (COD Figure
4.20).

The control lines, datapath units, and connections that are active are highlighted. A store
instruction would operate very similarly. The main difference would be that the memory
control would indicate a write rather than a read, the second re&%@ga@t&m&ﬁ%% 9275274
used for the data to store, and the operation of writing the data memory valugrtostie

register file would not occur. FIUEEL4709CSpring2025

Add

xem ©

|
Instruction [31-26)
_

Control
| | i
\ J ’
\ /  RegWrit
\_/—1
Instruction [25-21)
> boo| Pt ?e;airger 1
address Read
Instruction [20-16] Reaa data 1
Instruction
[31-0] Write
Instruction register
memory

| Write
data Registers

Instruction [15-0] 1 sign- 32

Zﬁ:IT\',fT'sAT'ON 4.4.7: The datapath for a load instruction.

Consider the above figure illustrating the datapath in action forg,\gad instruction. Jadicate 5074

the values for the listed control signals. Jaheim Attri
FIUEEL4709CSpring2025
1) RegDst ]
©0
O
2) Branch ]
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00
O1

3) MemRead ]
OO0

O1
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
4) MemToReg FIUEEL4709CSpring2025 ||
0

O1

5) ALUSrc ]
OO0
O 1

6) RegWrite D
0
O 1

7) For a store word (SW) instruction, ]
MemRead would be :

©0
O 1
8) For a store word (SW) instruction, ]
RegWrite wouldbe _____.
©0
O 1

Finally, we can show the operation of the branch-on-equal instruction, such as

beq Stl, $t2, offset,inthe same fashion. It operates mu@}g,i[:lggo% ggf%r/%tégﬁg%t}gﬁput
the ALU output is used to determine whether the PC is written with PC + 4 oratiwébranch target
address. The figure below shows the four steps in execution: FIUEEL4709CSpring2025

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

2. Two registers, st1 and $t2, are read from the register file.

3. The ALU performs a subtract on the data values read from the register file. The value of PC +
4 is added to the sign-extended, lower 16 bits of the instruction (of fset) shifted left by two;
the result is the branch target address.
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4. The Zero result from the ALU is used to decide which adder result to store into the PC.

Figure 4.4.8: The datapath in operation for a branch-on-equal instruction
(COD Figure 4.21).

The control lines, datapath units, and connections that are acti%M@WW@. Affdr 2475274
. . . Jaheim Attri
using the register file and ALU to perform the compare, the Zero ou%&g%gaﬁ%%tzs
the next program counter from between the two candidates.
0
Add 'g
x
4 Add o) 1
“I/’.\J RegDst @ '_—1:\J
| \ cad
Instruction [31—26]{(:0“‘(0'[ Req
\ L=t ‘
Instruction [25-21) Read
- - ?:;Fess register 1 paag
Instruction [20-16] | Reag  data 1
Instruction [ ' ) register 2
Instruction struction [15-11]| X ™ =t data 2 M es M
it M) " | wiit X x
. "] cat Registers T\
Instruction [15-0] 18 @ 32 7\

P - [ ALU |
W :Icomrolrl
./

iﬁ:lT\',fT'sATION 4.4 .8: The datapath for a branch equal instruction.

Consider the above figure illustrating the datapath in action for FBranch %ﬁ%ﬁ(ﬁﬁﬁi%ﬁszm

FIUEEL4709CSpring2025
1) The value for the ALUSrc control Prne ]
signal is :

©0
O 1

2) The value for the ALUOp control

L]
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signalis ____.
© 00
O 01

Assume the current instruction is beqg
$tl, S$t2, offset,andSt1is90
while $t2 is 85. The value for the
Branch control signal is ___.

00
O 1

Assume the current instruction is beg
$tl, S$t2, offset,andSt1is90
while $t2 is 85. The value for the Zero
control signalis ___.

©0
O 1

Assume the current instruction is beq
$t1, $t2, offset,and St1is90
while $t2 is 85. How will the PC be
updated next?

O PC+4
() Target address

The datapath shown requires four
clock cycles to execute a branch
instruction.

) True
() False

During a branch on equal instruction,
two registers are read, those
registers' values are subtracted. If the
result is O, Zero becomes 1, causing a
new target address to pass through
the mux on the upper right and be
waiting to enter the PC on the next
rising clock edge.

) True
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L]
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FIUEEL4709CSpring2025

5/16/2025, 11:12 PM



zyBooks

53 of 311

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

() False

CHALLENGE

ey 4.4.1: Datapath operation: Select bits on each wire.

622166.4950548.qx3zqy7

©zyBooks 05/16/25 23:10 2475274
Start Jaheim Attri
FIUEEL4709CSpring2025

For the following instruction, identify the values of each set of instruction bits.
slt $t0 $sl $s2
000000{10007|10010{01000{00000§101010
3126 2521 2016 1511 106 50

L—‘ 0
Add 'l.J‘
X
4 Add Lo {1
Shift
Mleft 2/ /_D‘
Instruction [31-286) "
Instruction [31-26] v s
Instruction [25-21] \ /- ReaWrite
Instruction [25-21] v
| PCToe 5333;35 : '*1 ==-1 Read
|Inslruchon [20-16) I Read 2data 1
Instruction || i - v
449 H Instruction [20 1 S,]..c < / :
'":";:1?‘{3" linstruction (15-11)| ¥ [ register data2 1 M M
1 X
Instruction [15-11] v g 2
_.Jgisters ‘ Data
3 memory
Instruction [15-0] 6 [ sign-| 32 ‘ e\
extend
"‘controll,
Instruction [5-0) 7 I
1 2 § 3 § 4 § 5

©zyBooks 05/16/25 23:10 2475274
Check Next Jaheim Attri

FIUEEL4709CSpring2025

FInalizing control

Now that we have seen how the instructions operate in steps, let's continue with the control
implementation. The control function can be precisely defined using the contents of COD Figure
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4.18 (The setting of the control lines is completely determined by the opcode fields of the
instruction). The outputs are the control lines, and the input is the 6-bit opcode field, Op [5:0]. Thus,
we can create a truth table for each of the outputs based on the binary encoding of the opcodes.

The figure below shows the logic in the control unit as one large truth table that combines all the
outputs and that uses the opcode bits as inputs. It completely specifies the control function, and
we can implement it directly in gates in an automated fashion. We show this final step in COD

Section D.2 (Implementing combinational control units). ©zyBooks Oj/:]6,/25A%§{10 2475274
aneim I

FIUEEL4709CSpring2025

Figure 4.4.9: The control function for the simple single-cycle
implementation is completely specified by this truth table (COD Figure
4.22).

The top six rows of the table gives the combinations of input signals that correspond to
the four opcodes, one per column, that determine the control output settings. (Remember
that Op [5:0] corresponds to bits 31:26 of the instruction, which is the op field.) The bottom
portion of the table gives the outputs for each of the four opcodes. Thus, the output
RegWrite is asserted for two different combinations of the inputs. If we consider only the
four opcodes shown in this table, then we can simplify the truth table by using don't cares
in the input portion. For example, we can detect an R-format instruction with the
expression Op5 - Op2, since this is sufficient to distinguish the R-format instructions from
1w, sw, and beqg. We do not take advantage of this simplification, since the rest of the
MIPS opcodes are used in a full implementation.

[ oput oroutput | Signatname | meormat | v | v | beg
Op5 0 1 1 0

Inputs

Op4 0 0 0 0
Op3 0 0 1 0
0p2 0 0 0 1
Op1 0 | 1 0
0p0 0 | 1 0
Outputs RegDst 1 0 X X

ALUSrc 0 1 1 0
MemtoReg 0 | X X
RegWrite ! L 2yBo8ks 08/16/9523:10 2475274
MemRead 0 ! 0 laheif Attr

MemWrite 0 0 FIUEEL4709@Spring2025
Branch 0 0 1

ALUOp1 ] 0 0 0
ALUOpO 0 0 (0 1

0

Now that we have a single-cycle implementation of most of the MIPS core instruction set, let's add
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the jump instruction to show how the basic datapath and control can be extended to handle other
instructions in the instruction set.

Single-cycle implementation: Also called single clock cycle implementation. An implementation
in which an instruction is executed in one clock cycle. While easy to understand, it is too slow to
be practical.

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

Example 4.4.71: Implementing jumps.

COD Figure 4.17 (The simple datapath with the control unit) shows the implementation of
many of the instructions we looked at in COD Chapter 2 (Instructions: Language of the
Computer). One class of instructions missing is that of the jump instruction. Extend the
datapath and control of COD Figure 4.17 (The simple datapath with the control unit) to
include the jump instruction. Describe how to set any new control lines.

Answer

The jump instruction, shown in the figure below, looks somewhat like a branch instruction
but computes the target PC differently and is not conditional. Like a branch, the low-order
2 bits of a jump address are always 004,,. The next lower 26 bits of this 32-bit address
come from the 26-bit immediate field in the instruction. The upper 4 bits of the address
that should replace the PC come from the PC of the jump instruction plus 4. Thus, we can
implement a jump by storing into the PC the concatenation of

= the upper 4 bits of the current PC + 4 (these are bits 31:28 of the sequentially
following instruction address)

= the 26-bit immediate field of the jump instruction

= the bits 0040

COD Figure 4.24 (The simple control and datapath are extended to handle the jump
instruction) shows the addition of the control for jump added to COD Figure 4.17 (The

simple datapath with the control unit). An additional multiplexor is used to select the

source for the new PC value, which is either the incremented P&z@%%oﬂﬁ'b&ﬂ%%@%:hlo 0475274
target PC, or the jump target PC. One additional control signal is needed foiihe additional
multiplexor. This control signal, called Jump, is asserted only when thérst/detioR 8% 025

jump—that is, when the opcode is 2.

Figure 4.4.10: Instruction format for the jump instruction (opcode = 2) (COD
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Figure 4.23).

The destination address for a jump instruction is formed by concatenating the upper 4 bits
of the current PC + 4 to the 26-bit address field in the jump instruction and adding 00 as
the 2 low-order bits.

©zyBooks 05/16/25 23:10 2475274
Field 000010 | address Jaheim AttriJ
Bit positions 31:26 25:,0  FIUEEL4709CSpring2025

Figure 4.4.11: The simple control and datapath are extended to handle the
jump instruction (COD Figure 4.24).

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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An additional multiplexor (at the upper right) is used to choose between the jump target
and either the branch target or the sequential instruction following this one. This
multiplexor is controlled by the jump control signal. The jump target address is obtained
by shifting the lower 26 bits of the jump instruction left 2 bits, effectively adding 00 as the
low-order bits, and then concatenating the upper 4 bits of PC + 4 as the high-order bits,

thus yielding a 32-bit address.
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL47096Spying2025
Instruction [25-0] Shift Jump address [31-0]
e left 2 N -
26U28 | PC +4[31-28] L . g

Add {

J
. |
Instruction [31-26] Ve
== Control | 57"
l
Read 3 —]
- *| address
¢ . - Z
Instruction (|1 L . .

[31-0]

Instruction 1 ;‘}“ - |
memory | e -1 )

o] 219N LS [ ALU | )
lextend) - .

\control|

,/’v

zﬁilT\',fT'zAT'ON 4.4.9: The datapath for a jump instruction.

Consider the above figure illustrating the datapath extended for a jump instruction.

1) The ALU is used for both branch on

. . . ©zyBooks 05/16/25 23:10 247527@
equal and jump instructions.

Jaheim Attri
O True FIUEEL4709CSpring2025
() False
2) For ajump instruction, the datapath D

forms the destination address by
appending 00 to Instruction[25-0], and
also bits 31-28 of PC + 4.
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() prepending
() appending

3) For ajump instruction, the control L]
unit sets Jump to 1. The control unit
must also set Branch to 0.

) True ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
() False FIUEEL4709CSpring2025

Why a single-cycle implementation is not used today

Although the single-cycle design will work correctly, it would not be used in modern designs
because it is inefficient. To see why this is so, notice that the clock cycle must have the same
length for every instruction in this single-cycle design. Of course, the longest possible path in the
processor determines the clock cycle. This path is almost certainly a load instruction, which uses
five functional units in series: the instruction memory, the register file, the ALU, the data memory,
and the register file. Although the CPlis 1 (see COD Chapter 1 (Computer abstractions and
technology)), the overall performance of a single-cycle implementation is likely to be poor, since the
clock cycle is too long.

The penalty for using the single-cycle design with a fixed clock cycle is significant, but might be
considered acceptable for this small instruction set. Historically, early computers with very simple
instruction sets did use this implementation technigue. However, if we tried to implement the
floating-point unit or an instruction set with more complex instructions, this single-cycle design
wouldn't work well at all.

Because we must assume that the clock cycle is equal to the worst-case delay for

all instructions, it's useless to try implementation techniques that reduce the delay

of the common case but do not improve the worst-case cycle time. A single-cycle

implementation thus violates the great idea from COD Chapter 1 (Computer commen s ras
abstractions and technology) of making the common case fast.

In section 4.6, we'll look at another implementation technique, called pipelining, that uses a
datapath very similar to the single-cycle datapath but is much more efficient by having a much

higher throughput. Pipelining improves efficiency by executing m(glzt;%geowssér%g?ijsz%i%ug L tisly.

5
Jaheim Attri
. FIUEEL4709CSpring2025
iﬁ:,T\',fT'sATION 4.410: Single cycle datapath. pring
1) A single-cycle implementation is D

uncommon today because a single-
cycle implementation .

(O often yields incorrect values

58 of 311 5/16/2025, 11:12 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

is harder to design than a
multiple-cycle implementation

is slower than a multi-cycle

design
2) Suppose all instructions could D
potentially execute with a 1 ns clock ©zyBooks 05/16/25 23:10 2475274
cycle, except a load instruction Jaheim Attri

requiring 2 ns. Assuming each FIUEEL4709CSpring2025

instruction runs one at a time, how
long would 1 load instruction plus 39
other instructions take to execute in a
single-cycle implementation using a 2
ns clock cycle?

() 40 ns
() 41 ns
() 80ns

PARTICIPATION

ACTIVITY 4.411: Check yourself: Control functions.

Refer to the control function truth table below.

input or output | _ Signainame | Reomat | 1w | sv | beq |

Inputs 0p5
Op4
0p3
Op2
Opl
Op0
Qutputs RegDst
ALUSrc
MemtoReg
RegWrite
MemRead
MemWrite
Branch
ALUOp1
ALUOpO

20O |OIxIololIO|o |

oKS I57T6/2528:10 2475274
Jateimr Attri
4709€Spting2025

ol~=loclo|lol~|lo|lo|-|lojlo|lo|lo|lo|o
ODICICICI=ll =IO |

1) Can any control signal be combined D
together?

() Yes
) No
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2) Can any control signal output be D
replaced by the inverse of another?

) Yes
) No

©zyBooks 05/16/25 23:10 2475274
Attri

4.5 A multicycle implementatiof<noos

In an earlier example, we broke each instruction into a series of steps corresponding to the
functional unit operations that were needed. We can use these steps to create a multicycle
implementation. In a multicycle implementation, each step in the execution will take 1 clock cycle.
The multicycle implementation allows a functional unit to be used more than once per instruction,
as long as it is used on different clock cycles. This sharing can help reduce the amount of hardware
required. The ability to allow instructions to take different numbers of clock cycles and the ability to
share functional units within the execution of a single instruction are the major advantages of a
multicycle design. COD Figure e4.5.1 shows the abstract version of a multicycle datapath. If we
compare COD Figure e4.5.1 to the datapath for the single-cycle version in COD Figure 4.15, we can
see the following differences:

e A single memory unit is used for both instructions and data.

e Thereis a single ALU, rather than an ALU and two adders.

e One or more registers are added after every major functional unit to hold the output of that
unit until the value is used in a subsequent clock cycle.

Multicycle implementation: Also called multiple clock cycle implementation. An implementation
in which an instruction is executed in multiple clock cycles.

Figure 4.5.1: The high-level view of the multicycle datapath (COD Figure
e4.5.7).

This picture shows the key elements of the datapath: a shared mé%(ﬂjglr(§ 8\%12}/%%21 %EMSZM

shared among instructions, and the connections among these sharedtifits 0P useyofi25
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. The
additional registers are the Instruction register (IR), the Memory data register (MDR), A, B,
and ALUOuLt.
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Instruction
register
PC He> Address e Data

-
Instruction Register #
Memory ©f data ¢ Registers ALU e~ ALUOutH
Register #

register Jaheim Attri
EEL4709CSpring2025

—

Memory @@ N |
|.. Data | data  [4e| Rogister # B r $105/16/25 23:10 2475274

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 file, 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.

Thus, the position of the additional registers is determined by these two factors: what
combinational units will fit 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 file access (two reads or one
write), or an ALU operation. Hence, any data produced by one of these three functional units (the
memory, the register, or the ALU) must be saved into a temporary register for use on a later cycle. If
it were not saved, then the possibility of a timing race could occur, leading to the use of an incorrect
value.

The following temporary registers are added to meet these requirements:

e The Instruction register (IR) and the Memory data register (MDR) are added to save the
output of the memory for an instruction read and a data read, respectively. Two separate
registers are used, since, as will be clear shortly, both values are needed during the same
clock cycle.

e The A and B registers are used to hold the register operand values read from the register file.

e The ALUOut register holds the output of the ALU.

All the registers except the IR hold data only between a pair of adjacent clock cycles and will thus
not need a write control signal. The IR needs to hold the instructi®aybntikeHeéd & exéeuticgnor

. . . . . . e Jaheim Attri
that instruction, and thus will require a write control signal. This distinctien, W e@@ggmai@%e clear
when we show the individual clock cycles for each instruction.

Because several functional units are shared for different purposes, we need both to add
multiplexors and to expand existing multiplexors. For example, since one memory is used for both
instructions and data, we need a multiplexor to select between the two sources for a memory
address, namely, the PC (for instruction access) and ALUOut (for data access).
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Replacing the three ALUs of the single-cycle datapath by a single ALU means that the single ALU
must accommodate all the inputs that used to go to the three different ALUs. Handling the
additional inputs requires two changes to the datapath:

1. An additional multiplexor is added for the first ALU input. The multiplexor chooses between
the A register and the PC.

2. The multiplexor on the second ALU input is changed from a two-way to a four-wa
multiplexor. The two additional inputs to the multiplexor are@:)ﬁxg%%kﬁs(%%ﬁgﬁﬁéa 502475274
increment the PC) and the sign-extended and shifted off set fieldI(lEsed inthedrarch address
computation).

Figure 4.5.2: Multicycle datapath for MIPS handles the basic instructions
(COD Figure e4.5.2).

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. The
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. These small
additions allow us to remove two adders and a memory unit.

L L B
rC Mo Instruction Read (0
t: | Address (25-21) register 1 o _.v A» r
J Instruction data 1 x
[\l Memory (20-16) — =" :::;‘?:,e, 5 ' L oo |-+
o “’O A N N
MemData [9=| | .\ tion i . Registers ALU p Lol | ALUOUt b
[15-0] [ Jinstruction| u | Write Read| P result
| Write (15-11) x register . 1aor~1B 0 . -
data Instruction | 1 4+ 1M
register N e Write u
— —(0 data 2x
Instruction tll _— \3
[15-0] x '—'
Y )
———y '® [ sign- | 22| [snint) |
-1 dste S lextend | - | left2
register | J \L
©zyBooks 05/16/2523:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

COD Figure e4.5.2 shows the details of the datapath with these additional multiplexors. By
introducing a few registers and multiplexors, we are able to reduce the number of memory units
from two to one and eliminate two adders. Since registers and multiplexors are fairly small
compared to a memory unit or ALU, this could yield a substantial reduction in the hardware cost.

Because the datapath shown in COD Figure e4.5.2 takes multiple clock cycles per instruction, it will
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require a different set of control signals. The programmer-visible state units (the PC, the memory,
and the registers) as well as the IR will need write control signals. The memory will also need a
read signal. We can use the ALU control unit from the single-cycle datapath (see Appendix D ) to
control the ALU here as well. Finally, each of the two-input multiplexors requires a single control
line, while the four-input multiplexor requires two control lines. COD Figure e4.5.3 shows the
datapath of COD Figure e4.5.2 with these control lines added.

The multicycle datapath still requires additions to support brancl@%’é’%%ﬁﬁﬁb@@ﬁ@r%h@@éﬁzm

At
additions, we will see how the instructions are sequenced and then gepr@@@[q eér&%@:m%ontrol
With the jump instruction and branch instruction, there are three possible sources for the value to
be written into the PC:

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

2. The register ALUOut, which is where we will store the address of the branch target after it is
computed.

3. The lower 26 bits of the Instruction register (IR) shifted left by two and concatenated with the
upper 4 bits of the incremented PC, which is the source when the instruction is a jump.

Figure 4.5.3: The multicycle datapath from COD Figure e4.5.2 with the
control lines shown (COD Figure €4.5.3).

The 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 after it is written. The 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 file since the clock cycle
cannot accommodate the time required for both the memory access and the register file
write. The MemRead signal has been moved to the top of the memory unit to simplify the
figures. The full set of datapaths and control lines for branches will be added shortly.

L L/_\ ©zyBooks 05/16/25 23:10 2475274
’e cf,u Instruction Read 0) Jaheim Aftri
u = Address [25-21) register 1 poaq| _ L‘I EEL4\O9CSp ing2025
— 1 Instruction Read data 1
"/ Memory [20-16) "] register 2 Zero
MemData [ | . L~ >ALU ALU
nstruction |_ M _ Registers ALUOut H
[15-0] | |Instruction| u Write Read N\ result]
Write (15-11] | X register  4ota2 —’:F—’ 0 I~
data Instruction 1) 4+ 1M |~
register ) Write 2 u F
data X
Instruction M 3 )
= AT
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register \ control
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Instruction [5-0] ‘
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Jaheim Attri

As we observed when we implemented the single-cycle control, the PC 1§ Wit eH 892025

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.

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. The output of this AND gate is then
ORed with PCWrite, which is the unconditional PC write signal. The output of this OR gate is
connected to the write control signal for the PC.

COD 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 effect of all
the control signals (just as we did for the single-cycle design in COD Figure 4.16). COD Figure
e4.5.5 shows what each control signal does when asserted and deasserted.

Figure 4.5.4: The complete datapath for the multicycle implementation
together with the necessary control lines (COD Figure e4.5.4).

The control lines of COD Figure e4.5.3 are attached to the control unit, and the control and
datapath elements needed to effect changes to the PC are inclé%géjo(j@eoggz'ag%gggﬁi@%mzm
from COD Figure e4.5.3 include the multiplexor used to select the source effainewtRC

value; gates used to combine the PC write signals; and the control sighals P 8otirded2025
PCWrite, and PCWriteCond. The PCWriteCond signal is used to decide whether a

conditional branch should be taken. Support for jumps is included.
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Figure 4.5.5: The action caused by the setting of each control signal in COD
Figure e4.5.4 (COD Figure 4.5.5).

The top table describes the 1-bit control signals, while the bottom table describes the 2-bit
signals. Only those control lines that affect multiplexors have an action when they are
deasserted. This information is similar to that in COD Figure 4.16 for the single-cycle
datapath, but adds several new control lines (IRWrite, PCWrite, PCWriteCond, ALUSrcB,
and PCSource) and removes control lines that are no longer used or have been replaced
(PCSrc, Branch, and Jump).

Actions of the 1-bit control signals

RegDst The register file destination number for the Write The register file destination number for the Write register comes from the
register comes from the rt field. rd field.
RegWrite None. The general-purpose register selected by the Write register number is
written with the value of the \@@yBoOks.05/16/25 23:10 2473274
ALUSrcA The first ALU operand is the PC. The first ALU operand comes from the A registef) aheim Attri
MemRead None. Content of memory at the location sp¢tifef Mﬁmm%
on Memory data output.
MemWrite None. Memory contents at the location specified by the Address input is
replaced by the value on the Write data input.
MemtoReg The value fed to the register file Write data input The value fed to the register file Write data input comes from the MDR.
comes from ALUOut.
lorD The PC is used to supply the address to the ALUOut is used to supply the address to the memory unit.
memory unit.
IRWrite None. The output of the memory is written into the IR.
PCWrite None. The PC is written; the source is controlled by PCSource.
PCWriteCond None. The PC is written if the Zero output from the ALU is also active.
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Actions of the 2-bit control signals

ALUOp 00 The ALU performs an add operation.
01 The ALU performs a subtract operation.
10 The funct field of the instruction determines the ALU operation.
ALUSrcB 00 The second input to the ALU comes from the B register.
01 The second input to the ALU is the constant 4,
10 The second input to the ALU is the sign-extended, lower 16 bits of the IR.
11 The second input to the ALU is the sign-extended, lower 1%3!%50&59{#”6}125 23:10 24758274
2 bits. lahairn Attri
PCSource 00 Output of the ALU (PC + 4) is sent to the PC for writing. SRR
FL\:JEbEL47 9€Spring2625
01 The contents of ALUOut (the branch target address) are sent to the writing.
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.

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 will be needed to control what goes on the bus. The major drawback to
using such bus structures is a potential performance penalty, since a bus is unlikely to
be as fast as a point-to-point connection.

PARTICIPATION _ . : . .
ACTIVITY 4.5.1: Control signals for a multicycle implementation.

©zyBooks 05/16/25 23:10 2475274

What values should the following signals have to get the action indigﬁ}E&%& Sptrtirrig2025

1) ALU performs a subtract ]
operation.
ALUOp =
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Check Show answer

2) The second input to the ALU ]
comes from the B register.

ALUSrcB =

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
Check Show answer FIUEEL4709CSpring2025

3) The first ALU operand is the PC. ]
ALUSrcA =

Check Show answer

4) Memory contents at the D
location specified by the
Address input is replaced by the
Write data input.

MemWrite =

Check Show answer

5) The contents of ALUOut (the D
branch target address) are sent
to the PC for writing.

PCSource =
Check Show answer
©zyBooks 05/1672523:102475274
. . . . Jaheim Attri
Breaking the Instruction Execution into Clock Cycles FIUEEL4709CSpring2025

Given the datapath in Figure e4.5.4, we now need to look at what should happen in each clock cycle
of the multicycle execution, since this will determine what additional control signals may be
needed, as well as the setting of the control signals. Our goal in breaking the execution into clock
cycles should be to maximize performance. We can begin by breaking the execution of any
instruction into a series of steps, each taking one clock cycle, attempting to keep the amount of
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work per cycle roughly equal. For example, we will restrict each step to contain at most one ALU
operation, or one register file access, or one memory access. With this restriction, the clock cycle
could be as short as the longest of these operations.

Recall that at the end of every clock cycle any data values that will be needed on a subsequent
cycle must be stored into a register, which can be either one of the major state elements (e.g., the
PC, the register file, or the memory), a temporary register written on every clock cycle (e.g., A, B,
MDR, or ALUOut), or a temporary register with write control (e.qg., fRYBAE®S r%?ﬁ&f?%e?%@t%@ééﬁée
our design is edge-triggered, we can continue to read the current valuggﬁg_ml@r&r ihgm\g value
does not appear until the next clock cycle.

In the single-cycle datapath, each instruction uses a set of datapath elements to carry out its
execution. Many of the datapath elements operate in series, using the output of another element as
an input. Some datapath elements operate in parallel; for example, the PC is incremented and the
instruction is read at the same time. A similar situation exists in the multicycle datapath. All the
operations listed in one step occur in parallel within 1 clock cycle, while successive steps operate in
series in different clock cycles. The limitation of one ALU operation, one memory access, and one
register file access determines what can fit in one step.

Notice that we distinguish between reading from or writing into the PC or one of the stand-alone
registers and reading from or writing into the register file. In the former case, the read or write is
part of a clock cycle, while reading or writing a result into the register file takes an additional clock
cycle. The reason for this distinction is that the register file has additional control and access
overhead compared to the single stand-alone registers. Thus, keeping the clock cycle short
motivates dedicating separate clock cycles for register file accesses.

The potential execution steps and their actions are given below. Each MIPS instruction needs from
three to five of these steps:

1. Instruction fetch step
Fetch the instruction from memory and compute the address of the next sequential
instruction:

IR <= Memory[PC];
PC <= PC + 4;

Operation: Send the PC to the memory as the address, perform a read, and write the
instruction into the Instruction register (IR), where it will be stored. Also increment the PC by
4. We use the symbol " <=" from Verilog; it indicates that aIPrlélF‘m? %5/1@25 23i1e9/z§ﬁJaS[2é4
and then all assignments are made, which is effectively how the-hardware execuies during
the clock cycle.

To implement this step, we will need to assert the control signals MemRead and IRWrite, and
set lorD to 0 to select the PC as the source of the address. We also increment the PC by 4,
which requires setting the ALUSrcA signal to 0 (sending the PC to the ALU), the ALUSrcB
signal to 01 (sending 4 to the ALU), and ALUOp to 00 (to make the ALU add). Finally, we will
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also want to store the incremented instruction address back into the PC, which requires
setting PC source to 00 and setting PCWrite. The increment of the PC and the instruction
memory access can occur in parallel. The new value of the PC is not visible until the next
clock cycle. (The incremented PC will also be stored into ALUOUut, but this action is benign.)

2. Instruction decode and register fetch step
In the previous step and in this one, we do not yet know what the instruction is, so we can

perform only actions that are either applicable to all instructiofe (saéy A fetching the 5274

instruction in step 1) or not harmful, in case the instruction isn't%@ﬁ%%@@%ﬁﬂ@i% be.

1
Thus, in this step we can read the two registers indicated by the rs and rt instruction fields,
since it isn't harmful to read them even if it isn't necessary. The values read from the register
file may be needed in later stages, so we read them from the register file and store the values

into the temporary registers A and B.

We will also compute the branch target address with the ALU, which also is not harmful
because we can ignore the value if the instruction turns out not to be a branch. The potential
branch target is saved in ALUOut.

Performing these "optimistic" actions early has the benefit of decreasing the number of clock
cycles needed to execute an instruction. We can do these optimistic actions early because of
the regularity of the instruction formats. For instance, if the instruction has two register
inputs, they are always in the rs and rt fields, and if the instruction is a branch, the offset is
always the low-order 16 bits:

A <= Reg[IR[25:21]];
B <= Reg[IR[20:16]];
ALUOut <= PC + (sign-extend (IR[15-0]) << 2);

Operation: Access the register file to read registers rs and rt and store the results into
registers A and B. Since A and B are overwritten on every cycle, the register file can be read on
every cycle with the values stored into A and B. This step also computes the branch target
address and stores the address in ALUOut, where it will be used on the next clock cycle if the
instruction is a branch. This requires setting ALUSrcA to 0 (so that the PC is sent to the ALU),
ALUSrcB to the value 11 (so that the sign-extended and shifted off set field is sent to the
ALU), and ALUOp to 00 (so the ALU adds). The register file accesses and computation of

branch target occur in parallel.
©zyBooks 05/16/25 23:10 2475274

After this clock cycle, determining the action to take can depend on th&lmstrédtion contents.
FIUEEL4709CSpring2025

3. Execution, memory address computation, or branch completion
This is the first cycle during which the datapath operation is determined by the instruction
class. In all cases, the ALU is operating on the operands prepared in the previous step,
performing one of four functions, depending on the instruction class. We specify the action to
be taken depending on the instruction class.

Memory reference:
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ALUOut <= A + sign-extend (IR[15:0]);

Operation: The ALU is adding the operands to form the memory address. This requires setting
ALUSrcA to 1 (so that the first ALU input is register A) and setting ALUSrcB to 10 (so that the
output of the sign extension unit is used for the second ALU input). The ALUOp signals will
need to be set to 00 (causing the ALU to add).

Arithmetic-logical instruction (R-type): ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri

ALUOut <= A op B; FIUEEL4709CSpring2025

Operation: The ALU is performing the operation specified by the function code on the two
values read from the register file in the previous cycle. This requires setting ALUSrcA = 1 and
setting ALUSrcB = 00, which together cause the registers A and B to be used as the ALU
inputs. The ALUOp signals will need to be set to 10 (so that the funct field is used to
determine the ALU control signal settings).

Branch:
if (A == B) PC <= ALUOut;

Operation: The ALU is used to do the equal comparison between the two registers read in the
previous step. The Zero signal out of the ALU is used to determine whether or not to branch.
This requires setting ALUSrcA = 1 and setting ALUSrcB = 00 (so that the register file outputs
are the ALU inputs). The ALUOp signals will need to be set to 01 (causing the ALU to subtract)
for equality testing. The PCWriteCond signal will need to be asserted to update the PC if the
Zero output of the ALU is asserted. By setting PCSource to 01, the value written into the PC
will come from ALUOut, which holds the branch target address computed in the previous
cycle. For conditional branches that are taken, we actually write the PC twice: once from the
output of the ALU (during the Instruction decode/register fetch) and once from ALUOut
(during the Branch completion step). The value written into the PC last is the one used for the
next instruction fetch.

Jump:

# {x, y} is the Verilog notation for concatenation of
bit fields x and y

PC <= {PC [31:28], (IR[25:0]11,2'b00)};
©zyBooks 05/16/25 23:10 2475274
Operation: The PC is replaced by the jump address. PCSource is set ta/direct Aliei jump

address to the PC, and PCWrite is asserted to write the jump addredd & the peg202°

4. Memory access or R-type instruction completion step
During this step, a load or store instruction accesses memory and an arithmetic- logical
instruction writes its result. When a value is retrieved from memory, it is stored into the
memory data register (MDR), where it must be used on the next clock cycle.

Memory reference:
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MDR <= Memory [ALUOut];
or
Memory [ALUOut] <= B;

Operation: If the instruction is a load, a data word is retrieved from memory and is written into
the MDR. If the instruction is a store, then the data is written into memory. In either case, the
address used is the one computed during the previous stefParnérstsréd/ it AUGUY Ror a’store,
the source operand is saved in B. (B is actually read twice, onceﬁmg@ﬁ%@”@@gﬂ%@é@gep 3.
Luckily, the same value is read both times, since the register number—which is stored in IR
and used to read from the register file—does not change.) The signal MemRead (for a load) or
MemWrite (for a store) will need to be asserted. In addition, for loads and stores, the signal
lorD is set to 1 to force the memory address to come from the ALU, rather than the PC. Since
MDR is written on every clock cycle, no explicit control signal need be asserted.

Arithmetic-logical instruction (R-type):
Reg[IR[15:11]] <= ALUOut;

Operation: Place the contents of ALUOut, which corresponds to the output of the ALU
operation in the previous cycle, into the Result register. The signal RegDst must be setto 1 to
force the rd field (bits 15:17) to be used to select the register file entry to write. RegWrite must
be asserted, and MemtoReg must be set to 0 so that the output of the ALU is written, as
opposed to the memory data output.

5. Memory read completion step
During this step, loads complete by writing back the value from memory.

Load:
Reg[IR[20:16]] <= MDR;

Operation: Write the load data, which was stored into MDR in the previous cycle, into the
register file. To do this, we set MemtoReg = 1 (to write the result from memory), assert
RegWrite (to cause a write), and we make RegDst = 0 to choose the rt (bits 20:16) field as the
register number.

This five-step sequence is summarized in COD Figure e4.5.6. From this sequence we can
determine what the control must do on each clock cycle.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Figure 4.5.6: Summary of the steps taken to execute aMFiRSTHUCHGREEIasS
(COD Figure e4.5.6).

Instructions take from three to five execution steps. The first two steps are independent of
the instruction class. After these steps, an instruction takes from one to three more cycles
to complete, depending on the instruction class. The empty entries for the Memory access
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step or the Memory read completion step indicate that the particular instruction class
takes fewer cycles. In a multicycle implementation, a new instruction will be started as
soon as the current instruction completes, so these cycles are not idle or wasted. As
mentioned earlier, the register file actually reads every cycle, but as long as the IR does not
change, the values read from the register file are identical. In particular, the value read into
register B during the Instruction decode stage, for a branch or R-type instruction, is the

same as the value stored into B during the Execution stage a”%@@@&k@%m thesMemory 5074
access stage for a store word instruction.

[ Instruction fetch

Jaheim Attri

FIUEEL4709CSpring2025

Action for R-type Action for memory Action for Action for
instructions reference instructions branches jumps

IR <= Memory|PC)
PC<=PC+4

Instruction decode/ register fetch

}
Execution, address computation,
branch/jump completion

ALUQut<=AopB

A <= Reg [IR[25:21])
B <= Reg [IR[20:16])
ALUOut <= PC + (sign-extend (IR[15:0]) << 2)
ALUOut <= A + sign-extend if (A==8B)
(IR[15:0)) PC <= ALUOut

PC <= (PC [31:28),
(IR[25:0]],2'b00))

Memory access or Rtype
completion

Reg [IR[15:11)) <=
ALUQut

Load: MDR <= Memory[ALUOut)
or
Store: Memory [ALUQut] <= B

Memory read completion

Load: Reg[IR[20:16)] <= MDR

PARTICIPATION
ACTIVITY

Instruction Fetch:

4.5.2: The complete datapath for the multicycle implementation.

u

IR <= Memory|[PC];
PC <= PC + 4;

Instruction decode and register fetch:
A <= Reg[IR[25:21]];

B <= Reg[IR[20:16]];
ALUOut <= PC +
(sign-extend (IR[15-0]) << 2);
Execution, Memory Address computation,
or branch computation

Memory reference:

ALUOut <= A +

sign-extend (IR[15:0]);

Arithmetic-logical instruction:

ALUOut <= A op B; - PC
Branch:

if (A == B) PC <= ALUOut;

Jump:

PC <= {PC [31:28], (IR[25:0]],2'b00)};

Memory reference or
R-Type instruction completion:
Memory reference:

MDR <= Memory [ALUOut];

~

PCWriteCond PCSource
POWite | outputs | ALUOP
lorD \ ALUSIcB
MemRead | Control
MemWrite / ALUSreA

MemtoReg \ [50_%]

RegWrite

IRWrite 5 RegDst
Instruction [25-0]
R BeaKs[33/76/25 23:10 2475274
5 [31-26] aheim Afttri
M Instructioh) |4 7/09CSpringRedd
u Address [25-21] register 1 Reac
X i data 1
1 Instruction Read
Memo — :
MemDr:ta | [20-16] [ 0 register 2
Instruction | 4 M _ Registers
[15-0] [ [Instruction| u (| Write Reac
Write ) [15-11] | X | |register o
data Instruction 1 .
register ) Write
data
Instruction M
re_n1 u
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or
Memory [ALUOut] <= B;

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static Figure:

Begin pseudocode:

Instruction Fetch:

IR <= Memory[PC];

PC<=PC+4;

Instruction decode and register fetch:
A <= Req[IR[25:21]];

B <= ReglIR[20:16]];

ALUOut <= PC +

(sign-extend (IR[15-0]) << 2);
Execution, Memory Address computation,
or branch computation

Memory reference:

ALUOut <= A +

sign-extend (IR[15:0]);
Arithmetic-logical instruction:
ALUOut <= Aop B;

Branch:

if (A == B) PC <= ALUOut;

Jump:

PC <= {PC [31:28], (IR[25:0]],2'b00)};

Memory reference or ©zyBooks 05/1 6/25 23:.1 02475274
R-Type instruction completion: FIUEELJA?7h§9IrgSAptrtirr:gzozs

Memory reference:

MDR <= Memory [ALUOut];
or

Memory [ALUOut] <= B;
R-Type (arithmetic-logical):
ReglIR[15:11]] <= ALUOut;
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Memory read completion:
Load:

ReglIR[20:16]] <= MDR;
End pseudocode.

A diagram that outlines the datapath of a MIPS multicycle processor. The Control unit sends out

13 output signals to various components: PCWriteCond, PCW@%@B@sM@ﬂ@%%M@@WS@%
MemtoReg, IRWrite, RegDst, RegWrite, ALUSrcA, ALUSrcB, ALUOp, and PCSoeirgéttri

FIUEEL4709CSpring2025
Four main registers are used: PC (Program Counter), IR (Instruction register), ALUOut (ALU
Output), and MDR (Memory Data Register). The instruction register is split into sections
representing different fields of the instruction: Instruction [31-26] (op code), Instruction [25-21]
and Instruction [20-16] (register locations), Instruction [15-0] (immediate value).

The address input of the Memory unit is controlled by a MUX that selects between PC and
ALUOut according to the control signal lorD. An ALU control unit determines the operation based
on the instruction, and another section for computing jump addresses and managing branch
decisions with a MUX for selecting the next PC value.

Step 1: An instruction is fetched from memory. To fetch an instruction, assert MemRead = 1,
IRWrite = 1. Set lorD = 0 to select the PC as the source of the address.

Instruction fetch stage begins. In the datapath diagram, lorD is set to 0, MemRead is set to 1, and
IRWrite is set to 1.

The following pseudocode is displayed.

Begin pseudocode:

Instruction Fetch:

IR <= Memory[PC];

End pseudocode.

Step 2: Increment PC by 4. Set ALUSrcA = 0 to send the PC to the ALU, ALUSrcB = 01 to send 4 to
the ALU, ALUOp = 00 to add. Set PC source to 00 and PCWrite to 1 to store the incremented
address back into PC.

In the datapath diagram, PCWrite is set to 1, PCSource to 00, ALUOp to 00, ALUSrcB is set to 0T,

and ALUSrcA is set to 0. ©zyBooks 05/16/25 23:10 2475274

The following pseudocode is displayed. Jaheim Attri
. ) FIUEEL4709CSpring2025
Begin pseudocode:

Instruction Fetch:
IR <= Memory[PC];
PC<=PC + 4,

End pseudocode.
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Step 3: The instruction is still unknown, but the register values are read and stored into registers
A and B, and the branch target address is computed. Set ALUSrcA = 0 to send PC to ALU,
ALUSrcB = 11 for the sign-extended and shifted off set field to be sent to the ALU, and ALUOp =
00 to add.

Instruction decode and register fetch stage begins. In the datapath diagram, ALUOp is set to 00,
ALUSrcB is set to 11, and ALUSrcA is set to 0.

The following pseudocode is displayed. ©zyBooks 05/16/25 23:10 2475274
Begin pseudocode: Jaheim Attri

Instruction decode and register fetch: FIUEEL4709CSpring2025

A <= Req[IR[25:21]];

B <= ReglIR[20:16]];

ALUOut <= PC +

(sign-extend (IR[15-0]) << 2);

End pseudocode.

Step 4: For a memory reference, the memory address is computed by setting ALUSrcA = 1,
ALUSrcB =10, and ALUOp = 00. For an arithmetic-logical instruction, setting ALUOp = 10 selects
the operation to be performed on operands specified by setting ALUSrcA = 1 and ALUSrcB = 00.
Execution, Memory Address computation, or branch computation stage begins. In the datapath
diagram, ALUOp is set to 00, ALUSrcB is set to 10, and ALUSrcA is set to 1.

Then ALUSrcB is set to 00.

The following pseudocode is displayed.

Begin pseudocode:

Execution, Memory Address computation, or branch computation Memory reference:

ALUOut <= A +

sign-extend (IR[15:0]);

Arithmetic-logical instruction:

ALUOut <= Aop B;

End pseudocode.

Step 5: For a branch instruction, setting ALUSrcA = 1, ALUSrcB = 00, and ALUOp = 01 helps to
determine if a Zero is the ALU result which determines whether to branch or not. Jump
instruction requires setting PCSource = 10 and PCWrite = 1 to write the jump address to PC.
In the datapath diagram, ALUOp is set to 01, ALUSrcB is set to 00, and ALUSrcA is setto 1.

Then, PCSource is set to 10, and PCWrite is set to 1. ©zyBooks 05/16/25 23:10 2475274
The following pseudocode is displayed. Jaheim Attri

. ) FIUEEL4709CSpring2025
Begin pseudocode:
Branch:
if (A == B) PC <= ALUOut;
Jump:

PC <= {PC [31:28], (IR[25:0]],2'b00)};
End pseudocode.
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Step 6: For a memory reference, ALUOut gives the address to be used for a load or store, selected
by lorD = 1. MemRead or MemWrite is asserted for a load or store, respectively. For an R-Type
instruction, set RegDst = 1, RegWrite = 1 and MemtoReg = 0, to write ALU output to register.
Memory reference or R-Type instruction completion stage begins. In the datapath diagram,
MemtoReg is set to 0, RegWrite is set to 0, and RegDst is set to 1.

The following pseudocode is displayed. ©zyBooks 05/16/25 23:10 2475274
Begin pseudocode: Jaheim Attri

Memory reference or R-Type instruction completion: FIUEEL4709CSpring2025
Memory reference:

MDR <= Memory [ALUOut];

or

Memory [ALUOut] <= B;

In the datapath diagram, lorD is set to 1, MemRead is set to 1, and MemWrite is set to 1.

The text added next to the datapath displays:

R-Type (arithmetic-logical):

Regl[IR[15:11]] <= ALUOut;

End pseudocode.

Step 7: Memory read completion requires an extra step over all other instructions. Load data
written into MDR in the previous step is copied to the register file by setting MemtoReg = 1,
RegWrite = 1, and RegDst = 0.

Memory read completion stage begins. In the datapath diagram, MemtoReg is set to 1, RegWrite
is setto 1, and RegDst is set to 0.

The following pseudocode is displayed.

Begin pseudocode:

Memory read completion:

Load:

ReglIR[20:16]] <= MDR;

End pseudocode.

Animation captions:

1. Aninstruction is fetched from memory. To fetch an instruction, assert MemRead = 1,
IRWrite = 1. Set lorD = 0 to select the PC as the source of@gggaggggq)%sﬂ 6/25 23:10 2475274

2. Increment PC by 4. Set ALUSrcA = 0 to send the PC to the ALU, ALUS#6Bm Bitrto send 4 to
the ALU, ALUOp = 00 to add. Set PC source to 00 and PCWrite 1034 §13Fe tH83rEremented
address back into PC.

3. The instruction is still unknown, but the register values are read and stored into registers A
and B, and the branch target address is computed. Set ALUSrcA = 0 to send PC to ALU,
ALUSrcB = 11 for the sign-extended and shifted off set field to be sent to the ALU, and
ALUOp = 00 to add.

4. For a memory reference, the memory address is computed by setting ALUSrcA =1,
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ALUSrcB =10, and ALUOp = 00. For an arithmetic-logical instruction, setting ALUOp = 10
selects the operation to be performed on operands specified by setting ALUSrcA = 1 and
ALUSrcB = 00.

5. For a branch instruction, setting ALUSrcA = 1, ALUSrcB = 00, and ALUOp = 01 helps to
determine if a Zero is the ALU result which determines whether to branch or not. Jump
instruction requires setting PCSource = 10 and PCWrite = 1 to write the jump address to
PC. ©zyBooks 05/16/25 23:10 2475274

6. For a memory reference, ALUOuUt gives the address to be used for aleadroristore, selected
by lorD = 1. MemRead or MemWrite is asserted for a load or ﬁ%,E'rénggﬁ%Rg%%San R-
Type instruction, set RegDst = 1, RegWrite = 1T and MemtoReg = 0, to write ALU output to
register.

7. Memory read completion requires an extra step over all other instructions. Load data
written into MDR in the previous step is copied to the register file by setting MemtoReg = T,
RegWrite = 1, and RegDst = 0.

Zﬁ:IT\',fT'zATION 4.5.3: The complete datapath for the multicycle implementation. L

For the given steps of the multicycle implementation determine the control signal values
for the actions indicated below.

1) Instruction fetch: To fetch an D
instruction from memory what
is the value of MemRead?

Check Show answer

2) Instruction decode/register D
fetch: To compute the branch
target address which may be
used in the next step, what is

the value of ALUOp?
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Check Show answer

3) Arithmetic-logic (R-Type) ]
instruction: To perform the
operation specified by the

5/16/2025, 11:12 PM



zyBooks

78 of 311

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

function code, what is the value

of ALUOp?
Check Show answer
. . . ©zyBooks 05/16/25 23:10 24752
4) Jump instruction: to write the Jaheim Attri @
jump address to PC, what is the FIUEEL4709CSpring2025

value of PCWrite?

Check Show answer

5) Memory reference: for a store, ]
MemWrite should be set to what
value?

Check Show answer

6) Memory read completion: this ]
instruction has an extra step to
load data that has been written
to MDR in the previous steps to
be copied to the register file.
MemtoReg should be set to
what value to make the copy
from MDR to register happen?

Check Show answer

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Defining the Control FIUEEL4709CSpring2025

Now that we have determined what the control signals are and when they must be asserted, we
can implement the control unit. To design the control unit for the single-cycle datapath, we used a
set of truth tables that specified the setting of the control signals based on the instruction class.
For the multicycle datapath, the control is more complex because the instruction is executed in a
series of steps. The control for the multicycle datapath must specify both the signals to be set in
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any step and the next step in the sequence.

Online Section 4.14 shows how hardware design languages are used to design modern processors
with examples of both the multicycle datapath and the finite-state control. In modern digital
systems design, the final step of taking a hardware description to actual gates is handled by logic
and datapath synthesis tools. Appendix D shows how this process operates by translating the
multicycle control unit to a detailed hard-ware implementation. The key ideas of control can be
grasped from this chapter without examining the material on haréware geseriptién fanguages of
Appendix D. However, if you want to actually do some hardware desi%ﬂfg?ghﬁeg&@;&aaﬁgow you

what the implementations are likely to look like at the gate level.

Example 4.5.1: CPI in a Multicycle CPU.

Using the SPECINT2006 instruction mix shown in COD Figure 3.24 , what is the CPI,
assuming that each state in the multicycle CPU requires 1 clock cycle?

Answer

The mix is 20% loads, 8% stores 10% branches, and 62% ALU (all the rest of the mix, which
we assume to be ALU instructions). From Figure e4.5.6 , the number of clock cycles for
each instruction class is the following:

e Loads: 5

e Stores: 4

e ALU instructions: 4
e Branches: 3

The CPl is given by the following:

CPU clock cycles ) Instruction count; CPI;

CPI = - = -
Instruction count Instruction count

Instruction count;
= Z : . x CPI;
Instruction count

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

The ratio

Instruction count;

Instruction count

is simply the instruction frequency for the instruction class i. We can therefore substitute
to obtain
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CPI=0.20 x 5+0.08 x4+ 0.62 x 4 +0.10 x 3 = 4.10

This CPl is better than the worst-case CPI of 5.0 when all the instructions take the same
number of clock cycles. Of course, overheads in both designs may reduce or increase this
difference. The multicycle design is probably also more cost-effective, since it uses fewer
separate components in the datapath.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

finite-state machine: A sequential logic function consisting of a set of inputs and outputs, a
next-state function that maps the current state and the inputs to a new state, and an output
function that maps the current state and possibly the inputs to a set of asserted outputs.

The method we use to specify the multicycle control is a finite-state machine. A finite-state
machine consists of a set of states and directions on how to change states. The directions are
defined by a next-state function, which maps the current state and the inputs to a new state. When
we use a finite-state machine for control, each state also specifies a set of outputs that are
asserted when the machine is in that state. The implementation of a finite-state machine usually
assumes that all outputs that are not explicitly asserted are deasserted. Similarly, the correct
operation of the datapath depends on the fact that a signal that is not explicitly asserted is
deasserted, rather than acting as a don't care. For example, the RegWrite signal should be asserted
only when a register file entry is to be written; when it is not explicitly asserted, it must be
deasserted.

next-state function: A combinational function that, given the inputs and the current state,
determines the next state of a finite-state machine.

Multiplexor controls are slightly different, since they select one of the inputs whether they are 0 or
1. Thus, in the finite-state machine, we always specify the setting of all the multiplexor controls that
we care about. When we implement the finite-state machine with logic, setting a control to 0 may
be the default and thus may not require any gates. A simple example of a finite-state machine
appears in Appendix D, and if you are unfamiliar with the concept of a finite-state machine, you may
want to examine Appendix D before proceeding.

The finite-state control essentially corresponds to the five steps @z%%k@@@/?@%@??l?ﬁ%
state in the finite-state machine will take 1 clock cycle. The finite-state machineiwilliconsist of

several parts. Since the first two steps of execution are identical for eV&ryThe B the intial two
states of the finite-state machine will be common for all instructions. Steps 3 through 5 differ,
depending on the opcode. After the execution of the last step for a particular instruction class, the
finite-state machine will return to the initial state to begin fetching the next instruction.

Figure e4.5.7 shows this abstracted representation of the finite-state machine. To fill in the details
of the finite-state machine, we will first expand the instruction fetch and decode portion, and then
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we will show the states (and actions) for the different instruction classes.

Figure 4.5.7: The high-level view of the finite-state machine control (COD
Figure e4.5.7).

The first steps are independent of the instruction class; then a Geyiéstf §éq11@/ﬁéez§ﬂ%i475274
depend on the instruction opcode are used to complete each instrugcti E:Jf g ?r'
P P P EURRIA985caN 92025
completing the actions needed for that instruction class, the control returns to fetch a new
instruction. Each box in this figure may represent one to several states. The arc labeled

Start marks the state in which to begin when the first instruction is to be fetched.

Start

| !

Instruction fetch/decode and register fetch
(Figure e4.5.8)

Y Y

Memory access R-type instructions Branch instruction
instructions (Figure e4.5.10) (Figure e4.5.11)
(Figure €4.5.9)

We show the first two states of the finite-state machine in Figure €4.5.8 using a traditional graphic
representation. We number the states to simplify the explanation, though the numbers are arbitrary.
State 0, corresponding to step 1, is the starting state of the machine.

The signals that are asserted in each state are shown within the circle representing the state. The
arcs between states define the next state and are labeled with conditions that select a specific next
state when multiple next states are possible. After state 1, the signals asserted depend on the
class of instruction. Thus, the finite-state machine has four arcs exiting state 1, CorreSle)ondin% to

. . ] ©z Boqks 05/16/25 23:10 2475274
the four instruction classes: memory reference, R-type, branch on equal, ang jump.,his process of
branching to different states depending on the instruction is called deeoding; since ihecchicice of

the next state, and hence the actions that follow, depend on the instruction class.

Figure e4.5.9 shows the portion of the finite-state machine needed to implement the memory
reference instructions. For the memory reference instructions, the first state after fetching the
instruction and registers computes the memory address (state 2). To compute the memory
address, the ALU input multiplexors must be set so that the first input is the A register, while the
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second input is the sign-extended displacement field; the result is written into the ALUOut register.
After the memory address calculation, the memory should be read or written; this requires two
different states. If the instruction opcode is 1w, then state 3 (corresponding to the step Memory
access) does the memory read (MemRead is asserted). The output of the memory is always
written into MDR. If it is sw, state 5 does a memory write (MemWrite is asserted). In states 3 and 5,
the signal lorD is set to 1 to force the memory address to come from the ALU. After performing a
write, the instruction sw has completed execution, and the next statg s state 0s I the instiuetion is
a load, however, another state (state 4) is needed to write the result from théaematiiinto the
register file. Setting the multiplexor controls MemtoReg = 1 and RegDFslPE%é\]iﬂgs%%cﬁiﬂ%%gded
value in the MDR to be written into the register file, using rt as the register number. After this state,
corresponding to the Memory read completion step, the next state is state 0.

Figure 4.5.8: The instruction fetch and decode portion of every instruction is
identical (COD Figure €4.5.8).

These states correspond to the top box in the abstract finite-state machine in COD Figure
e4.5.7. In the first state we assert two signals to cause the memory to read an instruction
and write it into the Instruction register (MemRead and IRWrite), and we set lorD to 0 to
choose the PC as the address source. The signals ALUSrcA, ALUSrcB, ALUOp, PCWrite,
and PCSource are set to compute PC + 4 and store it into the PC. (It will also be stored into
ALUOut, but never used from there.) In the next state, we compute the branch target
address by setting ALUSrcB to 11 (causing the shifted and sign-extended lower 16 bits of
the IR to be sent to the ALU), setting ALUSrcA to 0 and ALUOp to 00; we store the result in
the ALUOut register, which is written on every cycle. There are four next states that depend
on the class of the instruction, which is known during this state. The control unit input,
called Op, is used to determine which of these arcs to follow. Remember that all signals
not explicitly asserted are deasserted; this is particularly important for signals that control
writes. For multiplexor controls, lack of a specific setting indicates that we do not care
about the setting of the multiplexor.

MemRead
ALUSrcA=0

lorD=0
LUSrcA =
Start AL 01 gsie 09 16/25 23:10 2475274
ALUOp = 00 ALUOp =atalieim Attri
PCWrite FIUEEL#709CSpring2025

PCSource = 00

J)

(Op
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Memory reference FSM R-type FSM Branch FSM Jump FSM
(Figure e4.5.9) (Figure e4.5.10) (Figure e4.5.11) (Figure e4.5.12)

| | | |

Figure 4.5.9: The finite-state machine for controllingfefmytyreférehce’ >’
instructions has four states (COD Figure e4.5.9). FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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These states correspond to the box labeled "Memory access instructions” in COD Figure
e4.5.7. After performing a memory address calculation, a separate sequence is needed for
load and for store. The setting of the control signals ALUSrcA, ALUSrcB, and ALUOp is
used to cause the memory address computation in state 2. Loads require an extra state to
write the result from the MDR (where the result is written in state 3) into the register file.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

From state 1

(Op = 'LW') or (Op = 'SW')

ry address computation

"

ALUSrcA = 1
[ ALUSrcB = 10
QUOp 00 /

TN N

[" MemRead | l" MemWrite |
\ loD=1 | \ loD=1 |

AN

v \
RegWrite
\ To state 0
[ MemtoReg =1 | (Figure e4.5.8)

RegDst =0

()

©zyBooks 05/16/25 23:10 2475274

Figure 4.5.710: R-type instructions can be implemented withaaesimiple two-
state finite-state machine (COD Figure €4.5.10).

FIUEEL4709CSpring2025

These states correspond to the box labeled "R-type instructions” in COD Figure e4.5.7. The
first state causes the ALU operation to occur, while the second state causes the ALU result
(which is in ALUOut) to be written in the register file. The three signals asserted during
state 7 cause the contents of ALUOut to be written into the register file in the entry
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specified by the rd field of the Instruction register.

From state 1

(Op = R-type)

101

[ ALUSrcA = 1 \ ©zyBooks 05/16/25 23:10 2475274
| ALUSrcB =00 | Jaheim Attri
\ ALUOp=10 /

FIUEEL4709CSpring2025

S/

[/ RegDst=1 1\
[ RegWrite |
\ MemtoReg =0 /

To state 0
(Figure e4.5.8)

Figure 4.5.11: The branch instruction requires a single state (COD Figure
e4.5.11).

The first three outputs that are asserted cause the ALU to compare the registers
(ALUSrcA, ALUSrcB, and ALUOp), while the signals PCSource and PCWriteCond perform
the conditional write if the branch condition is true. Notice that we do not use the value
written into ALUOut; instead, we use only the Zero output of the ALU. The branch target
address is read from ALUOut, where it was saved at the end of state 1.

From state 1

(Op = 'BEQ) ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

ALUSrcA=1
ALUSrcB =00
ALUOp =01
PCWriteCond
PCSource = 01

To state 0
(Figure e4.5.8)
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Figure 4.5.12: The jump instruction requires a single state that asserts two
control signals to write the PC with the lower 26 bits of the Instruction
register shifted left 2 bits and concatenated to the upper 4 bits of the PC of

_ . . Book 16/2523:10 2475274
this instruction (COD Figure e4.5.12). ©ryBooks 0O/ 16/25 25 10 2475

FIUEEL4709CSpring2025

From state 1

(Op =)

PCWrite
PCSource = 10

To state 0
(Figure e4.5.8)

To implement the R-type instructions requires two states corresponding to steps 3 (Execute) and 4
(R-type completion). COD Figure e4.5.10 shows this two-state portion of the finite-state machine.
State 6 asserts ALUSrcA and sets the ALUSrcB signals to 00; this forces the two registers that were
read from the register file to be used as inputs to the ALU. Setting ALUOp to 10 causes the ALU
control unit to use the function field to set the ALU control signals. In state 7, RegWrite is asserted
to cause the register file to write, RegDst is asserted to cause the rd field to be used as the register
number of the destination, and MemtoReg is deasserted to select ALUOut as the source of the
value to write into the register file.

For branches, only a single additional state is necessary because they complete execution during
the third step of instruction execution. During this state, the control signals that cause the ALU to
compare the contents of registers A and B must be set, and the signals that cause the PC to be
written conditionally with the address in the ALUOut register are also set. To perform the
comparison requires that we assert ALUSrcA and set ALUSrcB to 00, and set the ALUOp value to 01
(forcing a subtract). (We use only the Zero output of the ALU, notGhé3result of ithe sdbtracticdn? /fo
control the writing of the PC, we assert PCWriteCond and set PCSourgﬁJﬁEQ_f;\}ye i Wi(yz%%se the
value in the ALUOut register (containing the branch address calculated in state 1, Figure €4.5.8) to
be written into the PC if the Zero bit out of the ALU is asserted. Figure e4.5.11 shows this single

state.

The last instruction class is jump; like branch, it requires only a single state (shown in Figure
e4.5.12) to complete its execution. In this state, the signal PCWrite is asserted to cause the PC to
be written. By setting PCSource to 10, the value supplied for writing will be the lower 26 bits of the
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Instruction register with 00 two added as the low-order bits concatenated with the upper 4 bits of
the PC.

We can now put these pieces of the finite-state machine together to form a specification for the
control unit, as shown in Figure e4.5.13. In each state, the signals that are asserted are shown. The
next state depends on the opcode bits of the instruction, so we label the arcs with a comparison

for the corresponding instruction opcodes.

. , . , ©zyBooks 05/16/25 23:10 2475274
A finite-state machine can be implemented with a temporary register that holdsitheeurrent state

and a block of combinational logic that determines both the datapathsigiats’ i berassertéd and
the next state. Figure e4.5.14 shows how such an implementation might look. Appendix D
describes in detail how the finite-state machine is implemented using this structure. In Section D.3,
the combinational control logic for the finite-state machine of Figure 4.5.13 is implemented both
with a ROM (read-only memory) and a PLA (programmable logic array). (Also see Appendix B for a
description of these logic elements.) In the next section of this chapter, we consider another way to
represent control. Both of these techniques are simply different representations of the same
control information.

Figure 4.5.13: The complete finite-state machine control for the datapath
shown in figure e4.5.4 (COD Figure e4.5.13).

The labels on the arcs are conditions that are tested to determine which state is the next
state; when the next state is unconditional, no label is given. The labels inside the nodes
indicate the output signals asserted during that state; we always specify the setting of a
multiplexor control signal if the correct operation requires it. Hence, in some states a
multiplexor control will be set to 0.

MemRead
ALUSrcA=0

lorD=0
IRWrite ALUSrcA =0
St ——e- ALUSICB = 01 ALUSrcB = 11
ALUOp = 00 ALUOp = 00

PCWrite
PCSource =00

Bpoks 05/16)/25 23:10 2475274
S Jahejm Attri
FIUEEL4709CSpring2025

ALUSrcA=1
ALUSrcB =00
ALUOp =01
PCWriteCond
PCSource = 01

ALUSrcA=1
ALUSrcB =00
ALUOp =10

PCWrite

ALUSrcB =10 PCSource = 10

ALUOp =00
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RegDst =1
RegWrite
MemtoReg =0

MemRead
loD=1

MemWrite
lorD =1

©zyBooks 05/16
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m Attri
PCSpring2025

RegWrite

MemtoReg = 1

Instruction fetch

MemRead
ALUSrcA=0

ALUSrcA =0

lorD=0
Start ALUSICB = 01 ALUSICB = 11
ALUOp =00 ALUOp = 00

PCWrite
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Memory address Branch
computation Execution completion
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ALUSIrcA =1
ALUSIrcB = 00
ALUOp = 01
PCWriteCond
PCSource =0

ALUSIrcA =1
ALUSrcB = 00
ALUOp =10

ALUSIcA = 1
ALUSIcB = 10
ALUOp = 00

=
I R-type
Memor =3
y = W completion
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RegDst = 1
MemRead RegWrite

lorD =1

MemWrite

lorD = 1 MemtoReg = 0
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completion

RegDst =0
RegWrite
MemtoReg = 1

4.5.4: The complete finite-state machine control for the datapath.
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Animation content:

Static figure: A finite-state machine (FSM) control diagram for @gRddlatapaty is displayeds The

diagram starts at a state labeled Start, and flows through various states té266iitrélithe execution

. . . : FIUE§L47qQCS1?Hn 202%
of instructions in the datapath. Each state is represented by a numbered circlée wi ecific
control signals set within the circle, guiding the operation at each step. In state 0, labeled
Instruction fetch, the active control signals are MemRead, ALUSrcA set to 0, lorD set to 0,
ALUSrcB set to 01, ALUOp set to 00, PCWrite, and PCSource set to 00. State 0 connects to state
1, labeled Instruction decode/register fetch, with active control signals ALUSrcA set to 0, ALUSrcB

setto 11, and ALUOp set to 00, setting up for decoding the instruction and fetching register data.

Depending on the operation code, the FSM can move from state 1 to states 2, 6, 8, and 9 through
different paths. For memory instructions (Op = 'LW") or (op = 'SW'), state 1 connects to state 2,
labeled Memory address computation, with active signals ALUSrcA set to 1, ALUSrcB set to 10,
and ALUOp set to 00. For memory read (op = 'LW'), state 2 connects to state 3, labeled Memory
access, with active control signals MemRead and lorD set to 1. State 3 connects to state 4,
labeled Memory read completion, with active signals RegDst set to 0, RegWrite, and MemtoReg
set to 1. State 4 connects back to state 0 when the memory read operation ends. For memory
write (op = 'SW'), state 2 connects to state 5, labeled Memory access, with active control signals
MemWrite and lorD set to 1. State 5 connects back to state 0 when the memory write operation
ends.

If the instruction is an R-type (Op = R-type), the FSM moves from state 1 to state 6, labeled
Execution, with active signals ALUSrcA set to 1, ALUSrcB set to 00, and ALUOp set to 10. State 6
connects to state 7, labeled R-type completion, where active signals are RegDst set to 1,
RegWrite, and MemtoReg set to 0. State 7 connects back to state 0 when the execution of the R-
type instruction ends. For a branch instruction (Op = 'BEQ'), the FSM moves from state 1 to state
8, labeled Branch completion, with active signals ALUSrcA set to 1, ALUSrcB set to 00, ALUOp set
to 01, PCWriteCond, and PCSource set to 01. State 8 connects back to state O when the branch
operation ends. For jump instructions (Op = 'J"), the FSM goes from state 1 to state 9, labeled
Jump completion, with active signals PCWrite and PCSource seriéddkStateldxonnhectsibackito
stage 0 when the jump operation ends. FIUEELJA?7h§<;rgSAptrtirrig2025

Step 1: The instruction fetch and decode portion of every instruction is the same. The control unit
input, Op, is used to decide which state to go to next.

States 0, 1, and the paths with the following Op values are highlighted:

(Op ="LW") or (op = 'SW))

(Op = R-type)
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(Op ='BEQ)
Op="1J)

Step 2: FSM states for controlling memory reference instructions. 'LW' or 'SW' for the Op,
determines whether this is a Load or a Store. Load requires an extra state for writing MDR to the

register file.

States 2 through 5, and the paths with the following Op values arg fighlighted; o5 2310 2475274
(op="LW) Jaheim Attri

(Op='SW') FIUEEL4709CSpring2025

Step 3: R-Type instructions require two states, one for the ALU operation, and the second for the
ALU result to be written to the register file.
States 6 and 7 are highlighted.

Step 4: Branch instructions require a single state. Determining whether the branch condition is
true and if true, performing the conditional write happens simultaneously. The zero bit of ALUout
if set indicates true.

State 8 is highlighted.

Step 5: Jump instruction requires one state. A new PC is calculated.
State 9 is highlighted.

Step 6: Complete FSM: all the FSMs of the previous four steps return to the starting state and the
cycle begins again with the next instruction fetch.

Animation captions:

1. The instruction fetch and decode portion of every instruction is the same. The control unit
input, Op, is used to decide which state to go to next.

2. FSM states for controlling memory reference instructions. 'LW' or 'SW' for the Op,
determines whether this is a Load or a Store. Load requires an extra state for writing MDR
to the register file.

3. R-Type instructions require two states, one for the ALU operation, and the second for the
ALU result to be written to the register file.

4. Branch instructions require a single state. Determining W@%y@%ro@%gy@@%%%tﬁ%yﬁue

and if true, performing the conditional write happen simultaneously.JEhemzerabit of ALUout
if set indicates true. FIUEEL4709CSpring2025

5. Jump instruction requires one state. A new PC is calculated.
6. Complete FSM: all the FSMs of the previous four steps return to the starting state and the
cycle begins again with the next instruction fetch.
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Figure 4.5.74: Finite-state machine controllers are typically implemented
using a block of combinational logic and a register to hold the current state
(COD Figure e4.5.14).

©zyBooks 05/16/25 23:10 2475274
Combinational Jaheim Att.l’l
control logic ——— Datapath confrlBEL4£09CSpring2025
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The outputs of the combinational logic are the next-state number and the control signals
to be asserted for the current state. The inputs to the combinational logic are the current
state and any inputs used to determine the next state. In this case, the inputs are the
instruction register opcode bits. Notice that in the finite-state machine used in this chapter,
the outputs depend only on the current state, not on the inputs. The elaboration below
explains this in more detail.

Pipelining, which is the subject of the next section is almost always used to accelerate the
execution of instructions. For simple instructions, pipelining is capable of achieving the higher
clock rate of a multicycle design and a single-cycle CPI of a single-clock design. In most pipelined

processors, however, some instructions take longer than a single cycle and require multicycle

control. Floating-point are one universal example. There are man@@ﬁ%ﬁ’fﬁﬂ@%ﬁgﬁ%ﬁ?@ 2475274

architecture that require the use of multicycle control. FIUEEL4709CSpring2025

Elaboration:

The style of finite-state machine in Figure e4.5.14 is called a Moore machine, after
Edward Moore. Its identifying characteristic is that the output depends only on the

91 of 311 5/16/2025, 11:12 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

current state. For a Moore machine, the box labeled Combinational control logic can
be split into two pieces. One piece has the control output and only the state input,
while the other has only the next-state output.

An alternative style of machine is a Mealy machine, named after George Mealy. The

Mealy machine allows both the input and the current state to be used to determine

the output. Moore machines have potential implementation advantages in speed and

size of the control unit. The speed advantages arise becausetREXEEREOPOLHLES, 310 2475274
which are needed early in the clock cycle, do not depend on the ian@Eéﬁgg&M%%
current state. In Appendix D, when the implementation of this finite-state machine is

taken down to logic gates, the size advantage can be clearly seen. The potential
disadvantage of a Moore machine is that it may require additional states. For

example, in situations where there is a one-state difference between two sequences

of states, the Mealy machine may unify the states by making the outputs depend on

the inputs.

PARTICIPATION . .
ACTIVITY 4.5.5: Finite-state machines. L

How to use this tool Vv

Moore machine Finite-state machine Next-state function Mealy machine

A sequential logic function
consisting of a set of inputs and
outputs, a next-state function that
maps the current state and the
inputs to a new state, and an output
function that maps the current
state and possibly the inputs to a

set of asserted outputs.
©zyBooks 05/16/25 23:10 2475274

o ) Jaheim Attri
A combinational functiopithat,s709cspring2025

given the inputs and the current
state, determines the next state of
a finite-state machine.

An FSM where the output values
are determined only by the current
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state.

An FSM where the output values
are determined based on the
current state and the current

inputs.
©zyBooks 05/16/25 23:10 2475274
Attri
FIUEEL4709CSpring2025
PARTICIPATION . . .
ACTIVITY 4.5.6: Finite-state machines for controlling the datapath.

How many states are in the FSMs for controlling the following types of instructions?

1) Memory reference instructions D
O1
02
O 4

2) Branch instructions D
O
02
O 4

3) Jump instructions D
O1
02
O 4

4) R-type completion D
O1

2
O ©zyBooks 05/16/25 23:10 2475274
O 4 Jaheim Attri
FIUEEL4709CSpring2025

Understanding Program Performance

For a processor with a given clock rate, the relative performance between two code
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segments will be determined by the product of the CPI and the instruction count to
execute each segment. As we have seen here, instructions can vary in their CP],

even for a simple processor. In the next two chapters, we will see that the

introduction of pipelining and the use of caches create even larger opportunities for
variation in the CPI. Although many factors that affect the CPI are controlled by the
hardware designer, the programmer, the compiler, and software system dictate

what instructions are executed, and it is this process that d@%}é@@g%g\m@}gg%ﬂ 0 2475274
effective CPI for the program will be. Programmers seeking to improveaheim Attri
performance must understand the role of CPI and the factors that/affettig cSPring2025

PARTICIPATION
ACTIVITY

1) Since the jump instruction does not
depend on the register values or on
computing the branch target address,
it can be completed during the
second state, rather than waiting until
the third.

) True
() False

2) The control signal PCWriteCond can
be replaced by PCSource[0].

) True
() False

4.5.7: Understanding Program Performance and Check Yourself.

]

4.6 An overview of pipelining

Never waste time.
American proverb.

Pipelining is an implementation technique in which multiple instructions are
overlapped in execution. Today, pipelining is nearly universal.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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Pipelining: An implementation technique in which multiple instructions are overlapped in
execution, much like an assembly line.

©zyBooks 05/16/25 23:10 2475274
This section relies heavily on one analogy to give an overview of the pre|m terméand issues. If

you are interested in just the big picture, you should concentrate on thls Egétlongacﬁgrjtﬂ%zoz% to
COD Sections 4.11 (Parallelism via instructions) and 4.12 (Putting it all together: The Intel Core i7
6700 and ARM Cortex-A53) to see an introduction to the advanced pipelining techniques used in
recent processors such as the Intel Core i7 and ARM Cortex-A53. If you are interested in exploring
the anatomy of a pipelined computer, this section is a good introduction to COD Sections 4.7
(Pipelined datapath and control), 4.8 (Data hazards: Forwarding versus stalling), 4.9 (Control
hazards), and 4.10 (Exceptions).

Anyone who has done a lot of laundry has intuitively used pipelining. The non-pipelined approach to
laundry would be as follows:

1. Place one dirty load of clothes in the washer.

2. When the washer is finished, place the wet load in the dryer.

3. When the dryer is finished, place the dry load on a table and fold.

4. When folding is finished, ask your roommate to put the clothes away.

When this load is done, start over with the next dirty load.

The pipelined approach takes much less time, as the animation below shows. As soon as the
washer is finished with the first load and placed in the dryer, you load the washer with the second
dirty load. When the first load is dry, you place it on the table to start folding, move the wet load to
the dryer, and put the next dirty load into the washer. Next you have your roommate put the first
load away, you start folding the second load, the dryer has the third load, and you put the fourth
load into the washer. At this point all steps—called stages in pipelining—are operating concurrently.
As long as we have separate resources for each stage, we can pipeline the tasks.

ZﬁilT\',fT'sATION 4.6.1: The laundry analogy for pipelining (COD Figure 4.25).
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
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order

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static figure: Two Gantt charts represent task scheduling over a timeline from 6 PM to 2 AM for 4
people trying to clean their laundry. Task order is represented by the letters A, B, C, and D on the
vertical axis, corresponding to tasks performed by Ann, Brian, Cathy, and Don, respectively. The
horizontal axis represents time, broken up into 30 minute increments. There are icons
representing washing, drying, folding, and storing tasks placed along the timeline, illustrating
when each task is performed for each person. The first Gantt chart shows tasks being completed
sequentially, and the tasks span the entire length time in the chart. The second Gantt chart
shows tasks being completed using pipelining, and the tasks span a much smaller length of time.
Step 1: Ann, Brian, Cathy, and Don each have dirty clothes to be washed, dried, folded, and put
away. The washer, dryer, "folder," and "storer" tasks each take 30 minutes.

The progress of each task is displayed along a timeline, split up into 30 minute increments. For
Ann, she starts her laundry "cycle" at 6PM and is finished with all tasks by 8PM, with each task
being completed in the order of washing, drying, folding, and St@%ﬂ%oks 05/16/25 23:10 2475274
Step 2: Washing 4 laundry loads sequentially takes 8 hours. Jaheim Attri

In this case, each person's laundry cycle does not start until the preﬁ%@p@r@%ﬁ?ﬂ@%ﬂ%
completed their laundry cycle, or after they are done storing. So once Ann is done with her
storing, Brian starts his laundry cycle, which takes 2 hours and is finished at T0PM. This
continues for the other 2 people, until all 4 laundry cycles are done at 2AM.

Step 3: Washing 4 laundry loads in a pipelined manner takes only 3.5 hours, even though only one
of each resource exists.

When pipelining this example, the washer becomes free when Ann moves her laundry to the
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dryer, or after 30 minutes. Brian can then use the washer and start his laundry cycle. This
continues for the other 2 people, starting their laundry cycle once the previous person is done
using the washer. What previously took 8 hours is now completed in 3.5 hours.

Animation captions:

1. Ann, Brian, Cathy, and Don each have dirty clothes to be VéasBed dng;jrggg% 186194%1274

ooks 0
away. The washer, dryer, "folder," and "storer" tasks each take 30 Minutesm Attri
2. Washing 4 laundry loads sequentially takes 8 hours. FIUEEL4709CSpring2025

3. Washing 4 laundry loads in a pipelined manner takes only 3.5 hours, even though only one
of each resource exists.

The pipelining paradox is that the time from placing a single dirty sock in the washer until it is dried,
folded, and put away is not shorter for pipelining; the reason pipelining is faster for many loads is
that everything is working in parallel, so more loads are finished per hour. Pipelining improves
throughput of our laundry system. Hence, pipelining would not decrease the time to complete one
load of laundry, but when we have many loads of laundry to do, the improvement in throughput
decreases the total time to complete the work.

If all the stages take about the same amount of time and there is enough work to do, then the
speed-up due to pipelining is equal to the number of stages in the pipeline, in this case four:
washing, drying, folding, and putting away. Therefore, pipelined laundry is potentially four times
faster than nonpipelined: 20 loads would take about 5 times as long as 1 load, while 20 loads of
sequential laundry takes 20 times as long as 1 load. It's only 2.3 times faster in the animation
above, because we only show 4 loads. Notice that at the beginning and end of the workload in the
pipelined version in the animation above, the pipeline is not completely full; this start-up and wind-
down affects performance when the number of tasks is not large compared to the number of
stages in the pipeline. If the number of loads is much larger than 4, then the stages will be full most
of the time and the increase in throughput will be very close to 4.

iﬁ:lT\',fT'sATION 4.6.2: The laundry analogy for pipelining.
1) How many stages exist in the D
laundry analogy? ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

Check Show answer

2) If laundry is done sequentially, D
how many minutes do 60 loads
take to wash, dry, fold, and put
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away?

minutes

Check Show answer

3) If laundry is done in a pipelined Q
L ©zyBooks 05/16/25 23:10 247527
manner, execution is nearly 4 Jaheim Attri

times faster than if done FIUEEL4709CSpring2025
sequentially. Suppose doing 50

loads sequentially requires 6000

minutes. How long would those

50 loads take if donein a

pipelined manner? Assume a 4

times speedup (ignore the fact

that some stages are unused for

the first few and last few loads).

minutes

Check Show answer

4) Each load of laundry takes 4 x ]
30 = 120 minutes to wash, dry,
fold, and store (30 minutes
each). How many minutes are
required to complete one load of
laundry when multiple loads of
laundry are done in a pipelined
manner?

minutes

Check Show answer

©zyBooks 05/16/25 23:10 2475274
The same principles apply to processors where we pipeline instruction-execatiom MRS

instructions classically take five steps: FIUEEL4709CSpring2025

1. Fetch instruction from memory.

2. Read registers while decoding the instruction. The regular format of MIPS instructions allows
reading and decoding to occur simultaneously.

3. Execute the operation or calculate an address.

4. Access an operand in data memory.
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5. Write the result into a register.

Hence, the MIPS pipeline we explore in this chapter has five stages. The following example shows
that pipelining speeds up instruction execution just as it speeds up the laundry.

Example 4.6.1: Single-cycle versus pipelined performance.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

To make this discussion concrete, let's create a pipeline. In this exaniplédrid9r thenestof
this chapter, we limit our attention to eight instructions: load word (1w), store word (sw),
add (add), subtract (sub), AND (and), OR (or), set less than (s1t), and branch on equal

(beq).

Compare the average time between instructions of a single-cycle implementation, in which
all instructions take one clock cycle, to a pipelined implementation. The operation times
for the major functional units in this example are 200 ps for memory access, 200 ps for
ALU operation, and 100 ps for register file read or write. In the single-cycle model, every
instruction takes exactly one clock cycle, so the clock cycle must be stretched to
accommodate the slowest instruction.

Answer

The figure below shows the time required for each of the eight instructions. The single-
cycle design must allow for the slowest instruction—in the figure below it is 1w—so the
time required for every instruction is 800 ps. Similarly to COD Figure 4.25 (The laundry
analogy for pipelining), COD Figure 4.27 (Single-cycle, nonpipelined execution ...) compares
nonpipelined and pipelined execution of three load word instructions. Thus, the time
between the first and fourth instructions in the nonpipelined design is 3 x 800 ps or 2400

ps.

All the pipeline stages take a single clock cycle, so the clock cycle must be long enough to
accommodate the slowest operation. Just as the single-cycle design must take the worst-
case clock cycle of 800 ps, even though some instructions can be as fast as 500 ps, the
pipelined execution clock cycle must have the worst-case clock cycle of 200 ps, even
though some stages take only 100 ps. Pipelining still offers a fourfold performance

improvement: the time between the first and fourth instructions js3,%.200; ps, 276001983 475274

Jaheim Attri
FIUEEL4709CSpring2025

Figure 4.6.1: Total time for each instruction calculated from the time for
each component (COD Figure 4.26).

This calculation assumes that the multiplexors, control unit, PC accesses, and sign
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extension unit have no delay.

Instruction | Register ALU Register | Total
Instruction class fetch read operation | access write time

Load word (| w) 200 ps 100 ps 200 ps 200 ps 100 ps | 800 ps

Store word (sw) 200 ps 100 ps 200 ps 200 ps 700 ps

R-format (add, sub, AND, 200 ps 100 ps 200 ps 100 ps 600 ps

OR, s1t) ©zyBooks 05/16/25 23:10 2475274

Branch (beq) 200 ps 100 ps 200 ps Janeigpops!
FIOEECZ709CSpring2025

The animation below compares a non-pipelined vs. pipelined execution. Both use the same
hardware components, whose time is listed in the figure above. In this case, we see a fourfold
speed-up on average time between instructions, from 800 ps down to 200 ps. Compare this figure
to COD Figure 4.25 (The laundry analogy for pipelining). For the laundry, we assumed all stages
were equal. If the dryer were slowest, then the dryer stage would set the stage time. The pipeline
stage times of a computer are also limited by the slowest resource, either the ALU operation or the
memory access. We assume the write to the register file occurs in the first half of the clock cycle
and the read from the register file occurs in the second half. We use this assumption throughout
this chapter.

PARTICIPATION | 4.6.3: Single-cycle, nonpipelined execution in top versus pipelined
ACTIVITY execution in bottom (COD Figure 4.27).
Program
grjg:ﬂ'on 200 400 600 800 1000 1200 1400 1600 181
(in instructions)
Instruction Data
Iw $1, 100(30) fetch Reg ALU access Reg
< P Instruction Data
Iw $2, 200($0) 800ps fetch |R€9| ALU access Reg
Instruction
Iw $3, 300($0) < 800ps q fetch
v < 800ps
Program ©zyBooks 05/16/25 23:10 2475274
execution JaheimAttri
order 200 400 600 800 1000 1200~ 2NeRARITT 1600 18

(in instructions) FIUEEL4709CSpring2025

Instruction Data
w $1,100(30) ™o Reg| ALU | ccess |Re9
< p |Instruction Data
Iw $2, 200($0) 200ps L_fetch Reg| ALU access |9
Instruction Data
Iw $3, 300($0) < 200ps> fetch Reg| ALU access | R¢9
v | > < > < > < > < >

200ps 200ps 200ps 200ps 200ps
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Animation content:

Static figure: Two Gantt charts represent program execution using nonpipelined and pipeline
execution from 0 to 1800 picoseconds (ps). The first chart represents nonpipelined execution of
three instructions. The second chart represents pipelined execGioRGKEHE s thted 2475274
instructions as the first chart. In the first chart, the time taken to Comglgg@gl[ﬁ@%]gegﬁbsg@ggtlons is
too long to fit within the 1800 ps on the chart, so the last instruction has barely started the
execution when the chart cuts off. The second chart has all 3 instructions being completed in

1300 ps.

Step 1: Nonpipelined execution takes 800 ps between instructions.

The first instruction,

lw S1, 100(S0),

is executed. The instruction execution takes 5 steps, each with their respective time taken:
Instruction fetch (200 ps), Reg (100 ps), ALU (200 ps), Data access (200 ps), and another Reg
(100 ps). So the first instruction finishes after 800 ps, and due to the nonpipelined execution, the
next instruction cannot start until the first instruction is done executing completely. The second
instruction,

lw $2, 200(S0),

is executed. This instruction uses the same 5 steps as the previous instruction, and takes 800 ps
to complete, finishing at 1600 ps. The third instruction,

lw $3, 300(S0),

is executed, after the second instruction finishes. This instruction also takes 800 ps to complete.

Step 2: For pipelined execution, the pipeline stage times of a computer are limited by the slowest
resource.

Using the same instructions as the previous step, pipelined execution allows the instructions to
execute some steps before other instructions are complete. In this case, instruction 1 will start
the instruction fetch (200 ps). After the instruction fetch is complete, instruction 2 can start the
Instruction Fetch. Instruction 1 cannot start Reg (100 ps) until halfway through instruction 2's
Instruction Fetch, since the pipeline stage times are limited by the slowest resource. After those
steps are complete, instruction 3 starts the Instruction Fetch, while instruction 1 starts the ALU
(200 ps), and instruction 2 starts the Reg halfway through this gtzé@é)oﬁtgﬁ/h%/n% %fﬁp%za475274
complete, instruction 1 starts the Data Access (200 ps), instruction 2 starts/the &bh@nds
instruction 3 starts the Reg halfway through the stage. After those steps complete, instruction 1
starts the Reg and finishes the instruction, while instruction 2 starts the Data Access, and
instruction 3 starts the ALU. After those steps complete, instruction 2 starts the Reg and finishes
the instruction, and instruction 3 starts the Data Access. After those steps complete, instruction
3 starts the Reg and then finishes the instruction. All of those instructions were completed in
1300 ps using pipelined execution, rather than 2400 ps under nonpipelined execution.
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Step 3: Pipelined execution has a fourfold speed-up on average time between instructions, from
800 ps down to 200 ps.

Animation captions:

1. Nonpipelined execution takes 800 ps between mstructlorg yBooks 05/16/25 23:10 2475274

2. For pipelined execution, the pipeline stage times of a computer are ligyted pythe slowest
resource. FIUEEL4709CSpr|n92025

3. Pipelined execution has a fourfold speed-up on average time between instructions, from
800 ps down to 200 ps.

Moreover, even our claim of fourfold improvement for our example is not reflected in the total
execution time for the three instructions: it's 1400 ps versus 2400 ps. Of course, this is because the
number of instructions is not large. What would happen if we increased the number of
instructions? We could extend the previous figures to 1,000,003 instructions. We would add
1,000,000 instructions in the pipelined example; each instruction adds 200 ps to the total execution
time. The total execution time would be 1,000,000 x 200 ps + 1400 ps, or 200,001,400 ps. In the
nonpipelined example, we would add 1,000,000 instructions, each taking 800 ps, so total execution
time would be 1,000,000 x 800 ps + 2400 ps, or 800,002,400 ps. Under these conditions, the ratio
of total execution times for real programs on nonpipelined to pipelined processors is close to the
ratio of times between instructions:

800,002,400 ps _ 800 ps
200,001,400 ps 200 ps

~ 4.00

Pipelining improves performance by increasing instruction throughput, as opposed to decreasing the
execution time of an individual instruction, but instruction throughput is the important metric
because real programs execute billions of instructions.

PARTICIPATION

ACTIVITY 4.6.4: Pipelining the MIPS. L

Refer to the above animation on nonpipelined and pipelined MIPS instruction execution,
and the prior table listing the total time for each instruction.  ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
1) The nonpipelined datapath FIUEEL4709CSpring2025 | |
implementation has how many
stages?
1
5
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2) The pipelined datapath

implementation has how many
stages?

O1
5

3) The above figure shows the five

stages as: Instruction fetch, Reg, ALU,
Data access, and Reg. Are the two
Regs doing the same thing?

() Yes
) No

4) Does every instruction require all 5

stages?
O Yes
) No

5) Suppose Instr1 is fetched in stage 1.

Instr1 then proceeds to stage 2, Reg
read. In a pipelined implementation,
can Instruction? be fetched
simultaneously with that Reg read?

() Yes
) No

6) On computer X, a nonpipelined

instruction execution would require
12 ns, and thus 12 ns exists between
instructions. A pipelined
implementation uses 6 equal-length
stages of 2 ns each, resultingin _____
ns between instructions.

O1
02

7) On computer X, a nonpipelined

instruction execution would require
12 ns. A pipelined implementation
uses 6 equal-length stages of 2 ns
each. Assuming one million

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print
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©zyBooks 05/16/25 23:10 2475274)
Jaheim Attri
FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

]
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instructions execute and ignoring
empty stages at the start/end, what is
the speedup of the pipelined vs. non-
pipelined implementation?

2

6
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri

L . . FIUEEL4709CSpring2025
Designing instruction sets for pipelining P

Even with this simple explanation of pipelining, we can get insight into the design of the MIPS
instruction set, which was designed for pipelined execution.

First, all MIPS instructions are the same length. This restriction makes it much easier to fetch
instructions in the first pipeline stage and to decode them in the second stage. In an instruction set
like the x86, where instructions vary from 1 byte to 15 bytes, pipelining is considerably more
challenging. Recent implementations of the x86 architecture actually translate x86 instructions into
simple operations that look like MIPS instructions and then pipeline the simple operations rather
than the native x86 instructions! (See COD Section 4.11 (Parallelism via instructions).)

Second, MIPS has only a few instruction formats, with the source register fields being located in
the same place in each instruction. This symmetry means that the second stage can begin reading
the register file at the same time that the hardware is determining what type of instruction was
fetched. If MIPS instruction formats were not symmetric, we would need to split stage 2, resulting
in six pipeline stages. We will shortly see the downside of longer pipelines.

Third, memory operands only appear in loads or stores in MIPS. This restriction means we can use
the execute stage to calculate the memory address and then access memory in the following
stage. If we could operate on the operands in memory, as in the x86, stages 3 and 4 would expand
to an address stage, memory stage, and then execute stage.

Fourth, as discussed in COD Chapter 2 (Instructions: Language of the Computer), operands must
be aligned in memory. Hence, we need not worry about a single data transfer instruction requiring
two data memory accesses; the requested data can be transferred between processor and
memory in a single pipeline stage.

Pipeline hazards ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

There are situations in pipelining when the next instruction cannot exé¢{ftelif AHEFSIIEWING ¢lock
cycle. These events are called hazards, and there are three different types.

Structural Hazard

The first hazard is called a structural hazard. It means that the hardware cannot support the
combination of instructions that we want to execute in the same clock cycle. A structural hazard in
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the laundry room would occur if we used a washer-dryer combination instead of a separate washer
and dryer, or if our roommate was busy doing something else and wouldn't put clothes away. Our
carefully scheduled pipeline plans would then be foiled.

Structural hazard: \When a planned instruction cannot execute in the proper clock cycle because
the hardware does not support the combination of instructions that are set to execute.

©zyBooks 05/16/25 23:10 2475274
As we said above, the MIPS instruction set was designed to be pipelinFelgEEn%?OﬁggA%ﬁirlgoe%sy for
designers to avoid structural hazards when designing a pipeline. Suppose, ‘HoweveEtﬂgt we had a
single memory instead of two memories. If the pipeline in the above animation had a fourth
instruction, we would see that in the same clock cycle the first instruction is accessing data from
memory while the fourth instruction is fetching an instruction from that same memory. Without

two memories, our pipeline could have a structural hazard.

PARTICIPATION .
ACTIVITY 4.6.5: Structural hazards.
1) In processor X's pipeline, an add D

instruction in stage 3 should use the
ALU. A branch instruction in stage 4
also should use the ALU. Both
instructions cannot simultaneously
use the ALU. Such a situation is a
structural hazard.

True

False

2) MIPS implementations tend to have D
numerous structural hazards.

True

False

Data hazards
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
Data hazards occur when the pipeline must be stalled because one st;e@g@y%ge%gg%gﬁ@mger to

complete. Suppose you found a sock at the folding station for which no match existed. One
possible strategy is to run down to your room and search through your clothes bureau to see if you
can find the match. Obviously, while you are doing the search, loads must wait that have completed
drying and are ready to fold as well as those that have finished washing and are ready to dry.
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Data hazard: Also called a pipeline data hazard. \When a planned instruction cannot execute in
the proper clock cycle because data that is needed to execute the instruction is not yet available.

In a computer pipeline, data hazards arise from the dependence of one instruction on an earlier one

that is still in the pipeline (a relationship that does not really exist when doing laundry). For

example, suppose we have an add instruction followed immediate% bg/ 2 subtract instruction that
©zyBdo 274

) s 05/16/2523:10 2475
uses the sum ($s0): Jaheim Attri

FIUEEL4709CSpring2025
add $s0, $t0, $tl
sub $t2, $s0, $t3

Without intervention, a data hazard could severely stall the pipeline. The add instruction doesn't
write its result until the fifth stage, meaning that we would have to waste three clock cycles in the
pipeline.

Although we could try to rely on compilers to remove all such hazards, the results would not be
satisfactory. These dependences happen just too often and the delay is just too long to expect the
compiler to rescue us from this dilemma.

The primary solution is based on the observation that we don't need to wait for the instruction to
complete before trying to resolve the data hazard. For the code sequence above, as soon as the
ALU creates the sum for the add, we can supply it as an input for the subtract. Adding extra
hardware to retrieve the missing item early from the internal resources is called forwarding or
bypassing.

Forwarding: Also called bypassing. A method of resolving a data hazard by retrieving the
missing data element from internal buffers rather than waiting for it to arrive from programmer-
visible registers or memory.

Example 4.6.2: Forwarding with two instructions.

For the two instructions above, show what pipeline stages would be connected by

forwarding. Use the drawing in the figure below to represent th@%@tg&astasg%i}}% %@1%v§475274
stages of the pipeline. Align a copy of the datapath for each instruction, similartaithe

laundry pipeline in COD Figure 4.25 (The laundry analogy for pipelinigy=L4/09CSpring2025

Answer

COD Figure 4.29 (Graphical representation of forwarding) shows the connection to
forward the value in $s0 after the execution stage of the add instruction as input to the

execution stage of the sub instruction.
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Figure 4.6.2: Graphical representation of the instruction pipeline (COD
Figure 4.28).

Here we use symbols representing the physical resources with@%ﬁeBg%srg\%#gﬁgA%ﬁ? 02475274
pipeline stages used throughout the chapter. The symbols for the fivestagesoltstomtdie 25
instruction fetch stage, with the box representing instruction memory; ID for the
instruction decode/ register file read stage, with the drawing showing the register file
being read; EX for the execution stage, with the drawing representing the ALU; MEM for the
memory access stage, with the box representing data memory; and WB for the write-back
stage, with the drawing showing the register file being written. The shading indicates the
element is used by the instruction. Hence, MEM has a white background because add
does not access the data memory. Shading on the right half of the register file or memory
means the element is read in that stage, and shading of the left half means it is written in
that stage. Hence the right half of ID is shaded in the second stage because the register
file is read, and the left half of WB is shaded in the fifth stage because the register file is

written.

200 400 600 800 1000

Time

add $s0, $t0, $t1 | IF g 1D EXl—IMEM We

Figure 4.6.3: Graphical representation of forwarding (COD Figure 4.29).

The connection shows the forwarding path from the output of the EX stage of add to the
input of the EX stage for sub, replacing the value from register $s0 read in the second

stage of sub.

©zyBooks 05/16/25 23:10 2475274

Program Jaheim Attri
execution : 200 400 600 800 F|UEELM6)PCSDI’|H92025
order Time T T T T T
(in instructions)

add $s0, $t0, $t1 =

sub $t2, $s0, $t3 I —=c 1D | Fﬁl MEM J-Lv_va
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In this graphical representation of events, forwarding paths are valid only if the destination stage is
later in time than the source stage. For example, there cannot be a valid forwarding path from the
output of the memory access stage in the first instruction to the input of the execution stage of the

following, since that would mean going backward in time.

. , . , o ©zyBooks 05/16/25 23:10 2475274
Forwarding works very well and is described in detail in COD Section 4.8 (Datadazards: Forwarding

versus stalling). It cannot prevent all pipeline stalls, however. For exampleEstipposertigfipgp
instruction was a load of $s0 instead of an add. As we can imagine from looking at the figure
below, the desired data would be available only after the fourth stage of the first instruction in the
dependence, which is too late for the input of the third stage of sub. Hence, even with forwarding,
we would have to stall one stage for a load-use data hazard, as COD Figure 4.30 (We need a stall
even with forwarding ...) shows. This figure shows an important pipeline concept, officially called a
pipeline stall, but often given the nickname bubble. We shall see stalls elsewhere in the pipeline.
COD Section 4.8 (Data hazards: Forwarding versus stalling) shows how we can handle hard cases
like these, using either hardware detection and stalls or software that reorders code to try to avoid
load-use pipeline stalls, as this example illustrates.

Load-use data hazard: A specific form of data hazard in which the data being loaded by a load
instruction has not yet become available when it is needed by another instruction.

Pipeline stall: Also called bubble. A stall initiated in order to resolve a hazard.

Figure 4.6.4: We need a stall even with forwarding when an R-format
instruction following a load tries to use the data (COD Figure 4.30).

Without the stall, the path from memory access stage output to execution stage input
would be going backward in time, which is impossible. This figure is actually a
simplification, since we cannot know until after the subtract instruction is fetched and

decoded whether or not a stall will be necessary. COD Section 4.8 (Data hazards:
Forwarding versus stalling) shows the details of what really ha@ﬁ%ﬁ?%&(@é gf 402475274

Jaheim Attri
hazard. FIUEEL4709CSpring2025
Program
execution ‘ 200 400 600 800 1000 1200 1400
order Time T T T T T T

(in instructions)

lw $s0, 20($t1) IE =5 1D MEM *.*E’B
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f_beUe(<,UJuoefa_bubbmuai_tubbmu‘_bubb%p
1 ~ | - B ) -y - J A J y ~ )

aroe o '@ ® OA \ LY A

sub $t2, $s0, $t3 IF—= 1D EXI—{MEM EB

©zyBooks 05/16/25 23:10 2475274
. . . . Jaheim Attri
Example 4.6.3: Reordering code to avoid pipeline stallsweeL4709¢spring2025

Consider the following code segment in C:

a=>b + e;
c =b + £;

Here is the generated MIPS code for this segment, assuming all variables are in memory
and are addressable as offsets from $t0:

lw  $tl, 0(St0)
1w $t2, 4(st0)
add $t3, stl, St2
SW St3, 12(s$t0)
1w St4, 8(st0)
add $t5, stl, S$t4
SW $th5, 16(S$t0)

Find the hazards in the preceding code segment and reorder the instructions to avoid any
pipeline stalls.

Answer

Both add instructions have a hazard because of their respective dependence on the
immediately preceding 1w instruction. Notice that bypassing eliminates several other
potential hazards, including the dependence of the first add on the first 1w and any

hazards for store instructions. Moving up the third 1w instructi@%}go%@g%@}%%%p% 2475974

instruction eliminates both hazards: Jaheim Attri
FIUEEL4709CSpring2025

1w $tl, 0(s$t0)

lw  $t2, 4($t0)

1w $td4, 8(St0) # Instruction moved up
add $t3, stl, St2

SW $t3, 12($t0)
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add S$t5, $tl, st4
SW Sth5, 16($t0)

On a pipelined processor with forwarding, the reordered sequence will complete in two
fewer cycles than the original version.

o R , 05/16/25 23:1.0 2475274
Forwarding yields another insight into the MIPS architecture. Each NP ?ﬂ%/H&-éH.QRtYMI’I es at most

one result and does this in the last stage of the pipeline. Forwarding i$ hafder7ifdbepe mredriultiple
results to forward per instruction or if there is a need to write a result early on in instruction
execution.

Elaboration

The name "forwarding” comes from the idea that the result is passed forward from an
earlier instruction to a later instruction. "Bypassing" comes from passing the result
around the register file to the desired unit.

PARTICIPATION .
Pl 4.6.6: Data hazards. L
1) Does the following cause a data D

hazard for the 5-stage MIPS pipeline?

iT:add $s0, $sl1, $s2
i2:add $s3, $s0, $s4

() Yes
() No

2) Does the following cause a data D

hazard for the 5-stage MIPS pipeline?
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
ilT:add $s0, $sl1, $s2 FIUEEL4709CSpring2025
i2:add $s3, $sl1, $s4
O Yes
) No
3) Does the following cause a data D
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hazard for the 5-stage MIPS pipeline?

iT:add $s3, $s3, $s4
() Yes
() No

4) The following causes a data hazard ©zyBooks 05/16/25 23:10 2475274

_ T Jaheim Attri
for the 5-stage MIPS pipeline FIUEEL4709CSpring2025

i1: add $s0, $t0, stl
i2: sub $t2, $s0, $t3

) Yes
) No

5) If forwarding cannot resolve a data G
hazard, the pipelinecanbe _____.

O stalled
O bypassed

6) Can these instructions be reordered D
to avoid a pipeline stall?

i1:add $s0, $sl1, $s2
iI2:add $s3, $s4, $sb
i3:1w $tl, 0(st0)

i4:add st3, stl, st4

() Yes
) No

7) Forwarding resolves some data D
hazards. Reordering resolves some
others. If neither can resolve a data

hazard, a stall may become ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
necessary. FIUEEL4709CSpring2025
) True
() False

Control Hazards
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The third type of hazard is called a control hazard, arising from the need to make a decision based
on the results of one instruction while others are executing.

Control hazard: Also called branch hazard. \When the proper instruction cannot execute in the
proper pipeline clock cycle because the instruction that was fetched is not the one that is
needed; that is, the flow of instruction addresses is not what the pipeline expected.

©zyBooks 05/16/25 23:10 2475274
Suppose our laundry crew was given the happy task of cleaning the upfom‘i%*’tgfrgsﬁﬁfﬁr:tball team.
Given how filthy the laundry is, we need to determine whether the detergent an waterg[emperature
setting we select is strong enough to get the uniforms clean but not so strong that the uniforms
wear out sooner. In our laundry pipeline, we have to wait until after 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 first of two solutions to control hazards in the laundry room and its computer
equivalent.

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

This conservative option certainly works, but it is slow.

The equivalent decision task in a computer is the branch instruction. Notice that we must begin
fetching the instruction following the branch on the very next 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 after
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 registers, calculate the
branch address, and update the PC during the second stage of the pipeline (see COD Section 4.9
(Control hazards) for details). Even with this extra hardware, the pipeline involving conditional
branches would look like the figure below. The 1w instruction, executed if the branch fails, is stalled
one extra 200 ps clock cycle before starting.

Figure 4.6.5: Pipeline showing stalling on every conditional branch as

solution to control hazards (COD Figure 4.31).
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

This example assumes the conditional branch is taken, and the instrliction At frgPng202s
destination of the branch is the OR instruction. There is a one-stage pipeline stall, or
bubble, after the branch. In reality, the process of creating a stall is slightly more
complicated, as we will see in COD Section 4.9 (Control hazards). The effect on
performance, however, is the same as would occur if a bubble were inserted.

Proaram
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Example 4.6.4: 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.

Answer

COD Figure 3.27 (Remaining MIPS-32 and ...) in COD Chapter 3 (Arithmetic for Computers)
shows that branches are 17% of the instructions executed in SPECint2006. Since the other
instructions run have a CPI of 1, and branches took one extra clock cycle for the stall, then
we would see a CPI of 1.17 and hence a slowdown of 1.17 versus the ideal case.

If we cannot resolve the branch in the second stage, as is often the case for longer pipelines, then
we'd see an even larger slowdown if we stall on branches. The 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 COD Chapter 1 (Computer Abstractions and Technology):

Predict: If you're pretty 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 first load to
dry.

This 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 Wh"%%,%%%i@&;tﬂ%/zgg 2310 2475274

decision. Jaheim Attri

. .. . FIUEEL4709CSpring2025
Computers do indeed use prediction to handle branches. One simple approach is to predict always

that branches will be untaken. When you're right, the pipeline proceeds at full speed. Only when
branches are taken does the pipeline stall. The figure below shows such an example.

Figure 4.6.6: Predicting that branches are not taken as a solution to control
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The top drawing shows the pipeline when the branch is not taken. The bottom drawing
shows the pipeline when the branch is taken. As we noted in the above figure, the insertion
of a bubble in this fashion simplifies what actually happens, at least during the first clock
cycle immediately following the branch. COD Section 4.9 (Control hazards) will reveal the

details.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Program

execution Time 290 4(30 6(?0 8(?0 1Q00 12100 14100

ﬁ;df:\rstructions)

add $4,85,86 |"mn | [Rea| AW | 2% IReg
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Program
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Bt o T 400ps sccess | Re9

A more sophisticated version of branch prediction would have some branches predicted as taken
and some as untaken. In our analogy, the dark or home uniforms might take one formula while the
light or road uniforms might take another. In the case of programming, at the bottom of loops are
branches that jump back to the top of the loop. Since they are likely to be taken and they branch
backward, we could always predict taken for branches that jump to an earlier address

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Branch prediction: A method of resolving a branch hazard that assumesr given @utegrmestor the
branch and proceeds from that assumption rather than waiting to ascertain the actual outcome.

Such rigid approaches to branch prediction rely on stereotypical behavior and don't
account for the individuality of a specific branch instruction. Dynamic hardware
predictors, in stark contrast, make their guesses depending on the behavior of
each branch and may change predictions for a branch over the life of a program.
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Following our analogy, in dynamic prediction a person would look at how dirty the uniform was
and guess at the formula, adjusting the next prediction depending on the success of recent
guesses.

One popular approach to dynamic prediction of branches is keeping a history for each branch as
taken or untaken, and then using the recent past behavior to predict the future. As we will see later,
the amount and type of history kept have become extensive, with the result being that dynamic

branch predictors can correctly predict branches with more than@0%&eeutacy (see 0D 8éetioh
4.9 (Control hazards)). When the guess is wrong, the pipeline control my&éf%érr&%%igtf@%
instructions following the wrongly guessed branch have no effect and must restart the pipeline
from the proper branch address. In our laundry analogy, we must stop taking new loads so that we
can restart the load that we incorrectly predicted.

As in the case of all other solutions to control hazards, longer pipelines exacerbate the problem, in
this case by raising the cost of misprediction. Solutions to control hazards are described in more
detail in COD Section 4.9 (Control hazards).

Elaboration

There is a third approach to the control hazard, called delayed decision. In our
analogy, whenever you are going to make such a decision about laundry, just place a
load of nonfootball clothes in the washer while waiting for football uniforms to dry. As
long as you have enough dirty clothes that are not affected by the test, this solution
works fine.

Called the delayed branch in computers, and mentioned above, this is the solution
actually used by the MIPS architecture. The delayed branch always executes the next
sequential instruction, with the branch taking place after that one instruction delay. It

is hidden from the MIPS assembly language programmer because the assembler can
automatically arrange the instructions to get the branch behavior desired by the
programmer. MIPS software will place an instruction immediately after the delayed
branch instruction that is not affected by the branch, and a taken branch changes the
address of the instruction that follows this safe instruction. In our example, the add
instruction before the branch in COD Figure 4.37 (Pipeline showing stalling on every
conditional branch as solution to control hazards) does not affect the branch and can

be moved after the branch to fully hide the branch delay. Sinc%zﬁg%%séf%’éqjé)éégééfeo 2arszra
useful when the branches are short, no processor uses a delayed brariehiob moereithan25
one cycle. For longer branch delays, hardware-based branch prediction is usually

used.

I ]
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PARTICIPATION | 4 6 7: Control (branch) hazards. .

ACTIVITY
1) The following code has a control D
hazard:
beg S$t1, s$t2,
©zyBooks 05/16/25 23:10 2475274
label2 Jaheim Attri
labell: add $s0, S$sl1, $s2 FIUEEL4709CSpring2025
label2: sub $s3, $s4, $sb
O True
() False
2) A control hazard can be resolved via a D
stall.
) True
() False
3) To reduce stalls due to branches, D

branch prediction involves executing
a next instruction even if the
processor is not sure that instruction
should be next.

O True
O False
4) A smart branch predictor assumes D
the branch is not taken.
O True
O False

Pipeline overview summary

L ) . . ~ ©zyBooks 05/16/25 23:10 2475274
Pipelining is a technique that exploits parallelism among the instructions injaheim Attri

sequential instruction stream. It has the substantial advantage that, unliké&4709CSpringg025
programming a multiprocessor, it is fundamentally invisible to the programmer.

In the next few sections of this chapter, we cover the concept of pipelining using PARALLELISM
the MIPS instruction subset from the single-cycle implementation in COD Section
4.4 (A simple implementation scheme) and show a simplified version of its .
pipeline. We then look at the problems that pipelining introduces and the ‘
L
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performance attainable under typical situations.

If you wish to focus more on the software and the performance implications of pipelining, you

now have sufficient background to skip to COD Section 4.11 (Parallelism via instructions). COD
Section 4.10 (Parallelism via instructions) introduces advanced pipelining concepts, such as
superscalar and dynamic scheduling, and COD Section 4.12 (Putting it all together: The Intel Core i7

6700 and ARM Cortex-A53) examines the pipelines of recent microprocessors.
. . ) . . .. . ©zyBooks 05/16/25 23:10 2475274
Alternatively, if you are interested in understanding how pipelining is implemented and the

challenges of dealing with hazards, you can proceed to examine the deSign-of & pipélitied datapath
and the basic control, explained in COD Section 4.7 (Pipelined datapath and control). You can then
use this understanding to explore the implementation of forwarding and stalls in COD Section 4.8
(Data hazards: Forwarding versus stalling). You can then read COD Section 4.8 (Control hazards) to
learn more about solutions to branch hazards, and then see how exceptions are handled in COD
Section 4.10 (Exceptions).

PARTICIPATION | 4.6.8: Check yourself: Stalls and forwarding. D

ACTIVITY

For each code sequence below, state whether the code sequence must stall, can avoid
stalls using only forwarding, or can execute without stalling or forwarding.

1) 11w $t0, 0($t0) ]
i2:add $tl, $t0, $tO
() must stall

can avoid stalls using only
forwarding

execute without stalling or
forwarding

2) il:add  $tl, S$t0, S$tO D
i2:addi $t2, $t0, #5
I3:addi  $t4, S$tl, #5

() must stall
can avoid stalls using only ©zyBooks 05/16/25 23:10 2475274
forwarding Jaheim Attri

FIUEEL4709CSpring2025
execute without stalling or

forwarding

3) iliaddi $tl, $t0, #1 L]
i2:addi  $t2, $t0, #2
i3:addi  $t3, $t0, #2
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i4 addi  $t3, $t0, #4
15:addi  $t5, $t0, #5

() must stall

can avoid stalls using only

forwarding
execute without stalling or ©zyBooks 05/16/25 23:10 2475274
forwarding Jaheim Attri

FIUEEL4709CSpring2025

Understanding program performance

Outside the memory system, the effective operation of the pipeline is usually the
most important factor in determining the CPI of the processor and hence its
performance. As we will see in COD Section 4.11 (Parallelism via instructions),
understanding the performance of a modern multiple-issue pipelined processor is
complex and requires understanding more than just the issues that arise in a
simple pipelined processor. Nonetheless, structural, data, and control hazards
remain important in both simple pipelines and more sophisticated ones.

PIPELINING

For modern pipelines, structural hazards usually revolve around the floating-point

unit, which may not be fully pipelined, while control hazards are usually more of a
problem in integer programs, which tend to have higher branch frequencies as well

as less predictable branches. Data hazards can be performance bottlenecks in both
integer and floating-point programs. Often it is easier to deal with data hazards in
floating-point programs because the lower branch frequency and more regular
memory access patterns allow the compiler to try to schedule instructions to avoid
hazards. It is more difficult to perfqrm su.ch optimizations i%izn eo%?(rs%rg/%%%szg?% 475974
have less regular memory access, involving more use of pomtyers. As we wil seein
COD Section 4.11 (Parallelism via instructions), there are more dnttbitict’d 2oppiler025
and hardware techniques for reducing data dependences through scheduling.
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The Big Picture

Pipelining increases the number of simultaneously executing instructions
and the rate at which instructions are started and completed. Pipelining
does not reduce the time it takes to complete an individual instruction, also

o ©ﬂ8&oks505 16/25 23:10 2475274
called the Jatency. For example, the five-stage pipeline still'takes 5 ¢lock, attri
cycles for the instruction to complete. In the terms used in CODEEhapterdpring2025
(Computer Abstractions and Technology), pipelining improves instruction

throughput rather than individual instruction execution time or latency.

PREDICTION

Instruction sets can either simplify or make life harder for pipeline designers,
who must already cope with structural, control, and data hazards. Branch
prediction and forwarding help make a computer fast while still getting the
right answers.

Latency (pipeline): The number of stages in a pipeline or the number of stages between two
instructions during execution.

4.7 Pipelined datapath and control

©zyBooks 05/16/25 23:10 2475274

( . L Jaheim Attri
There is less in this than meets the eye. FIUEEL4709CSpring2025

Tallulah Bankhead, remark to Alexander Woollcott, 1922.

The figure below shows the single-cycle datapath from COD Section 4.4 (A simple implementation
scheme) with the pipeline stages identified. The division of an instruction into five stages means a
flve-stage pipeline, which in turn means that up to five instructions will be in execution during any
single clock cycle. Thus, we must separate the datapath into five pieces, with each piece named
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corresponding to a stage of instruction execution:

1. IF: Instruction fetch

2. ID: Instruction decode and register file read
3. EX: Execution or address calculation

4. MEM: Data memory access

5. WB: Write back
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
: : FJUEELf7§9IrgSpt:jrr:g2025
Figure 4.7.1: The single-cycle datapath from COD Section 4.4 (A simple

implementation scheme) (COD Figure 4.33).

Each step of the instruction can be mapped onto the datapath from left to right. The 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 left to be written into the register file.
(Normally we use color lines for control, but these are data lines.)
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In the figure above, these five components correspond roughly to the way the datapath is drawn;,
instructions and data move generally from left to right through the five stages as they complete
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execution. Returning to our laundry analogy, clothes get cleaner, drier, and more organized as they
move through the line, and they never move backward.

There are, however, two exceptions to this left-to-right flow of instructions:

» The write-back stage, which places the result back into the register file in the middle of the

datapath
» The selection of the next value of the PC, choosing between thednesemented PC1and the74
branch address from the MEM stage Jaheim Attri

FIUEEL4709CSpring2025

Data flowing from right to left does not affect the current instruction; these reverse data
movements influence only later instructions in the pipeline. Note that the first right-to-left flow of
data can lead to data hazards and the second leads to control hazards.

One way to show what happens in pipelined execution is to pretend that each instruction has its
own datapath, and then to place these datapaths on a timeline to show their relationship. The
figure below shows the execution of the instructions in COD Figure 4.27 (Single-cycle, nonpipelined
execution in top versus pipelined execution in bottom) by displaying their private datapaths on a
common timeline. We use a stylized version of the datapath in the figure above to show the
relationships in the figure below.

Similar to previous figures, the animation below pretends that each instruction has its own
datapath, and shades each portion according to use. Unlike those figures, each stage is labeled by
the physical resource used in that stage, corresponding to the portions of the datapath in the figure
above. IM represents the instruction memory and the PC in the instruction fetch stage, Reg stands
for the register file and sign extender in the instruction decode/register file read stage (ID), and so
on. To maintain proper time order, this stylized datapath breaks the register file into two logical
parts: registers read during register fetch (ID) and registers written during write back (WB). This
dual use is represented by drawing the unshaded left half of the register file using dashed lines in
the ID stage, when it is not being written, and the unshaded right half in dashed lines in the WB
stage, when it is not being read. As before, we assume the register file is written in the first half of
the clock cycle and the register file is read during the second half.

parTIcIPATION | 4.7.7: Instructions being executed using the single-cycle datapath in the
ACTIVITY figure above, assuming pipelined execution (COD Figure 4.34).

CjzyBooks 0577 6/%5 23110 2475274

Reg ReaheirrRegdi
FIUEELZ709CRPpIANG2025
Time (in clock cycles) -
CC4 | CC5 { CC6 ; CC7

CC1 § €02 7 €G3
|

|
w$1.10050) | IM——=Rad ' SALUH—{DM-——Req
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©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static figure: A Gantt chart represents the timeline of instruction execution in a single-cycle
datapath with 5 instruction execution stages. The timeline uses clock cycles as a unit of time,
abbreviated CC 1 through CC 7. There are three instruction executions displayed, each with 5
steps corresponding to the 5 instruction execution stages. Each instruction begins execution one
clock cycle after the previous one began, and all three instructions complete after 7 clock cycles.
Step 1: An instruction takes 5 clock cycles (CC's) to proceed through the datapath.

The first instruction,

lw $1, 100(S0),

is executed. During CC 1, the instruction is read from the instruction memory. During CC 2, the
source register specified in the instruction is read from the register file. During CC 3, the ALU is
used to perform a computation. During CC 4, the ALU result is used to read from data memory.
During CC 5, the data memory value is written back to the register file, completing the instruction
execution.

Step 2: Note: Only one register file exists, but depicted once for read, and again for write.

To indicate a read from the register file block, Reg, the right half is shaded and the left half is
unshaded. To indicate a write to Reg, the left half is shaded and the right half is unshaded.

Step 3: The next instruction starts one cycle later, on the same datapath (depicted separately).
The second instruction,

lw $2, 200(S0)

is executed. The same 5 steps occur as with the first instructiO@Z%&gwgﬂ%}aggg%%ﬁé%d
from the instruction memory during CC 2, and the instruction execution caoshpletesduring CC 6.
Step 4: A new instruction starts each clock cycle, executing in parall@%%ﬁpg\ggﬂ@’@gﬁ-%
executing instructions, on separate pieces of the datapath.

The third instruction,

lw $3, 300(S0)

is executed. Again, the same 5 steps occur as with the previous two instructions. But, now the
instruction is read from the instruction memory during CC 3, and the instruction execution
completes during CC 7.
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Animation captions:

1. An instruction takes 5 clocks cycles (CC's) to proceed through the datapath.

2. Note: Only one register file exists, but depicted once for read, and again for write.

3. The next instruction starts one cycle later, on the same datapath (depicted separately).

4. A new instruction starts each clock cycle, executing in parallel with previous still-executing

instructions, on separate pieces of the datapath. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

iﬁ?lT\',fT'sAT'ON 4.7.2: Depicting pipeline stages.

Match the pipeline stage with the physical resource whose icon represents that stage in
the stylized datapath depictions.

How to use this tool WV

Reg (read) ALU DM Reg (write) IM

Stage 1: IF (instruction fetch)
Stage 2: ID (instruction decode)
Stage 3: EX (execute)

Stage 4: MEM (data memory
access)

Stage 5: WB (write back)

Reset

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
PARTICIPATION o . . . .
ACTIVITY 4.7.3: Pipelined execution depiction for three lw instrlCHBINS09CSpring2025

Consider the figure below showing pipelined execution of three instructions. Assume
Instr1is 1w $1, 100(S$0),Instr2islw $2, 200 ($0),andInstr3is
1w $3, 300(s0).CCis short for "clock cycle".

Tiuman fima Alaal: avialaa)
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Lirme (1 CIUCK Cylies) >

Program |
execution cC1
order |
(in instructions) :

CC5 CC6 CC7

|
|

|

|

|

|

| ——

Iw x, 100(x4) IM —'—Hﬁeg !
|

|

|

|

|

Iw x2, 200(x4)

Iw x3, 400(x4)

/

In CC 1, Instr1 and Instr2 are
executing.

) True
() False

In CC 2, Instr1 and Instr2 are both in
stage IM.

) True
() False

The figure indicates that three ALUs
are needed.

) True
() False

Two instructions could possibly need
to use the ALU simultaneously.

O True

) False
Two instructions could possibly

access the register file
simultaneously.

) True

©zyBoaks 05/16/25 23:10 2475274
| _Jaheitn Attri

L]
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False

6) Assuming a program has hundreds of D
instructions (rather than just three as
shown above), how many instructions
might possibly be executing during

one clock cycle?
©zyBooks 05/16/25 23:10 2475274

3 Jaheim Attri
FIUEEL4709CSpring2025

5

The animation above seems to suggest that three instructions need three datapaths. Instead, we
add registers to hold data so that portions of a single datapath can be shared during instruction
execution.

For example, as the animation above shows, the instruction memory is used during only one of the
flve stages of an instruction, allowing it to be shared by following instructions during the other four
stages. To retain the value of an individual instruction for its other four stages, the value read from
instruction memory must be saved in a register. Similar arguments apply to every pipeline stage, so
we must place registers wherever there are dividing lines between stages in COD Figure 4.33 (The
single-cycle datapath ...). Returning to our laundry analogy, we might have a basket between each
pair of stages to hold the clothes for the next step.

The figure below shows the pipelined datapath with the pipeline registers highlighted. All
instructions advance during each clock cycle from one pipeline register to the next. The 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.

Figure 4.7.2: The pipelined version of the single-cycle datapath (COD Figure
4.35).

The pipeline registers, in color, separate each pipeline stage. They are labeled by the

stages that they separate; for example, the first is labeled IF/ID because it separates the
instruction fetch and instruction decode stages. The registers must be wide enough to

store all the data corresponding to the lines that go through themytoexamepledhe o/t 75274
register must be 64 bits wide, because it must hold both the 32-bit instructiofifetétied

from memory and the incremented 32-bit PC address. We will expaﬂg%ﬁéééor%%%{'enrgzg\%r

the course of this chapter, but for now the other three pipeline registers contain 128, 97,

and 64 bits, respectively.

FID DEX EXMEM MEMWE

i i i ﬂ
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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 file, 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 1 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. The PC can be thought of as a pipeline register: one that feeds the IF stage of
the pipeline. Unlike the shaded pipeline registers in the figure above, 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 figures to
demonstrate operation over time. These extra figures 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. COD Section 4.8 (Data hazards:
Forwarding versus stalling) describes what happens when there are data hazards between
pipelined instructions; ignore them for now.

The next three figures, our first sequence, show the active portions of the datapath highlighted as a
load instruction goes through the five stages of pipelined execution. We show a load first because
it is active in all five stages. We highlight the right half of registers or memory when they are being

read and highlight the left half when they are being written. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
We show the instruction abbreviation 1w with the name of the pipe stagethat i astivednoeach

figure. The five stages are the following:

1. Instruction fetch: The top portion of the figure below shows the instruction being read from
memory using the address in the PC and then being placed in the IF/ID pipeline register. The
PC address is incremented by 4 and then written back into the PC to be ready for the next
clock cycle. This incremented address is also saved in the IF/ID pipeline register in case it is
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needed later for an instruction, such as beq. The computer cannot know which type of
instruction is being fetched, so it must prepare for any instruction, passing potentially needed
information down the pipeline.

Figure 4.7.3: IF and ID: First and second pipe stages of an instruction, with

the active portions of the datapath in the figure aboye highlighted {GOR,s,,

Figure 4.36). Jaheim Att.ri
FIUEEL4709CSpring2025

Shading on the right half of the register file or memory means the element is read in that
stage, and shading of the left half means it is written in that stage.

As in COD Section 4.2 (Logic design conventions), there is no confusion when reading and
writing registers, because the contents change only on the clock edge. Although the load
needs only the top register in stage 2, the processor doesn't know what instruction is
being decoded, so it sign-extends the 16-bit constant and reads both registers into the 1D/
EX pipeline register. We don't need all three operands, but it simplifies control to keep all
three.

w
|

Instruction fetch

MEMWE

EXVEM

Inssruction
memory

RS

Fonst
registos
Road
rgodne

Vito
regtne

Vo
doty

1 Resad

a1

Rogsters oo.g
2

1% r
A Sign-
X axtend

t

Address
Data

memory

Viste
o

Read
£

hw

Instruction decode

eavwkRaalka OB L1628 221
[ A=A I TOT 20 201

LAY

Jaheim Attri
FIUEEL4709CSpring2025

B

Shin
et 2

=

ExwveM

NEMWE

5/16/2025, 11:12 PM



zyBooks

128 of 311

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

L Ak
Address ¢ Road
& rogister 1 Raad
¥ ot 1
. Fomat
0
u

n

et

1 1]

{

memory 4

Rumd
Ackdreesy s [ .
Data
memory

Yite
oty

©zyBooks 05/16/25 23:1D 2475274
Jaheim Attri

— — —FIUEEL4709CSpring2025

—

2. Instruction decode and register file read: The bottom portion of the figure above shows the
instruction portion of the IF/ID pipeline register supplying the 16-bit immediate field, which is
sign-extended to 32 bits, and the register numbers to read the two registers. All three values
are stored in the ID/EX pipeline register, along with the incremented PC address. We again
transfer everything that might be needed by any instruction during a later clock cycle.

3. Execute or address calculation: The figure below shows that the load instruction reads the
contents of register 1 and the sign-extended immediate from the ID/EX pipeline register and
adds them using the ALU. That sum is placed in the EX/MEM pipeline register.

Figure 4.7.4: EX: The third pipe stage of a load instruction, highlighting the
portions of the datapath in COD Figure 4.35 (The pipelined version of the
single-cycle datapath) used in this pipe stage (COD Figure 4.37).

The register is added to the sign-extended immediate, and the sum is placed in the EX/
MEM pipeline register.

IF/D IDEX EXMEM MEMWB
4— Aag* ©zyBooks|05/16/25 23:1Dp 2475274
@_. Jaheim Attri
. FIUEEL4709CSpring2025
P P SN —
Lol 11 ‘ }f register 1 data 1
Instruction g ft;;c"z ALY it's
Momo > — e Reglsters Pty
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Y
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4. Memory access: The top portion of the figure below shows the load instruction reading the
data memory using the address from the EX/MEM pipeline register and loading the data into
the MEM/WB pipeline register.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
. . FIUEEL4709CSpring2025
Figure 4.7.5: MEM and WB: The fourth and fifth pipe stages of a 10At

instruction, highlighting the portions of the datapath in COD Figure 4.35
(The pipelined version of the single-cycle datapath) used in this pipe stage
(COD Figure 4.38).

Data memory is read using the address in the EX/MEM pipeline registers, and the data is
placed in the MEM/WB pipeline register. Next, data is read from the MEM/WB pipeline
register and written into the register file in the middle of the datapath. Note: there is a bug
in this design that is repaired in COD Figure 4.41 (The corrected pipelined datapath to

handle the load instruction properly).
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274

5. Write-back: The bottom portion of the figure above shows the final step: reading the data
from the MEM/WB pipeline register and writing it into the register file in the middle of the

figure.

This walk-through of the load instruction shows that any information needed in a later pipe stage

must be passed to that stage via a pipeline register.

PARTICIPATION

ACTIVITY 4.7.4: Pipelined load instruction walk-through.

Refer to the above load instruction (Iw) pipe stages.
1) Which is NOT part of stage 1: IF
(instruction fetch)?
() Instruction memory is read.
() The register file is written.

() The IF/ID register is written.

2) Which is NOT part of stage 2: ID
(instruction decode)?

() PCis incremented.
() Register file is read.
() Sign extension.

Control signals are generated
for the current instruction.

The IF/ID register is read, and
the ID/EX register is written.

3) Which is NOT part of stage 3: EX
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(execution)?
The ALU operates.
Data memory is written.

The ID/EX register is read, and
the EX/MEM register is written.

L ) ©zyBooks 05/16/25 23:10 24752
4) Which is NOT part of stage 4: MEM Jaheim Attr %]

(memory)? FIUEEL4709CSpring2025
Instruction memory is read.
Data memory is read.

The EX/MEM register is read,
and the MEM/WB register is
written.

5) Which is NOT part of stage 5: WB ]
(write back)?

The register file is written.

The MEM/WB register is read,
and the IF/ID register is written.

Walking through a store instruction shows the similarity of instruction execution to the load
instruction, as well as passing the information for later stages. Here are the five pipe stages of the
store instruction:

1. Instruction fetch: The instruction is read from memory using the address in the PC and then is
placed in the IF/ID pipeline register. This stage occurs before the instruction is identified, so
the top portion of COD Figure 4.36 (IF and ID: First and second pipe stages of an instruction
..) works for store as well as load.

2. Instruction decode and register file read: The instruction in the IF/ID pipeline register supplies
the register numbers for reading two registers and extends the sign of the 16-bit immediate.
These three 32-bit values are all stored in the ID/EX pipeline register. The bottom portion of
COD Figure 4.36 (IF and ID: First and second pipe stages of an instruction ...) for load
instructions also shows the operations of the second stagefopstaress fhess fisstitwo stages
are executed by all instructions, since it is too early to know the type ofam@nmvrructlon (While
the store instruction uses the Rt field to read the second reg|ste'?|| E 7[%%%8&%%2%% detail
is not shown in this pipeline diagram, so we can use the same figure for both.)

3. Execute and address calculation: The figure below shows the third step; the effective address
is placed in the EX/MEM pipeline register.

Figure 4.7.6: EX: The third pipe stage of a store instruction (COD Figure
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4.39).

Unlike the third stage of the load instruction in COD Figure 4.37 (EX: The third pipe stage of
a load instruction ...), the second register value is loaded into the EX/MEM pipeline register
to be used in the next stage. Although it wouldn't hurt to always write this second register

into the EX/MEM pipeline register, we write the second register only on a store instruction
S : ©zyBooks 05/16/25 23:10 2475274
to make the pipeline easier to understand. Jaheim Attri

FIUEEL4709CSpring2025
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4. Memory access: The top portion of the figure below shows the data being written to memory.
Note that the register containing the data to be stored was read in an earlier stage and stored
in ID/EX. The only way to make the data available during the MEM stage is to place the data
into the EX/MEM pipeline register in the EX stage, just as we stored the effective address into

EX/MEM.

Figure 4.7.7: MEM and WB: The fourth and fifth pipe stages of a store
©zyBooks 05/16/25 23:10 2475274

instruction (COD Figure 4.40). Jaheim Attri
FIUEEL4709CSpring2025

In the fourth stage, the data is written into data memory for the store. Note that the data
comes from the EX/MEM pipeline register and that nothing is changed in the MEM/WB
pipeline register. Once the data is written in memory, there is nothing left for the store

instruction to do, so nothing happens in stage 5.
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5. Write-back: The bottom portion of the figure above shows the finakstep of thestore Forthis

instruction, nothing happens in the write-back stage. Since ever¥|

9CSpri

instrfeton BEHind the store

. . ) EEL47 202 .
is already in progress, we have no way to accelerate those |nstruthI|ons. I9|ence, an ms?ructlon
passes through a stage even if there is nothing to do, because later instructions are already

progressing at the maximum rate.

PARTICIPATION
ACTIVITY

4.7.5: Store instruction pipeline stages.

u
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1) The store and load instructions D
behave similarly in stage 1 (IF:
instruction fetch).

) True
() False

2) The store and load instructions ©zyBooks 05/16/25 23:10 2475274)

have similarly in 2 (ID: Jaheim Attri
.be ° e.s arly in stage 2 ( FIUEEL4709CSpring2025
instruction decode).

) True
() False

3) The store and load instructions D
behave similarly in stage 3 (EX:
execute).

) True
() False

4) The store and load instructions both D
write the data memory in stage 4
(MEM: memory).

) True
() False

5) The store and load instructions differ D
in stage 5 (WB: write back) in that
load writes to the register file whereas
store reads the register file.

) True
() False

The store instruction again illustrates that to pass something from an early pipe stage to a later
pipe stage, the information must be placed in a pipeline register; othenwise thesinformationisiost
when the next instruction enters that pipeline stage. For the store instructioffienééided to pass

. . . FI%JEEL4709CSr%r|n 2%
one of the registers read in the ID stage to the MEM stage, where it is stored in me or(f/. e data
was first placed in the ID/EX pipeline register and then passed to the EX/MEM pipeline register.

Load and store illustrate a second key point: each logical component of the datapath—such as
instruction memory, register read ports, ALU, data memory, and register write port—can be used
only within a single pipeline stage. Otherwise, we would have a structural hazard. Hence these
components, and their control, can be associated with a single pipeline stage.
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Now we can uncover a bug in the design of the load instruction. Did you see it? Which register is
changed in the final stage of the load? More specifically, which instruction supplies the write
register number? The instruction in the IF/ID pipeline register supplies the write register number, yet
this instruction occurs considerably after the load instruction!

Hence, we need to preserve the destination register number in the load instruction. Just as store
passed the register contents 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 throudHZEX7RAE NPt ahve NIEM/ANBS274
pipeline register for use in the WB stage. Another way to think about tp@@@]%h@eér&ﬁ)%%g@ter
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 4.7.8: The corrected pipelined datapath to handle the load instruction
properly (COD Figure 4.41).

The write register number now comes from the MEM/WB pipeline register along with the
data. The register number is passed from the ID pipe stage until it reaches the MEM/ WB
pipeline register, adding five more bits to the last three pipeline registers. This new path is
shown in color.
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The figure above shows the correct version of the datapath, passing the write register number first
to the ID/EX register, then to the EX/MEM register, and finally to the MEM/WB register. The register
number is used during the WB stage to specify the register to be written.

PARTICIPATION | 4 7 6: Fixing the load instruction bug. ﬁ
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I AcTiviTy

The datapath originally had a bug relating to the address of the register into which loaded
data should be written, for a load instruction. Refer to the figure above, which illustrates
the handling of that address for each cycle in the corrected datapath.

How to use this tool Vv

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
Written to EX/MEM register Written to MEM/WB register FIUEEL4709CSpring2025

Used as the register file's write address Written to ID/EX register

Written to IF/ID register

CC1
CC2
CC3
CC4

CC5

Reset

The figure below is a single drawing of the corrected datapath, highlighting the hardware used in all
five stages of the load word instruction. See COD Section 4.9 (Control hazards) for an explanation
of how to make the branch instruction work as expected.

Figure 4.7.9: The portion of the datapath in the ﬂg@z@a%()?;ﬁ@'@@gﬂ‘s@dﬁzﬂ
aneim I
all five stages of a load instruction (COD Figure 4.42).FIUEEL4709CSpring2025
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Graphically representing pipelines

Pipelining can be difficult to understand, since many instructions are simultaneously executing in a
single datapath in every clock cycle. To aid understanding, there are two basic styles of pipeline
figures: multiple-clock-cycle pipeline diagrams, such as COD Figure 4.34 (Instructions being
executed using the single-cycle datapath ...), and single-clock-cycle pipeline diagrams, such as COD
Figures 4.36 (IF and ID: First and second pipe stages of an instruction ...). The multiple-clock-cycle
diagrams are simpler but do not contain all the details. For example, consider the following five-
instruction sequence:

1w $10, 20(s1)
sub $11, $2, $3
add $12, $3, $4
1w $13, 24(s1)
add $14, s5, $6

The animation below shows the multiple-clock-cycle pipeline diagram for these instructions. Time
advances from left to right across the page in these diagrams, and instructions advance from the
top to the bottom of the page, similar to the laundry pipeline in COD Figure 4.25 (The laundry
analogy for pipelining). A representation of the pipeline stages is placed in each portion along the
instruction axis, occupying the proper clock cycles. These stylized datapaths represent the five
stages of our pipeline graphically, but a rectangle naming each pipe stage works just as well. COD
Figure 4.44 (Traditional multiple-clock-cycle pipeline diagram ...) shows the more traditional version
of the multiple-clock-cycle pipeline diagram. Note that the animation below shows the physical
resources used at each stage, while COD Figure 4.44 (Traditional9n(Hfiple-Efdérycie pipéline’ /4

. Jaheini Attri
diagram ...) uses the name of each stage. FIUEEL4709CSpring2025
parTICIPATION | 4.7.7: Multiple-clock-cycle pipeline diagram of five instructions (COD
AcCTIvITY Figure 4.43). [ J

Time (in clock cycles) -

—~ ~m - ~—~ ~~ s ~~ - ~~ -~ - ~~ ~—~
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Animation content:

Static Figure: A diagram of pipelined instruction execution is shown for 5 instructions. The
horizontal axis at the top of the diagram represents time in clock cycles, abbreviated CC 1
through CC 9. The vertical axis to the left of the diagram represents the program execution order
of the instructions.

For the first instruction, Iw $10, 20($1), the instruction memory is read in CC 1, the register file is
read in CC 2, the ALU is used in CC 3, the data memory is read in CC 4, and the register file is
written back in CC 5.

For the second instruction, sub $11, $2, $3, the instruction memory is read in CC 2, the register
fileis read in CC 3, the ALU is used in CC 4, and the ALU result is written back to the register file in
CC 6. The data memory block is unshaded, which indicates it is not used by this instruction.

For the third instruction, add $12, $3, $4, the instruction memo%z?'sBPeoga Prfﬁ(gﬁﬁéﬂgg% &tfileis
read in CC 4, the ALU is used in CC 5, and the ALU result is written back to4hedregister2filesin CC 7.
The data memory block is unshaded, which indicates it is not used by this instruction.

For the fourth instruction, Iw $13, 24(S1), the instruction memory is read in CC 4, the register file
isread in CC 5, the ALU is used in CC 6, the data memory is read in CC 7, and the register file is
written back in CC 8.

For the fifth instruction, add $14, S5, $6, the instruction memory is read in CC 5, the register file is
read in CC 6, the ALU is used in CC 7, and the ALU result is written back to the register file in CC 9.
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The data memory block is unshaded, which indicates it is not used by this instruction.

Step 1: This style of pipeline representation shows the complete execution of instructions in a
single figure. Instruction execution order is top to bottom. Clock cycles proceed to the right.
Step 2: Instruction 1 starts in stage 1.

The instruction memory read for the first instruction in CC 1 appears.

Step 3: In the next clock cycle, instr 1 proceeds to stage 2, and @Wé@oﬁ%%@%i@/%%eﬂb 2475274
The register file read for the first instruction and the instruction memory réad:forAhe second
instruction appear, both occurring in CC 2. FIUEEL4709CSpring2025

Step 4: Next clock cycle: instr 1 proceeds to stage 3, instr 2 to stage 2, and instr 3 starts in stage
1.

The use of the ALU for the first instruction, the register file read for the second instruction, and
the instruction memory read for the third instruction appear, all occurring in CC 3.

Step 5: Next clock cycle: instr 1 proceeds to stage 4, instr 2 to stage 3, instr 3 to stage 2, and instr
4 starts in stage 1.

The data memory read for the first instruction, the use of the ALU for the second instruction, the
register file read for the third instruction, and the instruction memory read for the fourth
instruction appear, all occurring in CC 4.

Step 6: Next clock cycle: instr 1 proceeds to stage 5, instr 2 to stage 4, instr 3 to stage 3, instr 4 to
stage 2, and instr 5 starts in stage 1. All 5 stages are busy.

The write back to the register file for the first instruction, the use of the ALU for the third
instruction, the register file read for the fourth instruction, and the instruction memory read for
the fifth instruction appear, all occurring in CC 5. The second instruction does not need to access
data memory.

Step 7: Next clock cycle: instr 1 is done. Instr 2 proceeds to stage 5, instr 3 to stage 4, instr 4 to
stage 3, and instr 5 to stage 2. No new instruction starts (stage 1 is empty).

The write back to the register file for the second instruction, the use of the ALU for the fourth
instruction, and the register file read for the fifth instruction appear, all occurring in CC 6. The
third instruction does not need to access data memory.

Step 8: From the beginning, the instructions flow through the pipelined datapath as shown.

The program execution order is repeated, starting with instruction memory read for the first
instruction in CC1 and ending with the register file write back for the fifth instruction in CC 9.
Then the entire program execution order for all 5 instructions is shown for all 9 clock cycles.

Animation captiOHS: ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

1. This style of pipeline representation shows the complete execUti6RST striEiBAsn a
single figure. Instruction execution order is top to bottom. Clock cycles proceed to the right.

2. Instruction 1 starts in stage 1.

3. In the next clock cycle, instr 1 proceeds to stage 2, and instr 2 starts in stage 1.

4. Next clock cycle: instr 1 proceeds to stage 3, instr 2 to stage 2, and instr 3 starts in stage 1.

5. Next clock cycle: instr 1 proceeds to stage 4, instr 2 to stage 3, instr 3 to stage 2, and instr 4
starts in stage 1.
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6. Next clock cycle: instr 1 proceeds to stage 5, instr 2 to stage 4, instr 3 to stage 3, instr 4 to
stage 2, and instr 5 starts in stage 1. All 5 stages are busy.

7. Next clock cycle: instr 1 is done. Instr 2 proceeds to stage 5, instr 3 to stage 4, instr 4 to
stage 3, and instr 5 to stage 2. No new instruction starts (stage 1 is empty).

8. From the beginning, the instructions flow through the pipelined datapath as shown.

©zyBooks 05/16/25 23:10 2475274
The above style of pipeline representation shows the complete execution ofi#hstruétions in a single

figure. Instructions are listed in instruction execution order from top tS'HE%%Q%%%OEME%IeS
move from left to right. Unlike COD Figure 4.28 (Graphical representation of the instruction
pipeline), here we show the pipeline registers between each stage. The figure below shows the
traditional way to draw this diagram.

Figure 4.7.10: Traditional multiple-clock-cycle pipeline diagram of five
instructions in the figure above (COD Figure 4.44).

Time (in clock cycles)
CC1 CC2 CC3 cC4 CCS5 CCé6 CC7 CCs CC9

Program
execution
order

(in instructions)

Iw $10, 20($1) Ins:;‘;:ion Inds;r:c?(tiign Execution a[c):;:s Write-back

sub $11, $2, $3 Ins{t;:;l\ion In(js;réjé:(l’ign Execution ag:;:g Write-back

add $12, $3, $4 Esf;itjc(i:; i, _If‘gg:oi;g—n Execution a??é% Write-back

lw $13, 24(%$1) Ins:;)g;ion In;;:g:ctji:n Execution 8[33;25 Wirite-back

add $14, $5, $6 Insft;\:é:r:ion Inds;r:;(t!ign Execution aEcaet;zs Write-back
Y

Single-clock-cycle pipeline diagrams show the state of the entire datapath during a single clock
cycle, and usually all five instructions in the pipeline are identified by labels above their respective
pipeline stages. We use this type of figure to show the details of what is happening within the
pipeline during each clock cycle; typically, the drawings appear in@gzr%%%%%\/\égiﬁg%ez%g ion
over a sequence of clock cycles. We use multiple-clock-cycle diagrams to giveevenviews of
pipelining situations. (COD Section 4.14 (Advanced topic: An introductiofr (o digitaPeiedigh2o) gives
more illustrations of single-clock diagrams if you would like to see more details about COD Figure
4.43 (Multiple-clock-cycle pipeline diagram ...).) A single-clock-cycle diagram represents a vertical
slice through a set of multiple-clock-cycle diagrams, showing the usage of the datapath by each of
the instructions in the pipeline at the designated clock cycle. For example, the animation below
shows the single-clock-cycle diagram corresponding to clock cycle 5 of COD Figures 4.43 (Multiple-
clock-cycle pipeline diagram ...) and 4.44 (Traditional multiple-clock-cycle pipeline diagram ...).
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Obviously, the single-clock-cycle diagrams have more detail and take significantly more space to

show the same number of clock cycles. The exercises ask you to create such diagrams for other
code sequences.

parTiclPATION | 4.7.8: The single-clock-cycle diagram corresponding to clock cycle 5 of the
ACTIVITY pipeline in previous two figures (COD Figure 4.45). [ ]

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025
Instr5 Instr4 Instr3 Instr2 Instr1
| add $14, $5, $6 | Iw $13, 24 ($1) | add $12, 83, $4 | sub $11, $2, 83 | w $10, 20(%1) |
| Instruction fetch | Instruction decode | Execution | Memory | Write-back ]
IFID IDVEX EXMEM MEMMWE
A3 [\I
q e— Add Add
shint Towl
kht2
P pul Q N =
= 2 2 = 2 2
AR Instrd E T;:i..—u Fasd
= Instr2 : Ay -
|mm|..:£ym Y H m:.m'.‘m'" 2 3
Wi o 2
Instr3 reggster .
Instr4 o | Write
lsts -

Animation content:

Static figure: A simplified representation of a five-stage pipeline in a CPU executing instructions.
The five stages in order of the pipeline are: Instruction Fetch (IF), Instruction Decode (ID),
Execution (EX), Memory Access (MEM), and Write Back (WB). Each stage of the pipeline is
connected to one or more adjacent stages using pipeline registgrss I here aresfive dastructions 4
within the instruction memory, labeled Instr1 through Instr5. Shown aboveédhemipélined datapath
is a chart which indicates the location of each instruction within the pibé&finé WhahR P& faft. Instrs

is in the IF stage, Instr4 is in the ID stage, Instr3 is in the EX stage, Instr2 is in the MEM stage, and
Instr1 is in the WB stage.

Step 1: Instr1 fetched (IF).

"Instr1" moves to the Instruction Fetch (IF) stage, indicating the initial fetch operation for this
instruction.
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Step 2: Instr1 to stage 2 (ID), Instr2 fetched (IF).

"Instr1" has moved to the Instruction Decode (ID) stage, while "Instr2" has entered the pipeline
and is shown at the Instruction Fetch (IF) stage.

Step 3: Instr1 to stage 3 (EX), Instr2 to stage 2 (ID), Instr3 fetched (IF).

"Instr1" advances to the Execution (EX) stage, "Instr2" to the Instruction Decode (ID) stage, and
"Instr3" is now fetching at the Instruction Fetch (IF) stage.

Step 4: Next clock cycle, instructions proceed similarly. ©zyBooks 05/16/25 23:10 2475274
"Instr1" moves to the Memory Access (MEM) stage, "Instr2" to the Executiem{EXpstage, "Instr3"
to the Instruction Decode (ID) stage, and "Instr4" is now fetching at ﬁ\léqﬁ'sﬁ@gﬁéﬁr#@c%@?@:)
stage.

Step 5: By clock cycle 5, the pipeline is full, with 5 instructions executing in different stages.

By the fifth clock cycle, all five pipeline stages are occupied, with "Instr1" at Write Back (WB),
"Instr2" at Memory Access (MEM), "Instr3" at Execution (EX), "Instr4" at Instruction Decode (ID),
and "Instr5" at Instruction Fetch (IF).

Step 6: A single-clock-cycle figure is a vertical slice through a multiple-clock-cycle diagram.
Shown above the pipelined datapath is a chart which indicates the location of each instruction
within the pipeline when it is full. Instr5 is in the IF stage, Instr4 is in the ID stage, Instr3 is in the
EX stage, Instr2 is in the MEM stage, and Instr1 is in the WB stage.

Animation captions:

1. Instr1 fetched (IF).

2. Instr1 to stage 2 (ID), Instr2 fetched (IF).

3. Instr1 to stage 3 (EX), Instr2 to stage 2 (ID), Instr3 fetched (IF).

4. Next clock cycle, instructions proceed similarly.

5. By clock cycle 5, the pipeline is full, with 5 instructions executing in different stages.
6. A single-clock-cycle figure is a vertical slice through a multiple-clock-cycle diagram.

PARTICIPATION

ACTIVITY 4.7.9: Single-clock-cycle diagram. L

Consider the above figure showing clock cycle 5 of the pipeline for a sequence of five
instructions. Indicate the status of the instruction provided.

©zyBooks 05/16/25 23:10 24752
1) Instr5 (add $14..) yRocks Darloes 2 i

() Being fetched FIUEEL4709CSpring2025

() Being decoded
() Executing on the ALU

2) Instr3 (add $12..) D
() Being fetched
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() Being decoded
() Executing on the ALU

3) Instr1 (Iw $10....) ]
() Being fetched

() Writing back
©zyBooks 05/16/25 23:10 2475274
() Nothing; already done Jaheim Attri
FIUEEL4709CSpring2025

4) Consider CC 6 (clock cycle 6). What is
Instr1 (Iw $10....) doing?

) Writing back

() Nothing; already done
5) Consider CC 6 (clock cycle 6). L]
Assume Instr1 to Instr10 exist with no

branches. What instruction is being
fetched?

() Instr1
() Instr5
() Instré

6) In what CC will Instr5 NOT be in the D
pipeline?

(O CC5
() CC8
(O CC10

PARTICIPATION

ACTIVITY 4.7.10: Check yourself: Pipelining.

A group of students were debating the efficiency of the five-stage pipeline when one
student pointed out that not all instructions are active in every %tza)%%g&‘;dagﬁ@%Iérbe&%t%%zﬂ

deciding to ignore the effects of hazards, they made the following statementsi-Whigh are
correct? FIUEEL4709CSpring2025

1) Allowing jumps, branches, and ALU D
instructions to take fewer stages than
the five required by the load
instruction will increase pipeline
performance under all circumstances.
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(O Correct

() Incorrect

2) You cannot make ALU instructions D
take fewer cycles because of the
write-back of the result, but branches

and qups can take fewer cycles, 50 ©zyBooks 05/16/25 23:10 2475274
there is some opportunity for Jaheim Attri
improvement. FIUEEL4709CSpring2025

() Correct

() Incorrect
(

In the 6600 Computer, perhaps even more than in any previous computer, the control

system is the difference.
James Thornton, Design of a Computer: The Control Data 6600, 1970.

Pipelined control

Just as we added control to the single-cycle datapath in COD Section 4.3 (Building a datapath), we
now add control to the pipelined datapath. We start with a simple design that views the problem
through rose-colored glasses.

The first step is to label the control lines on the existing datapath. The figure below shows those
lines. We borrow as much as we can from the control for the simple datapath. In particular, we use
the same ALU control logic, branch logic, destination-register-number multiplexor, and control lines.
These functions are defined in COD Figures 4.12 (How the ALU control bits are set ...), 4.16 (The
effect of each of the seven control signals), and 4.18 (The setting of the control lines ...). We
reproduce the key information in Figures 4.47 through 4.49 in the two pages in this section to make
the following discussion easier to follow.

Figure 4.7.17: The corrected pipelined datapath with the control signals

identified. (COD Figure 446) ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

This datapath borrows the control logic for PC source, register destination number, and
ALU control from COD Section 4.4 (A simple implementation scheme). Note that we now
need the 6-bit funct field (function code) of the instruction in the EX stage as input to ALU
control, so these bits must also be included in the ID/EX pipeline register. Recall that these
6 bits are also the 6 least significant bits of the immediate field in the instruction, so the
ID/EX pipeline register can supply them from the immediate field since sign extension
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leaves these bits unchanged.

IFID IVEX EX'MEM MEMWE

A ©7§Books|05/16/2523:10 2475274
./ _| /= Jaheim Attri
FIUEEL4709CSpring2025

Address = Rt;:;—ﬁ"/'k\ 'i
= | L.k

ary | o)

rpgister 1

e
oata 1

Read
oisier 2

Instruction

l Instruction

memaory

Wiite  ReGISterSRLg
grate data 2
—aVrite
ata

SIUChon

feo D | sgn | o

PR 4

struction
r30=10T

S0
(]5-11)

N

As was the case for the single-cycle implementation, we assume that the PC is written on each
clock cycle, so there is no separate write signal for the PC. By the same argument, there are no
separate write signals for the pipeline registers (IF/ ID, ID/EX, EX/MEM, and MEM/WB), since the
pipeline registers are also written during each clock cycle.

To specify control for the pipeline, we need only set the control values during each pipeline stage.
Because each control line is associated with a component active in only a single pipeline stage, we
can divide the control lines into five groups according to the pipeline stage.

1. Instruction fetch: The control signals to read instruction memory and to write the PC are
always asserted, so there is nothing special to control in this pipeline stage.

2. Instruction decode/register file read: As in the previous stage, the same thing happens at every
clock cycle, so there are no optional control lines to set.

3. Execution/address calculation: The signals to be set are RegDst, ALUOp, and ALUSrc (see
figure below). The signals select the Result register, the ALU operation, and either Read data 2

or a sign-extended immediate for the ALU. ©2yBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025

Figure 4.7.12: How the ALU control bits are set depends on the ALUOp
control bits and the different function codes for the R-type instruction (COD
Figure 4.47).

Note: Copy of COD Figure 4.12
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This figure shows how the ALU control bits are set depending on the ALUOp control bits
and the different function codes for the R-type instruction.

lnstruction Instruction Desired ALU control
operation Function code ALU action lnput

load word XXXXXX

SW 00 store word XXXXXX add 0010

Branch equal 01 branch equal XXXXXX suBBooks 05/16/25 23100 2479274
R-type 10 add 100000 add Jalheim Ativio

R-type 10 subtract 100010 subtract FIUEEL4709CSpoing2025

R-type 10 AND 100100 AND 0000

R-type 10 OR 100101 OR 0001

R-type 10 set on less than 101010 set on less than 0111

Figure 4.7.13: Copy of the table showing the effect of each of the seven
control signals (COD Figure 4.48).

Note: Copy of COD Figure 4.16

The function of each of seven control signals is defined. The ALU control lines (ALUOp) are
defined in the second column of the figure above. When a 1-bit control to a 2-way
multiplexor is asserted, the multiplexor selects the input corresponding to 1. Otherwise, if
the control is deasserted, the multiplexor selects the 0 input. Note that PCSrc is controlled
by an AND gate in COD Figure 4.46 (The corrected pipelined datapath with the control
signals identified). If the Branch signal and the ALU Zero signal are both set, then PCSrc is
1, otherwise, it is 0. Control sets the Branch signal only during a beq instruction; otherwise,
PCSrc is set to 0.

Signal name Effect when deasserted (0) Effect when asserted (1)

RegDst The register destination number for the Write The register destination number for the Write register comes
register comes from the rt field (bits 20:186). from the rd field (bits 15:11).
RegWrite None. The register on the Write register input is written with the value
on the Write data input.
ALUSrc The second ALU operand comes from the second | The second ALU operand is the sign-extended, lower 16 bits of
register file output (Read data 2). the instruction.
PCSrc The PC is replaced by the output of the adder that | The PC is replaced by the output of the adder that computes
computes the value of PC + 4. the branchtarget. . o | -4 6/25-23:10-2478274
MemRead None. Data memory contents aé&gnatea by Jﬁ%ad rez g[n utare |
put on the Read data output. t
MemWrite None. Data memory contents desnéﬁ%%ﬁé%ﬁ&f&@rﬁwa
replaced by the value on the Write data input.
MemtoReg The value fed to the register Write data input The value fed to the register Write data input comes from the
comes from the ALU. data memory.

4. Memory access: The control lines set in this stage are Branch, MemRead, and MemWrite. The
branch equal, load, and store instructions set these signals, respectively. Recall that PCSrc in
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the figure above selects the next sequential address unless control asserts Branch and the

ALU result was 0.
5. Write-back: The two control lines are MemtoReg, which decides between sending the ALU

result or the memory value to the register file, and Reg-Write, which writes the chosen value.

Since pipelining the datapath leaves the meaning of the control lines unchanged, we can use the

same control values. The figure below has the same values as in COD Section 4.4 (A simgle
ooks 05§1 6/2? 23:10 2475274

implementation scheme), but now the nine control lines are grou%é%?by pipelipg stage.
FIUEEL4709CSpring2025

Figure 4.7.14: Copy of the table showing the setting of the control lines is
completely determined by the opcode fields of the instruction (COD Figure

4.49).

The values of the control lines are the same as in COD Figure 4.18 (The setting of the
control lines is completely determined by the opcode fields of the instruction), but they
have been shuffled into three groups corresponding to the last three pipeline stages.

Execution/address calculation stage Memory access stage Write-back stage
control lines control lines control lines

Mem- Reg- Memto-
RegDst ALUOpPO Read Write Reg
0 0 1 0

0 1
0 0
1 0

R-format

Tw

Sw

beq

> | > |O|+=
=»|O|0|0O
o|=|O|O

Q||+ |O
O|O|+»
x| =

O|O|O|+=

Implementing control means setting the nine control lines to these values in each stage for each
instruction. The simplest way to do this is to extend the pipeline registers to include control
information.

Since the control lines start with the EX stage, we can create the control information during
instruction decode. The figure below shows that these control signals are then used in the
appropriate pipeline stage as the instruction moves down the pipeline, just as the destination
register number for loads moves down the pipeline in COD Figure 4.41 (The corrected pipelined
datapath ...). COD Figure 4.57 (The corrected pipelined datapath @ﬁﬁ%@%gﬁﬁkgﬁ?@w 25 &hows
the full datapath with the extended pipeline registers and with the controttines)conpeetedie the
proper stage. (COD Section 4.14 (Advanced topic: An introduction to digital design ...) gives more
examples of MIPS code executing on pipelined hardware using single-clock diagrams, if you would

like to see more details.)

Figure 4.7.15: The control lines for the final three stages (COD Figure 4.50).
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Note that four of the nine control lines are used in the EX phase, with the remaining five
control lines passed on to the EX/MEM pipeline register extended to hold the control lines;
three are used during the MEM stage, and the last two are passed to MEM/ WB for use in

the WB stage.
wB
Instruction| il
| Control | M
| r >
IF/ID ID/EX

\IA\I B
-

EX/MEM

©zyBooks 05/16/25 23:10 2475274

J

aheim Attri

FIUEEL4709CSpring2025

wWB

MEM/WB

Figure 4.7.16: The corrected pipelined datapath with the control signals
connected of the control portions of the pipelined registers (COD Figure

4.57).

The control values for the last three stages are created during the instruction decode
stage and then placed in the ID/EX pipeline register. The control lines for each pipe stage
are used, and remaining control lines are then passed to the next pipeline stage.

@7\]/Rnnl{c 0

/[16/25 23:10 2475274
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[20-16) ALUOS Jaheim Attfi
et FUEEEA709CSpring2035
PARTICIPATION e .
ACTIVITY 4.7.11: Pipelined control.
1) In the non-pipelined datapath, for an D

R-type instruction, all the needed
values for control lines like ALUOpP,
ALUSTrc, RegDst, and RegWrite, can be
determined when the instruction
appears from instruction memory.

) True
() False

2) In the non-pipelined datapath, for a R- D
type instruction, the control signals
ALUOp and ALUSrc are used in the
instruction's 3rd clock cycle, while
RegDst and RegWrite are used in the
instruction's 5th clock cycle.

) True

() False

S ) ©zyBooks 05/16/25 23:10 24752
3) In the pipelined datapath, for an R Jaheim Attri @

type instruction, all the needed values FIUEEL4709CSpring2025
for control lines like ALUOp, ALUSrc,

RegDst, and RegWrite, can be

determined when the instruction

appears from instruction memory.

) True
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() False

4) In the pipelined datapath, for a R-type D
instruction, the control signals ALUOp
and ALUSTrc are used in the
instruction's 3rd clock cycle, RegWrite
is used in the instruction’s 5th clock

cycle ©zyBooks 05/16/25 23:10 2475274
' Jaheim Attri
) True FIUEEL4709CSpring2025
) False
5) In the pipelined datapath, because the D

control signals are generated in an
earlier cycle than when used, the
signals must be stored in registers.

) True
() False

6) The MIPS pipelined control approach ]
determines all control line values
during an instruction's 1st clock cycle,
the instruction fetch stage.

) True
() False

7) The control line values are different in D
the pipelined datapath than in the
non-pipelined datapath.

) True
() False

4.8 Data hazards: Forwarding versus.stalling...

Jaheim Attri
FIUEEL4709CSpring2025

i What do you mean, why's it got to be built? It's a bypass. You've got to build bypasses.
Douglas Adams, The Hitchhiker's Guide to the Galaxy, 1979.

The examples in COD Section 4.7 (Pipelined datapath and control) show the power of pipelined
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execution and how the hardware performs the task. It's now time to take off the rose-colored
glasses and look at what happens with real programs. The instructions in COD Figures 4.43
(Multiple-clock-cycle pipeline diagram ...), 4.44 (Traditional multiple-clock-cycle pipeline diagram ...),
and 4.45 (The single-clock-cycle diagram corresponding to clock cycle 5 ...) were independent; none
of them used the results calculated by any of the others. Yet in COD Section 4.6 (An overview of
pipelining), we saw that data hazards are obstacles to pipelined execution.

Let's ook at a sequence with many dependences, shown in colof®@zyBooks 05/16/25 23:10 2475274

Jaheim Attri
sub $2, $1,9%3 ## Register $2 writtenFIDFES4DICSpring2025
and  $12,%$2,%$5 # 1st operand($2) depends on sub
or $13,%$6,%2 # 2nd operand($2) depends on sub
add  $14,$2,%2 # 1st($2) & 2nd($2) depend on sub
SW $15,100(%2) # Base ($2) depends on sub

The last four instructions are all dependent on the result in register $2 of the first instruction. If
register $2 had the value 10 before the subtract instruction and -20 afterwards, the programmer
intends that -20 will be used in the following instructions that refer to register $2.

How would this sequence perform with our pipeline? The animation below illustrates the execution
of these instructions using a multiple-clock-cycle pipeline representation. To demonstrate the
execution of this instruction sequence in our current pipeline, the top of the animation below shows
the value of register $2, which changes during the middle of clock cycle 5, when the sub
instruction writes its result.

All the dependent actions are shown in color, and "CC 1" at the top of the figure means clock cycle
1. The first instruction writes into $2, and all the following instructions read $2. This register is
written in clock cycle 5, so the proper value is unavailable before clock cycle 5. (A read of a register
during a clock cycle returns the value written at the end of the first half of the cycle, when such a
write occurs.) The colored lines from the top datapath to the lower ones show the dependences.
Those that must go backward in time are pipeline data hazards.

parTIciPATION | 4.8.7: Pipelined dependences in a five-instruction sequence using
AcTIvVITY simplified datapaths to show the dependences (COD Figure 4.52). [ ]
Time (in clock cycles) -»>
valueof CC1 CC2 CC3 CC4 CC5  CCzyBoOKs705/1602% 23:0CBI75274
register $2: 10 10 10 10 10/-20 20 -20 Jahelgg Attri- 9
FIUEEL4709CSpring2025
Program
execution
order

(in instructions)

sub $2, 81, 83

@ﬂ Reg

] M

] ;
and $12, 52, $5 = -—’rf?egﬂ AHDW}—.H—Eeg
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©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static Figure:

A Gantt chart represents the timeline of instruction execution in a pipelined datapath with 5
instruction execution stages. The timeline uses clock cycles as a unit of time, abbreviated CC 1
through CC 9. The vertical axis to the left of the diagram represents the program execution order
of five instructions, all of which access register $2. Below the timeline are the values of register
$2 at each clock cycle. S2is 10at CC 1,170 at CC 2, 10 at CC 3, 10 at CC 4, 10/-20 at CC 5, -20 at
CC6,-20atCC7,-20at CC 8,and -20 at CC 9.

For the first instruction, sub $2, $1, $3, during CC 1 instruction memory is read, during CC 2 the
source registers are read from the register file, during CC 3 the ALU is used to perform a
computation, and during CC 5 the ALU result is written back to the register file. The data memory
block is unshaded, which indicates it is not used by this instruction during CC 4.

For the second instruction, and $12, $2, S5, during CC 2 instruction memory is read, during CC 3
the source registers are read from the register file, during CC 4 the ALU is used to perform a
computation, and during CC 6 the ALU result is written back to the register file. The data memory
block is unshaded, which indicates it is not used by this instruction during CC 5.

For the third instruction, or $13, $6, $2, during CC 3 instruction memensisgeadzduring CC/4:1he
source registers are read from the register file, during CC 5 the ALU is usetft6pefféim a

computation, and during CC 7 the ALU result is written back to the relgulg%ﬁlﬁ)egcﬁ%'%gaztgz%emory
block is unshaded, which indicates it is not used by this instruction during CC 6.

For the fourth instruction, add $14, $2, $2, during CC 4 instruction memory is read, during CC 5

the source registers are read from the register file, during CC 6 the ALU is used to perform a
computation, and during CC 8 the ALU result is written back to the register file. The data memory
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block is unshaded, which indicates it is not used by this instruction during CC 7.

For the fifth instruction, sw $15, 100($2), during CC 5 instruction memory is read, during CC 6 the
source register is read from the register file, during CC 7 the ALU is used to perform a
computation, and during CC 8 the result is stored in data memory. The register file block is
unshaded, which indicates it is not used by this instruction during CC 9.

©zyBooks 05/16/25 23:10 2475274
The dependencies of register $2 are shown in time for the pipeline stageslaFeresare four lines
that represent the dependencies from the register file write back sté@%%@%@fﬁ@?%ﬁon to
the register file read stage of each of the next four instructions.

Step 1: Assume register $2 starts with 10, and the sub instruction updates S$2 to -20. sub will take
5 cycles to update S$2 with -20.

The instruction sub $2, $1, $3 is shown, along with its pipeline stages. The values of register $2
are also shown for each stage. $2is 10at CC 1,10 at CC 2, 10 at CC 3, 10 at CC 4, and changes
from 10 to-20 at CC 5.

Step 2: If the and instruction reads $2, the old (and wrong) $2 value of 10 is read, because sub
doesn't update $S2 until CC 5. A pipeline data hazard exists, shown by the backwards blue line.
The instruction and $12, $2, S5 is shown, along with its pipeline stages. A blue line is shown from
the register file write back of the sub instruction in CC 5 to the register file read of the and
instruction in CC 3. The value 10 of register $2 in CC 3 is highlighted.

Step 3: Likewise, the or instruction's read of $2 in CC 4 would be of the old (wrong) value.

The instruction or $13, $6, $2 is shown, along with its pipeline stages. A blue line is shown from
the register file write back of the sub instruction in CC 5 to the register file read of the or
instruction in CC 4. The value 10 of register $2 in CC 4 is highlighted.

Step 4: Because $2 is updated at the beginning of CC 5, the add instruction gets the updated -20

value. Likewise, sw reads the updated value. Only backwards dependences are hazards.

The instruction add $14, $2, $2 is shown, along with its pipeline stages. A blue line is shown from

the register file write back of the sub instruction in CC 5 to the register file read of the add

instruction in CC 5. The value -20 of register $2 in CC 5 is highlighted.

The instruction sw $15, 100(S2) is shown, along with its pipeline stages. A blue line is shown

from the register file write back of the sub instruction in CC 5 tethedegisterfile read of thessw,

instruction in CC 6. The value -20 of register $2 in CC 6 is highlighted. ~ Jaheim Atri
FIUEEL4709CSpring2025

Animation captions:
1. Assume register $2 starts with 10, and the sub instruction updates $2 to -20. sub will take 5
cycles to update S$2 with -20.

2. If the and instruction reads S2, the old (and wrong) $2 value of 10 is read, because sub
doesn't update $S2 until CC 5. A pipeline data hazard exists, shown by the backwards blue
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line.

3. Likewise, the or instruction's read of $2 in CC 4 would be of the old (wrong) value.

4. Because $2 is updated at the beginning of CC 5, the add instruction gets the updated -20
value. Likewise, sw reads the updated value. Only backwards dependences are hazards.

The potential hazard of add can be resolved by the design of the@%%%@&fgg/h@ygy@gq6/%@13274
happens when a register is read and written in the same clock cycle? We assumie that the write is
in the first half of the clock cycle and the read is in the second half, so tHeTead deivery it is
written. As is the case for many implementations of register files, we have no data hazard in this
case.

The animation above shows that the values read for register $2 would not be the result of the sub
instruction unless the read occurred during clock cycle 5 or later. Thus, the instructions that would
get the correct value of -20 are add and sw; the AND and OR instructions would get the incorrect
value 10! Using this style of drawing, such problems become apparent when a dependence line
goes backward in time.

PARTICIPATION | 4 & pipeline data hazards. L

Consider the above figure showing pipelined dependences in a five-instruction sequence.
1) Each blue line represents a data D
dependence.
O True
) False

2) Each blue line represents a pipeline D
data hazard.
O True
O False

3) The sw instruction would read the old ]

(wrong) value from $2.
©zyBooks 05/16/25 23:10 2475274

() True Jaheim Attri
FIUEEL4709CSpring2025
) False

4) The or instruction would read the old D
(wrong) value from S2.

) True
() False
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5) Suppose a sixth instruction was sub D
$3, $13, $14.Apipelinedata
hazard would exist.

) True
() False

6) A new pipeline data hazard would be ©zyBooks 05/:1 6/25 23:10 2475274]
. . . . Jaheim Attri
introduced |fth§ second instruction FIUEEL4709CSpring2025
was replaced with or $13, $e,

$5.
) True
() False

As mentioned in COD Section 4.6 (An overview of pipelining), the desired result is available at the
end of the EX stage or clock cycle 3. When is the data actually needed by the AND and OR
instructions? At the beginning of the EX stage, or clock cycles 4 and 5, respectively. Thus, we can
execute this segment without stalls if we simply forward the data as soon as it is available to any
units that need it before it is available to read from the register file.

How does forwarding work? For simplicity in the rest of this section, we consider only the challenge
of forwarding to an operation in the EX stage, which may be either an ALU operation or an effective
address calculation. This means that when an instruction tries to use a register in its EX stage that
an earlier instruction intends to write in its WB stage, we actually need the values as inputs to the
ALU.

A notation that names the fields of the pipeline registers allows for a more precise notation of
dependences. For example, "ID/EX.RegisterRs" refers to the number of one register whose value is
found in the pipeline register ID/EX; that is, the one from the first read port of the register file. The
first part of the name, to the left of the period, is the name of the pipeline register; the second part
is the name of the field in that register. Using this notation, the two pairs of hazard conditions are

Ta. EX/MEM.RegisterRd = ID/EX.RegisterRs
1b. EX/MEM.RegisterRd = ID/EX RegisterRt
2a. MEM/WB.RegisterRd = ID/EX.RegisterRs

e 2b. MEM/WB.RegisterRd = ID/EX.RegisterRt ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
PARTICIPATION ) .
ACTIVITY 4.8.3: Forwarding data. L
1a. EX/MEM.RegisterRd = ID/EX.RegisterRs 2a] MEM/WB.RegisterRd|q ID/EX.Regis!
1h FX/MFM ReaqisterRd = IN/FX ReanisterRt 2h MFM/WR ReaqisterRd = IN/FX Renis!
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©zyBooks 05/16/25 23:10 247524
Jaheim Attri
FIUEEL4709CSpring2025

Animation content:

Static figure: A simplified representation of a five-stage pipeline in a CPU executing instructions.
The five stages in order of the pipeline are: Instruction Fetch (IF), Instruction Decode (ID),
Execution (EX), Memory Access (MEM), and Write Back (WB). Each stage of the pipeline is
connected to one or more adjacent stages using pipeline registers labeled IF/ID, ID/EX, EX/MEM,
and MEM/WB.

Step 1: A hazard exists if an instruction in EX/MEM will write register destination (Rd), but the
next instruction, which is in ID/EX, reads that register as a first source (Rs): The write hasn't yet
occurred. Ex: Write/read S2.
The line Ta. EX/MEM.RegisterRd = ID/EX RegisterRs appears. EX/MEM.RegisterRd is highlighted,
and (write S2) appears over the EX/MEM pipeline register. Then, ID/EX.RegisterRs is highlighted,
and (read $2) appears over the ID/EX pipeline register.

©zyBooks 05/16/25 23:10 2475274
Step 2: The same hazard of course also exists if the next instructior&mg&%{%%%@éﬁ%‘é [3s a
second source (Rt).
The line Tb. EX/MEM.RegisterRd = ID/EX.RegisterRt appears.

Step 3: Similarly, a hazard exists if an instruction in MEM/WB will write to a register destination

(Rd), but a subsequent instruction that is in ID/EX reads that register as a source (Rs or Rt): The
write has not yet occurred.
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The lines 2a. MEM/WB.RegisterRd = ID/EX.RegisterRs and 2b. MEM/WB.RegisterRd = 1D/
EX.RegisterRt appear. MEM/WB.RegisterRd is highlighted, and (write $2) appears over the MEM/
WB pipeline register. ID/EX.RegisterRs is still highlighted, and (read $2) remains over the ID/EX
pipeline register.

Animation captions:

. . . o ) ) ©zyBooks 05/16/25 23:10 2475274
1. A hazard exists if an instruction in EX/MEM will write register destinatien{Re); but the next

instruction, which is in ID/EX, reads that register as a first sourde{R)/ THeSwitite2ddsn't yet
occurred. Ex: Write/read S2.

2. The same hazard of course also exists if the next instruction reads that register as a
second source (Rt).

3. Similarly, a hazard exists if an instruction in MEM/WB will write to a register destination
(Rd), but a subsequent instruction that is in ID/EX reads that register as a source (Rs or Rt):
The write hasn't yet occurred.

The first hazard in the earlier-shown instruction sequence (sub, and, or, add, sw) is on register $2,
between the result of sub $2, $1, $3andthefirstread operand of and $12, $2, $5.This
hazard can be detected when the and instruction is in the EX stage and the prior instruction is in
the MEM stage, so this is hazard 1a:

EX/MEM.RegisterRd = ID/EX.RegisterRs = $2

Example 4.8.1: Dependence detection.

Classify the dependences in this sequence:

sub $2, $1, $3 4 Register $2 set by sub

and $12, $2, $5 4§ 1st operand($2) set by sub
or $13, $6, $2 {# 2nd operand($2) set by sub
add $14, $2, $2 # 1st($2) & 2nd($2) set by sub
sw $15, 100($2) # Index($2) set by sub

Answer ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

As mentioned above, the sub-and is a type 1a hazard. The remaining Haz4 s ars 332 02°
follows:

= The sub-or is a type 2b hazard:

MEM/WB.RegisterRd = ID/EX.RegisterRt = $2
» The two dependences on sub-add are not hazards because the register file

5/16/2025, 11:12 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

supplies the proper data during the ID stage of add.
= There is no data hazard between sub and sw because sw reads $2 the clock cycle
after sub writes $2.

PARTICIPATION P
ACTIVITY 4.8.4: Identifying hazards. ©zyBooks 05/16/25 23:10 2475@
Jaheim Attri
FIUEEL4709CSpring2025
Associate the hazard type with the second instruction of an instruction pair causing a

hazard. Move "Start" to the first instruction.

How to use this tool Vv

No hazard Start 1b. EX/MEM.RegisterRd = ID/EX.RegisterRt
1a. EX/MEM.RegisterRd = ID/EX.RegisterRs

2a. MEM/WB.RegisterRd = ID/EX.RegisterRs

add 81, §2, $3
add $4, 85, $1
add $6, $1, $2
add $8, $9, $1
add $10, $8, $11

Reset

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Because some instructions do not write registers, this policy is inaccurate; lsbiietirnesdt would
forward when it shouldn't. One solution is simply to check to see if the RegWrite signal will be
active: examining the WB control field of the pipeline register during the EX and MEM stages
determines whether RegWrite is asserted. Recall that MIPS requires that every use of $0 as an
operand must yield an operand value of 0. In the event that an instruction in the pipeline has $0 as
its destination (for example, s11 $0, $1, 2), we wantto avoid forwarding its possibly nonzero
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result value. Not forwarding results destined for $0 frees the assembly programmer and the
compiler of any requirement to avoid using $0 as a destination. The conditions above thus work
properly as long we add EX/MEM. RegisterRd # 0 to the first hazard condition and MEM/
WB.RegisterRd # 0 to the second.

Now that we can detect hazards, half of the problem is resolved—but we must still forward the

proper data.
©zyBooks 05/16/25 23:10 2475274

The figure below shows the dependences between the pipeline registers anththernputs to the ALU
for the same code sequence as in the animation above (COD Figure 4E%.EW(§)8H§H@%Q%%’[ the
dependence begins from a pipeline register, rather than waiting for the WB stage to write the
register file. Thus, the required data exists in time for later instructions, with the pipeline registers
holding the data to be forwarded.

Figure 4.8.1: The dependences between the pipeline registers move forward
in time, so it is possible to supply the inputs to the ALU needed by the AND
instruction and OR instruction by forwarding the results found in the
pipeline registers (COD Figure 4.53).

The values in the pipeline registers show that the desired value is available before it is
written into the register file. We assume that the register file forwards values that are read
and written during the same clock cycle, so the add does not stall, but the values come
from the register file instead of a pipeline register. Register file "forwarding"—that is, the
read gets the value of the write in that clock cycle—is why clock cycle 5 shows register $2
having the value 10 at the beginning and -20 at the end of the clock cycle. As in the rest of
this section, we handle all forwarding except for the value to be stored by a store
instruction.

Time (in clock cycles) >
CC1 CC?2 CC3 CC4 CC5 CC®6 CC7 CC38 CC9

Value of register $2: 10 10 10 10 10/-20 -20 -20 —20 -20
Value of EX/MEM: X X X —-20 X X X X X
Value of MEM/WB: X X X X -20 X X X X
E;ggft‘fgn ©zyBooks 05/16/25 23:10 2475274
order Jaheim Attri

(in instructions) FIUEEL4709CSpring2025

sub $2, $1, $3

and $12, $2, $5

or ®12 R €2
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add $14,$2, $2

sw $15, 100($2)
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Jaheim Attri
FIUEEL4709CSpring2025

If we can take the inputs to the ALU from any pipeline register rather than just ID/EX, then we can
forward the proper data. By adding multiplexors to the input of the ALU, and with the proper
controls, we can run the pipeline at full speed in the presence of these data dependences.

For now, we will assume the only instructions we need to forward are the four R-format
instructions: add, sub, AND, and OR. The figure below shows a close-up of the ALU and pipeline
register before and after adding forwarding. COD Figure 4.55 (The control values for the forwarding
multiplexors ...) shows the values of the control lines for the ALU multiplexors that select either the
register file values or one of the forwarded values.

Figure 4.8.2: On the top are the ALU and pipeline registers before adding

forwarding (COD Figure 4.54).

On the bottom, the multiplexors have been expanded to add the forwarding paths, and we
show the forwarding unit. The new hardware is shown in color. This figure is a stylized
drawing, however, leaving out details from the full datapath such as the sign extension
hardware. Note that the ID/EX.RegisterRt field is shown twice, once to connect to the Mux
and once to the forwarding unit, but it is a single signal. As in the earlier discussion, this
ignores forwarding of a store value to a store instruction. Also note that this mechanism

works for s1t instructions as well.

2R
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MEM/WB
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i | |

a. No forwarding

ID/EX EX/MEM MEM/WB

©zyBooks 05/1p/25 23:10 2475274

—| Uahpim Attri

— FIUEE{47(09CSpring2025
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Data

memory

rdB r

EX/MEM.RegisterRd
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xc=

Forw.
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b. With forwarding

PARTICIPATION ) .
ACTIVITY 4.8.5: A forwarding example.
ID/EX EX/MEM MEM/WB
- <l
e _— u
— ™ X
Registers 4 ForwardA @LyBUUlr\D 05/16§25 23:10 2475274
ALY Jahejm Attri
- > FIUEEL4709CSpring2025
M Data
= u: = (M
s memory i
L ‘
ForwardB
Rs
% m | EXIMEM .RegisterRd
[~ = L] L]

161 of 311 5/16/2025, 11:12 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

©zyBooks 05/16/25 23:10 2475274

: . . Jaheim Attri
Animation content: FIUEEL4709CSpring2025

Static figure: A simplified representation of a portion of a five-stage pipeline in a CPU. Shown is
the register file of the Instruction Decode (ID) stage, followed by the Execution (EX), Memory
Access (MEM), and Write Back (WB) stages. Each stage of the pipeline is connected to one or
more adjacent stages using pipeline registers labeled ID/EX, EX/MEM, and MEM/WB. The ALU,
data memory, and forwarding unit are also shown. The forwarding unit has four inputs and two
outputs. The four inputs are Rs and Rt from the ID/EX pipeline register, EX/MEM.RegisterRd, and
MEM/WB.RegisterRd. The two outputs, ForwardA and ForwardB, are select signals for two
muxes that provide inputs to the ALU.

Step 1: Instr1 computes a value (in this case, 99) and will eventually write that result to $1.
Instr1 (writes $S1) appears in the ID/EX pipeline register, and then moves through to the EX/MEM
pipeline register. Also, the value 99 moves from the ALU to the EX/MEM pipeline register. Instr2
(reads $1) appears in the ID/EX pipeline register.

Step 2: That value (99) isn't in the S1 register yet, but Instr2 needs to read that value. By detecting
that hazard, the forwarding unit can pass the value directly from EX/MEM to the ALU.

The value 99 travels from the EX/MEM pipeline register through the forwarding unit into a
multiplexor that provides an input to the ALU in the EX stage. ForwardA is set to 10 to select 99
as an input to the ALU. Instr1 (writes $1) moves from the EX/MEM pipeline register to the MEM/
WB pipeline register. The value 99 moves from the EX/MEM pipeline register to MEM/WB pipeline
register. Instr2 (reads S1) moves from the ID/EX pipeline register to the EX/MEM pipeline register,
along with a label for the result of the ALU, New (used 99).

Step 3: Of course, 99 is still written to $1 during Instr1's write back stage. Forwarding just made
99 available to Instr2 sooner.

The value 99 moves from the MEM/WB pipeline register to registeBSdkintthe segistarifilelHstr2
(reads $1) and New (used 99) move from the EX/MEM pipeline regiﬁsﬁgﬁﬁg@gﬁwwggpelme

. pring
register.
Step 4: The forwarding unit monitors the register source and destination fields in the pipeline

registers, detects hazards, and configures the ALU's muxes for forwarding if needed.
The four inputs and two outputs of the forwarding unit are highlighted.
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Animation captions:

1. Instr1 computes a value (in this case, 99) and will eventually write that result to $1.

2. That value (99) isn't in the S$1 register yet, but Instr2 needs to read that value. By detecting
that hazard, the forwarding unit can pass the value directly from EX/MEM to the ALU.

3. Of course, 99 is still written to $1 during Instr1's write back stage. Forwarding just made 99

available to Instr2 sooner. ©zyBooks 05/16/25 23:10 2475274
4. The forwarding unit monitors the register source and destination fieldsdmthepipeline

registers, detects hazards, and configures the ALU's muxes fo?'%?&%@%?rﬂ%@c?@&

Figure 4.8.3: The control values for the forwarding multiplexors in the figure
above (COD Figure 4.55).

The signed immediate that is another input to the ALU is described in the Elaboration at
the end of this section.

ForwardA = 00 ID/EX The first ALU operand comes from the register file.

ForwardA = 10 EX/MEM The first ALU operand is forwarded from the prior ALU result.

ForwardA = 01 MEM/WB The first ALU operand is forwarded from data memory or an earlier
ALU result.

ForwardB = 00 ID/EX The second ALU operand comes from the register file.

ForwardB = 10 EX/MEM The second ALU operand is forwarded from the prior ALU result.

ForwardB = 01 MEM/WB The second ALU operand is forwarded from data memory or an
earlier ALU result.

This forwarding control will be in the EX stage, because the ALU forwarding multiplexors are found
in that stage. Thus, we must pass the operand register numbers from the ID stage via the ID/EX
pipeline register to determine whether to forward values. We already have the rt field (bits 20—16).
Before forwarding, the ID/EX register had no need to include space to hold the rs field. Hence, rs

(bits 25—21) is added to ID/EX.
©zyBooks 05/16/25 23:10 2475274

Let's now write both the conditions for detecting hazards and the control sigmzt§itdvesolve them:
FIUEEL4709CSpring2025

1. EX hazard:
if (EX/MEM.RegWrite

and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs)) ForwardA = 10
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if (EX/MEM.RegWrite
and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt)) ForwardB = 10

Note that the EX/MEM.RegisterRd field is the register destination for either an ALU instruction

(which comes from the Rd field of the instruction) or a load (which comes from the Rt field).
©zyBooks 05/16/25 23:10 2475274

This case forwards the result from the previous instruction to either input ofdheAlAlrIf the
previous instruction is going to write to the register file, and the write Fé'd?sﬁ'eﬂ?@%%oé%%%es the
read register number of ALU inputs A or B, provided it is not register 0, then steer the multiplexor to
pick the value instead from the pipeline register EX/MEM.

2. MEM hazard:

if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd ID/EX.RegisterRs)) ForwardA = 01

if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd # 0)

and (MEM/WB.RegisterRd ID/EX.RegisterRt)) ForwardB 01

As mentioned above, there is no hazard in the WB stage, because we assume that the register file
supplies the correct result if the instruction in the ID stage reads the same register written by the
instruction in the WB stage. Such a register file performs another form of forwarding, but it occurs
within the register file.

One complication is potential data hazards between the result of the instruction in the WB stage,
the result of the instruction in the MEM stage, and the source operand of the instruction in the ALU
stage. For example, when summing a vector of numbers in a single register, a sequence of
instructions will all read and write to the same register:

add $1,81,82
add $1,81,83

add $1,9%1,5%4 ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

In this case, the result is forwarded from the MEM stage because the result in the MEM stage is the
more recent result. Thus, the control for the MEM hazard would be (with the additions highlighted):

if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd = 0)
and not(EX/MEM.RegWrite and (EX/MEM.RegisterRd = 0)

- A A VANE 'V ol VIR o - N TN /C\Vv N - + N I Y
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dana (cA/MEM.RKeglIsLerra = lU/EA.REYISLErKs))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs)) ForwardA = 01

if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd = 0)
and not(EX/MEM.RegWrite and (EX/MEM.RegisterRd = 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) ForwardB = 01
©zyBooks 05/16/25 23:10 2475274

, in: Aftri
The figure pelow shows the hardware necessary to sup.port forward.|%Jgéég%‘?ﬁﬁﬁ%%%se
results during the EX stage. Note that the EX/MEM.RegisterRd field is the register destination for

either an ALU instruction (which comes from the Rd field of the instruction) or a load (which comes
from the Rt field).

Figure 4.8.4: The datapath modified to resolve hazards via forwarding (COD
Figure 4.56).

Compared with the datapath in COD Figure 4.51 (The corrected pipelined datapath ...), the
additions are the multiplexors to the inputs to the ALU. This figure is a more stylized
drawing, however, leaving out details from the full datapath, such as the branch hardware

and the sign extension hardware.

ID/EX

//ﬂ\\ (’ff_ | EX/MEM
Control M wB EM/WB

L L. L*
IF/ID EX M @
- — —~ I I
M
—| u
_— X
o >
.9 -/
é Registers t ALUL _ =
! 2 N u
pC Instruction = —| M x
memory N u Data
T | x memory
e
/
IF/ID.RegisterRs Rs L
IF/ID.RegisterRt |Rt
IF/ID.RegisterRt Rt m EX/MEM.RegisterRd
IF/ID.RegisterRd Rd u |
L L] X L L |
g L/Forwardn%'fﬁc RERNRAl gy 23110 2445274
\ it JptremTAttr
HIUEEL4709CSpring2025

COD Section 4.14 (An introduction to digital design using a hardware design language to describe
and model a pipeline and more pipelining illustrations) shows two pieces of MIPS code with
hazards that cause forwarding, if you would like to see more illustrated examples using single-cycle
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pipeline drawings.
Elaboration

Forwarding can also help with hazards when store instructions are dependent on

other instructions. Since they use just one data value during thg,Mi\:$tage /25 23:10 2475274
forwarding is easy. However, consider loads immediately followed by storés tisefil

when performing memory-to-memory copies in the MIPS architethlerEELS?'rzgg Ccso%rfengzozs

are frequent, we need to add more forwarding hardware to make them run faster. If

we were to redraw COD Figure 4.53 (The dependences between the pipeline registers

move forward in time ...), replacing the sub and AND instructions with 1w and sw, we

would see that it is possible to avoid a stall, since the data exists in the MEM/WB

register of a load instruction in time for its use in the MEM stage of a store

instruction. We would need to add forwarding into the memory access stage for this

option. We leave this modification as an exercise to the reader.

In addition, the signed-immediate input to the ALU, needed by loads and stores, is
missing from the datapath in the figure above. Since central control decides between
register and immediate, and since the forwarding unit chooses the pipeline register for
a register input to the ALU, the easiest solution is to add a 2:1 multiplexor that
chooses between the ForwardB multiplexor output and the signed immediate. The
figure below shows this addition.

Figure 4.8.5: A close-up of the datapath in COD Figure 4.54 shows a 2:1
multiplexor, which has been added to select the signed immediate as an
ALU input (COD Figure 4.57).

ID/EX EX/MEM MEM/WB
“Im
> u ©zyBooks 05/16/25 23:10 2475274
X Jaheim Attri
Registers I FIUEEL4709GSpring2025
ALUSrc >
ALU —»
—| > =
M Data _ _
> g memory g "
@
| N
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| unit <
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((‘\7\1/Rnnlze 05/16/25 23102475274

Jaheim Attri
FIUEEL4709CSpring2025

PARTICIPATION ) . )
ACTIVITY 4.8.6: Forwarding unit. G

Refer above to the conditions for detecting hazards.

1) Which is NOT a condition for setting L]
the ForwardA mux select lines to 10,
causing forwarding of the ALU result
in EX/MEM directly to the ALU's top
input?

() EX/MEM.RegWrite
() ID/EX.RegWrite
() EX/MEM.RegisterRd =0

EX/MEM RegisterRd = ID/
EX.RegisterRs

2) If the forwarding unit sets ForwardA G
to 10, the ALU's top input comes from

O ID/EX
O EX/MEM
) MEM/WB

3) If the forwarding unit sets ForwardA Q
, . ©zyBooks 05/16/25 23:10 247527
to 01, the ALU's top input comes from Jaheim Attri

. FIUEEL4709CSpring2025
) ID/EX

O EX/MEM
O MEM/WB

4) The forwarding unit sets ForwardA to G

167 of 311 5/16/2025, 11:12 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

01 for which type of hazard?
) EX hazard
) MEM hazard

(] .
If at first you don't succeed, redefine success. ©zyBooks 05/16/25 23:10 2475274

Anonymous Jaheim Attri
FIUEEL4709CSpring2025

Data hazards and stalls

As we said in COD Section 4.6 (An overview of pipelining), one case where forwarding cannot save
the day is when an instruction tries to read a register following a load instruction that writes the
same register. The animation below illustrates the problem. The data is still being read from
memory in clock cycle 4 while the ALU is performing the operation for the following instruction.
Something must stall the pipeline for the combination of load followed by an instruction that reads
its result.

iﬁ:lT\',fT'sATION 4.8.7: A pipelined sequence of instructions (COD Figure 4.58).

Time (in clock cycles)

Program CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC8 cC
execution order
(in instructions)

| oy 1
Iw $2, 20($1) IM ‘Reg —[ OMI—{—Reg!
I i i
i T
and $4, $2, $5 Il Regl @‘ EE}L 29
L w‘ =1
<ot Pl e
or $8, $2, $6 | o )E Raokds @i, 18725 23:10 2475274
Il L R aheim Attri
T i IUEEEM709CSpfing2025
add $9, 54, 2 it cred | oM Reg

stl $1, $6, $7 IM — —H-Reg ). DM Re
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Animation content: ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Static Figure: A diagram of pipelined instruction execution is shownT&F5lif&Hictiohs 2Fhe
horizontal axis at the top of the diagram represents time in clock cycles, abbreviated CC 1
through CC 9. The vertical axis to the left of the diagram represents the program execution order
of the instructions.

For the first instruction, Iw $2, 20($1), the instruction memory is read in CC 1, the register file is
read in CC 2, the ALU is used in CC 3, the data memory is read in CC 4, and the register file is
written back in CC 5.

For the second instruction, and $4, $2, $5, the instruction memory is read in CC 2, the register file
is read in CC 3, the ALU is used in CC 4, and the register file is written back in CC 6. The data
memory block is unshaded, which indicates it is not used by this instruction.

For the third instruction, or $8, $2, $6, the instruction memory is read in CC 3, the register file is
read in CC 4, the ALU is used in CC 5, and the register file is written back in CC 7. The data
memory block is unshaded, which indicates it is not used by this instruction.

For the fourth instruction, add $9, $4, $2, the instruction memory is read in CC 4, the register file
is read in CC 5, the ALU is used in CC 6, and the register file is written back in CC 8. The data
memory block is unshaded, which indicates it is not used by this instruction.

For the fifth instruction, stl $1, $6, $7, the instruction memory is read in CC 5, the register file is
read in CC 6, the ALU is used in CC 7, and the register file is written back in CC 9. The data
memory block is unshaded, which indicates it is not used by this instruction.

The register $2 in all four of the instructions that contain $2 is highlighted. Likewise, the register
S4 in the two instructions that contain $4 is highlighted. Also shown are lines that represent
associations in time of the registers, $2 and $4, between the instructions.

Step 1: The and, or, and add instructions are all dependent on the result in register $2 of the first
instruction. The add instruction is also dependent on the result@{y%@%gyja/tjyaj@g@ﬁ@qﬁ@i%
of the and instruction. Jaheim Attri

The register $2 in each of the first four instructions is highlighted. Tﬁ'éJF:th”é7Pe"gC|§PéW§%%5the
second and fourth instructions is highlighted.

Step 2: The data is forwarded to any unit that is dependent on the data to avoids stalls.

A line appears from S2 in the first instruction to $2 in the third instruction. The line then moves to
connect the pipeline register after the data memory for the first instruction to an ALU input for the
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third instruction. Then, a second line appears from $2 in the first instruction to $2 in the fourth
instruction. The line then moves to connect the register file write back for the first instruction to
the register file read for the fourth instruction. Finally, a third line appears from the $4 of the
second instruction to the $4 of the fourth instruction. The line then moves to connect the pipeline
register after the data memory for the second instruction to an ALU input for the fourth
instruction.

©zyBooks 05/16/25 23:10 2475274
Step 3: The dependence between the load and the following instruction (andggoéstbackward in
time, this hazard cannot be solved by forwarding. Hence, this comblndtior ATIStREEHE IR 2 stall
by the hazard detection unit.
A line appears from S2 in the first instruction to $2 in the second instruction. The line then moves
to connect the pipeline register after the data memory for the first instruction to an ALU input for
the second instruction.

Animation captions:

1. The and, or, and add instructions are all dependent on the result in register S$2 of the first
instruction. The add instruction is also dependent on the result of the result in the register
of $4 of the and instruction.

2. The data is forwarded to any unit that is dependent on the data to avoids stalls.

3. The dependence between the load and the following instruction (and) goes backward in
time, this hazard cannot be solved by forwarding. Hence, this combination must resultin a
stall by the hazard detection unit.

Hence, in addition to a forwarding unit, we need a hazard detection unit. It operates during the ID
stage so that it can insert the stall between the load and its use. Checking for load instructions, the
control for the hazard detection unit is this single condition:

if (ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID.RegisterRs) or
(ID/EX.RegisterRt = IF/ID.RegisterRt)))
stall the pipeline

The first line tests to see if the instruction is a load: the only instrﬁé%i%%oﬁ?aotjée;ééggz@ﬁ 9“264%502&46
a load. The next two lines check to see if the destination register fieldfof the4aaadathelEXstage
matches either source register of the instruction in the ID stage. If the condition holds, the
instruction stalls one clock cycle. After this 1-cycle stall, the forwarding logic can handle the
dependence and execution proceeds. (If there were no forwarding, then the instructions in the
figure above would need another stall cycle.)

If the instruction in the ID stage is stalled, then the instruction in the IF stage must also be stalled;

170 of 311 5/16/2025, 11:12 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

otherwise, we would lose the fetched instruction. Preventing these two instructions from making
progress is accomplished simply by preventing the PC register and the IF/ID pipeline register from
changing. Provided these registers are preserved, the instruction in the IF stage will continue to be
read using the same PC, and the registers in the ID stage will continue to be read using the same
instruction fields in the IF/ID pipeline register. Returning to our favorite analogy, it's as if you restart
the washer with the same clothes and let the dryer continue tumbling empty. Of course, like the

dryer, the back half of the pipeline starting with the EX stage mu%g@g&@@@q@@%gm\ﬁ%gﬁ

doing is executing instructions that have no effect: nops. Jaheim Attri
FIUEEL4709CSpring2025

nop: An instruction that does no operation to change state.

How can we insert these nops, which act like bubbles, into the pipeline? In COD Figure 4.49 (Copy
of the table showing the setting of the control lines is completely determined by the opcode fields
of the instruction), we see that deasserting all nine control signals (setting them to 0) in the EX,
MEM, and WB stages will create a "do nothing" or nop instruction. By identifying the hazard in the ID
stage, we can insert a bubble into the pipeline by changing the EX, MEM, and WB control fields of
the ID/EX pipeline register to 0. These benign control values are percolated forward at each clock
cycle with the proper effect: no registers or memories are written if the control values are all 0.

The figure below shows what really happens in the hardware: the pipeline execution slot associated
with the AND instruction is turned into a nop and all instructions beginning with the AND instruction
are delayed one cycle. Like an air bubble in a water pipe, a stall bubble delays everything behind it
and proceeds down the instruction pipe one stage each cycle until it exits at the end. In this
example, the hazard forces the AND and OR instructions to repeat in clock cycle 4 what they did in
clock cycle 3: AND reads registers and decodes, and OR is refetched from instruction memory. Such
repeated work is what a stall looks like, but its effect is to stretch the time of the AND and OrR
instructions and delay the fetch of the add instruction.

Figure 4.8.6: The way stalls are really inserted into the pipeline (COD Figure
4.59).

A bubble is inserted beginning in clock cycle 4, by changing the and instruction to a nop.

Note that the and instruction is really fetched and decoded in clock cycles 2 and 3, but its

EX stage is delayed until clock cycle 5 (versus the unstalled po@%b@r??r‘f%%&%ﬁ?lgﬁj.o 2475274
Likewise the OR instruction is fetched in clock cycle 3, but its ID stagm@d@;&i&@@fpﬁ@@@@k
cycle 5 (versus the unstalled clock cycle 4 position). After insertion of the bubble, all the

dependences go forward in time and no further hazards occur.

Time (in clock cycles) >
CC1 CC2 CC3 CC4 CC5 CCé6 CC7 ccs CC9 CC 10

Program
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execution
order
(in instructions) _ _ _

w $2, 20($1) [_eI $

and becomes nop @— —E:F\?eg
L
and $4, $2, $5 @—

- ©zyBooks 05/16/25 23:10 2475274
- Jaheim Attri
ng FIUEEL4709CSpring2025

B |
| add $9, 84, $2 _ |l' eq

The figure below highlights the pipeline connections for both the hazard detection unit and the
forwarding unit. As before, the forwarding unit controls the ALU multiplexors to replace the value
from a general-purpose register with the value from the proper pipeline register. The hazard
detection unit controls the writing of the PC and IF/ID registers plus the multiplexor that chooses
between the real control values and all 0s. The hazard detection unit stalls and deasserts the
control fields if the load-use hazard test above is true. COD Section 4.14 (An introduction to digital
design using a hardware design language ...) gives an example of MIPS code with hazards that
causes stalling, illustrated using single-clock pipeline diagrams, if you would like to see more
details.

Figure 4.8.7: Pipelined control overview, showing the two multiplexor for
forwarding, the hazard detection unit, and the forwarding unit (COD Figure
4.60).

Although the ID and EX stages have been simplified—the sign-extended immediate and

branch logic are missing—this drawing gives the essence of the forwarding hardware, 2475274

requirements. Jaheim Attri
FIUEEL4709CSpring2025
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Although the compiler generally relies upon the hardware to resolve hazards
and thereby ensure correct execution, the compiler must understand the
pipeline to achieve the best performance. Otherwise, unexpected stalls will
reduce the performance of the compiled code.

Elaboration

Regarding the remark earlier about setting control lines to 0 to avoid writing registers
or memory: only the signals RegWrite and MemWrite need be 0, while the other
control signals can be don't cares.

PARTICIPATION
ACTIVITY

4 8.8: Hazard detection unit.

©zyBooks 05/16/25 23:10 2475274

Jaheim Attri

FIUEEL4709CSpring2025

Match the hazard detection conditions and actions to the corresponding code snippet.

How to use this tool

v

]
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The register written by the load is read by the next instruction's first operand.
Inserts a bubble.

The register written by the load is read by the next instruction's second operand.
©zyBooks 05/16/25 23:10 2475274

Jaheim Attri

. . FIUEEL4709CSpring2025
Detects a load instruction.

if (ID/EX.MemRead and

((ID/EX.RegisterRt = IF/
ID.RegisterRs) or

(ID/EX.RegisterRt = IF/
ID.RegisterRt)))

stall the pipeline

Reset

4.9 Control hazards

There are a thousand hacking at the branches of evil to one who is striking at the root.
Henry David Thoreau, Walden, 1854.

Thus far, we have limited our concern to hazards involving arithmetic operations and data
transfers. However, as we saw in COD Section 4.6 (An overview cfpipetining), ithereZre @lso/5274
pipeline hazards involving branches. The figure below shows a sequep&&gfﬁ%ﬁﬁnhaw
indicates when the branch would occur in this pipeline. An instruction must be fetcﬁedgat every
clock cycle to sustain the pipeline, yet in our design the decision about whether to branch doesn't
occur until the MEM pipeline stage. As mentioned in COD Section 4.6 (An overview of pipelining),
this delay in determining the proper instruction to fetch is called a control hazard or branch hazard,
in contrast to the data hazards we have just examined.

In the animation below, the numbers to the left of the instruction (40, 44, ...) are the addresses of
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the instructions. Since the branch instruction decides whether to branch in the MEM stage—clock
cycle 4 for the beq instruction below—the three sequential instructions that follow the branch will
be fetched and begin execution. Without intervention, those three following instructions will begin
execution before beq branches to 1w at location 72. (COD Figure 4.31 (Pipeline showing stalling ...)
assumed extra hardware to reduce the control hazard to one clock cycle; this animation uses the
nonoptimized datapath.)

©zyBooks 05/16/25 23:10 2475274
parTIcIPATION | 4.9.1: The impact of the pipeline on the branch instructionJ@E@b Figtire
ACTIVITY 467 ) FIUEEL4709CSpring2025

Time (in clock cycles)

CC1 CcC2 CC3 CC4 CC5 CCé CC7 cCs8 CcC9

Program
execution
order

(in instructions)

40 beq $1, $3, 7
44 and $12, $2, $5
48 or $13, $6, $2

52 add $14, $2, $2

—

72 lw $4, 50($7)

In CC4, the datapath determines the branch should be taken to address 72. The middle
instructions (and, or, add) must somehow be discarded.

Animation content:

Static figure: A Gantt chart represents the timeline of instructiofaxecltion/ihtd43igelineds 75274

datapaf[h with 5 instruction execution stages. The timeline uses C'QM??%%%E&E ime,
abbreviated CC 1 through CC 9. The vertical axis to the left of the diagram represents the
program execution order of five instructions, along with the address of each instruction.

The first instruction, beq $1, $3, 72, is located at address 40. During CC1 instruction memory is

read, during CC 2 the source registers are read from the register file, and during CC 3 the ALU is
used to perform a computation. The data memory block is unshaded during CC 4, which
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indicates it is not used by this instruction. Likewise, the register file is unshaded during CC 5.

The second instruction, and $12, $2, $5, is located at address 44. During CC 2 instruction
memory is read, during CC 3 the source registers are read from the register file, during CC 4 the
ALU is used to perform a computation, and during CC 6 the ALU result is written back to the
register file. The data memory block is unshaded, which indicates it is not used by this instruction
during CC 5. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
The third instruction, or $13, $6, $2, is located at address 48. During ¢¢ 3t AGCHERYHEMory is
read, during CC 4 the source registers are read from the register file, during CC 5 the ALU is used
to perform a computation, and during CC 7 the ALU result is written back to the register file. The
data memory block is unshaded, which indicates it is not used by this instruction during CC 6.

The fourth instruction, add $14, $2, $2, is located at address 52. During CC 4 instruction memory
is read, during CC 5 the source registers are read from the register file, during CC 6 the ALU is
used to perform a computation, and during CC 8 the ALU result is written back to the register file.
The data memory block is unshaded, which indicates it is not used by this instruction during CC
7.

The fifth instruction, Iw $4, 50(S7), is located at address 72. During CC 5 instruction memory is
read, during CC 6 the source register is read from the register file, during CC 7 the ALU is used to
perform a computation, during CC 8 the ALU result is used to read from data memory, and during
CC 9 the data memory value is written back to the register file.

Finally, an arrow is shown from the first instruction around the next three instructions to the fifth
instruction, that represents the branch being taken.

Step 1: The branch instruction enters the pipeline.

During CC 1 the first instruction is read from instruction memory and appears on the pipeline
register located after the instruction memory.

Step 2: Whether the branch will be taken isn't known until several clock cycles later, namely CC4,
during which time subsequent instructions already began executing.

Then, the second, third, and fourth instructions all enter the pipeline at staggered intervals of 1
clock cycle during CC 2, CC 3, and CC 4. As each instruction is read from instruction memory, the
instruction appears on the pipeline register after the instruction memory and then moves to the
subsequent pipeline registers. Also, a portion of the arrow conngegigithe first/instructiontethe
fifth instruction is added. Jaheim Attri

Step 3: In CC4, the datapath determines the branch should be takenFtlg%%‘é?eosgscﬁr'%%zeorznsiddIe
instructions (and, or, add) must somehow be discarded.

The fifth instruction is read from instruction memory and appears on the pipeline register located
after the instruction memory. The arrow from the first instruction to the fifth instruction is
completed to indicate the branch is taken. The second, third, and fourth instructions on the
pipeline registers fade to indicate they are discarded.
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Animation captions:

1. The branch instruction enters the pipeline.
2. Whether the branch will be taken isn't known until several clock cycles later, namely CC4,
during which time subsequent instructions already began executing.
3. In CC4, the datapath determines the branch should be taken to address 72. The middle
instructions (and, or, add) must somehow be discarded. ¢,y gq0ks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
This section on control hazards is shorter than the previous sections on data hazards. The reasons
are that control hazards are relatively simple to understand, they occur less frequently than data
hazards, and there is nothing as effective against control hazards as forwarding is against data
hazards. Hence, we use simpler schemes. We look at two schemes for resolving control hazards
and one optimization to improve these schemes.

PARTICIPATION _
ACTIVITY 4.9.2: Control hazards.

Refer to the above animation.

1) Instruction beq is at address 40. D
If the values in registers $1 and
$3 differ, the address of the next
instruction that should execute

|S ten-

Check Show answer

2) Instruction beq is at address 40. L]
If the values in registers $1 and
$3 are equal, the address of the
next instruction that should

execute is ten-
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Check Show answer
3) In the pipelined implementation D

above, whether the beg
instruction's branch is taken is
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determined in which clock
cycle? (Type CC1, or CC2, etc.).

Check Show answer

o - ©zyBooks 05/16/25 23:10 24752
4) In the pipeline depiction above, YEO0KS Jghei/m Attri @

even though whether the branch FIUEEL4709CSpring2025
will be taken is unknown until

CC4, the instruction after begq,

namely and, is fetched anyways

into the pipeline in which clock

cycle? (Type CC1, or CC2, etc.).

Check Show answer

Assume branch not taken

As we saw in COD Section 4.6 (An overview of pipelining), stalling until the branch
is complete is too slow. One improvement over branch stalling is to predict that
the branch will not be taken and thus continue execution down the sequential
instruction stream. If the branch is taken, the instructions that are being fetched
and decoded must be discarded. Execution continues at the branch target. If
branches are untaken half the time, and if it costs little to discard the instructions,
this optimization halves the cost of control hazards.

To discard instructions, we merely change the original control values to 0s, much as we did to stall
for a load-use data hazard. The difference is that we must also change the three instructions in the
IF, ID, and EX stages when the branch reaches the MEM stage,; for load-use stalls, we just change
control to 0 in the ID stage and let them percolate through the pipeline. Discarding instructions,
then, means we must be able to flush instructions in the IF, ID, and EX stages of the pipeline.

. , , , . ©zyBooks 05/16/25 23:10 2475274
Flush: To discard instructions in a pipeline, usually due to an unexpected evenim Attri

FIUEEL4709CSpring2025

PARTICIPATION _ _ :
ACTIVITY 4.9.3: Flushing instructions.

Refer to the above animation.
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1) If beq's branch is determined to be D
taken, the instructions that must be
discarded from the pipeline are: and,
o,

() add

O Iw
©zyBooks 05/16/25 23:10 2475274
2) To discard the and instruction, th Jaheim Attri
) o discard t e.a dinst UCtQ t € FIUEEL4709CSpring2025 D
control values in the pipeline
register must be setto O's.

O third
() fourth

3) If beg's branch is determined to be D
taken, the control values in how many
pipeline registers shown above must
be setto 0's?

O3
O 4

4) Discarding instructions from a ]
pipeline is knownas ____the
pipeline.

O flushing
) purging

5) If beq's branch is not taken, only 1 D
instruction needs to be flushed.

) True
() False

Reducing the delay of branches
©zyBooks 05/16/25 23:10 2475274

One way to improve branch performance is to reduce the cost of the TF%EEL ?&%ﬁpnn %‘% we
have assumed the next PC for a branch is selected in the MEM stage, but if we movet e branch
execution earlier in the pipeline, then fewer instructions need be flushed. The MIPS architecture
was designed to support fast single-cycle branches that could be pipelined with a small branch
penalty. The designers observed that many branches rely only on simple tests (equality or sign, for
example) and that such tests do not require a full ALU operation but can be done with at most a
few gates. When a more complex branch decision is required, a separate instruction that uses an
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ALU to perform a comparison is required—a situation that is similar to the use of condition codes
for branches (see COD Chapter 2 (Instructions: Language of the Computer)).

Moving the branch decision up requires two actions to occur earlier: computing the branch target
address and evaluating the branch decision. The easy part of this change is to move up the branch
address calculation. We already have the PC value and the immediate field in the IF/ID pipeline
register, so we just move the branch adder from the EX stage to the ID stage; of course, the branch

target address calculation will be performed for all instructions, k@ﬁY§ﬁRk§§§d:]\@//r?eﬁﬁtﬁééb%ﬁ5274
aneim I

The harder part is the branch decision itself. For branch equal, we wolldEormparethe 4 registers
read during the ID stage to see if they are equal. Equality can be tested by first exclusive ORing their
respective bits and then ORing all the results. (A zero output of the OR gate means the two
registers are equal.) Moving the branch test to the ID stage implies additional forwarding and
hazard detection hardware, since a branch dependent on a result still in the pipeline must still work
properly with this optimization. For example, to implement branch on equal (and its inverse), we will
need to forward results to the equality test logic that operates during ID. There are two
complicating factors:

1. During ID, we must decode the instruction, decide whether a bypass to the equality unit is
needed, and complete the equality comparison so that if the instruction is a branch, we can
set the PC to the branch target address. Forwarding for the operands of branches was
formerly handled by the ALU forwarding logic, but the introduction of the equality test unit in
ID will require new forwarding logic. Note that the bypassed source operands of a branch can
come from either the ALU/MEM or MEM/WB pipeline latches.

2. Because the values in a branch comparison are needed during ID but may be produced later
in time, it is possible that a data hazard can occur and a stall will be needed. For example, if
an ALU instruction immediately preceding a branch produces one of the operands for the
comparison in the branch, a stall will be required, since the EX stage for the ALU instruction
will occur after the ID cycle of the branch. By extension, if a load is immediately followed by a
conditional branch that is on the load result, two stall cycles will be needed, as the result from
the load appears at the end of the MEM cycle but is needed at the beginning of ID for the
branch.

Despite these difficulties, moving the branch execution to the ID stage is an improvement, because
it reduces the penalty of a branch to only one instruction if the branch is taken, namely, the one

currently being fetched. The exercises explore the details of implementing the forwarding path and
detecting the hazard. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

To flush instructions in the IF stage, we add a control line, called IF. FIG$HEtRAY 28F08 the4Astruction
field of the IF/ID pipeline register. Clearing the register transforms the fetched instruction into a
nop, an instruction that has no action and changes no state.

Example 4.9.1: Pipelined branch.
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Show what happens when the branch is taken in this instruction sequence, assuming the
pipeline is optimized for branches that are not taken and that we moved the branch
execution to the ID stage:

36 sub $10, $4, $8
- j + 4 + Tx4 =
40 beq %1, 33, 7 # PC-relative branch to 4Q 44, &+,J748 7% 28202475274

44 and $12, $2, $5 Jaheim Attri
48 or $13, $2, $6 FIUEEL4709CSpring2025

52 add $14, $4, $2
56 slt $15, $6, $7

72 1w $4, 50(S$7)
Answer

The figure below shows what happens when a branch is taken. Unlike the figure above,
there is only one pipeline bubble on a taken branch.

Figure 4.9.1: The ID stage of clock cycle 3 determines that a branch must
be taken, so it selects 72 as the next PC address and zeros the instruction
fetched for the next clock cycle (COD Figure 4.62).

Clock cycle 4 shows the instruction at location 72 being fetched and the single bubble or
nop instruction in the pipeline as a result of the taken branch. (Since the nop is really
sl1l $0, s0, O0,it'sarguable whether ornotthe ID stage in clock 4 should be
highlighted.)

and $12, $2, $5 beq $1, 33,7 ; sub$10,94,88 before<i> i before<2>

IF_Flush ' '

©zyBooks 05/16/25 23{10 2475274

e\ | : ; Jaheim Attr
] \__unit + FIUEEL4709CSpring2025
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Registers
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Clock 4 : ‘ ;
ZﬁrTz,T\',fT'sAT'ON 4.9.4: Reducing a branch's delay.
1) Two actions must be completed D

before a beqg's branch can be taken,
actions that take time. Obviously, one
is to determine whether the beg's two
source registers' values are equal.

The other is to compute ____.
©zyBooks 05/16/25 23:10 2475274

(O the beg's target address Jaheim Attri
FIUEEL4709CSpring2025

the beq instruction's source
registers' addresses

(O the beq instruction's address

2) The action of computing the beq's D
target address can be done earlier, in
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the ID stage rather than the EX stage.
That action means the target address
will be computed for all instructions,
not just beq instructions. A problem
that may occur with such computing
for all instructionsis .
branching to a wrong target ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
address FIUEEL4709CSpring2025

O longer flushing.

) (no problem exists)

3) For beq, determining if the two source L]
registers' values are equal is done in
an earlier stage than EX using ____.

(0 XOR gates
() the existing ALU
() asecond ALU

Dynamic branch prediction

Assuming a branch is not taken is one simple form of branch prediction. In that

case, we predict that branches are untaken, flushing the pipeline when we are

wrong. For the simple five-stage pipeline, such an approach, possibly coupled with

compiler-based prediction, is probably adequate. With deeper pipelines, the branch

penalty increases when measured in clock cycles. Similarly, with multiple issue

(see COD Section 4.11 (Parallelism via instructions)), the branch penalty increases

in terms of instructions lost. This combination means that in an aggressive

pipeline, a simple static prediction scheme will probably waste too much

performance. As we mentioned in COD Section 4.6 (An overview of pipelining), with more hardware
it is possible to try to predict branch behavior during program execution.

One approach is to look up the address of the instruction to see if a branch was taken the last time
this instruction was executed, and, if so, to begin fetching new instructions from the same place as
the last ti This techni . led d ch h dicti ©zyBooks 05/16/25 23:10 2475274

e last time. This technique is called dynamic branch prediction. Jaheim Attri
FIUEEL4709CSpring2025

Dynamic branch prediction: Prediction of branches at runtime using runtime information.

One implementation of that approach is a branch prediction buffer or branch history table. A
branch prediction buffer is a small memory indexed by the lower portion of the address of the
branch instruction. The memory contains a bit that says whether the branch was recently taken or
not.
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Branch prediction buffer: Also called branch history table. A small memory that is indexed by the
lower portion of the address of the branch instruction and that contains one or more bits
indicating whether the branch was recently taken or not.

This is the simplest sort of buffer; we don't know, in fact, if the prediction is the right one—it may
have been put there by another branch that has the same low-order address bits. However, this

. L . ©zyBooks 05/16/25 23:10 2475274
doesn't affect correctness. Prediction is just a hint that we hope is accurate, g.fetehing begins in
the predicted direction. If the hint turns out to be wrong, the incorrectly prédictéd instrnactiohs are
deleted, the prediction bit is inverted and stored back, and the proper sequence is fetched and

executed.

This simple 1-bit prediction scheme has a performance shortcoming: even if a branch is almost
always taken, we can predict incorrectly twice, rather than once, when it is not taken. The following
example shows this dilemma.

Example 4.9.2: Loops and prediction.

Consider a loop branch that branches nine times in a row, then is not taken once. What is
the prediction accuracy for this branch, assuming the prediction bit for this branch
remains in the prediction buffer?

Answer

The steady-state prediction behavior will mispredict on the first and last loop iterations.
Mispredicting the last iteration is inevitable since the prediction bit will indicate taken, as
the branch has been taken nine times in a row at that point. The misprediction on the first
iteration happens because the bit is flipped on prior execution of the last iteration of the
loop, since the branch was not taken on that exiting iteration. Thus, the prediction
accuracy for this branch that is taken 90% of the time is only 80% (two incorrect
predictions and eight correct ones).

Ideally, the accuracy of the predictor would match the taken branch frequency for these highly
regular branches. To remedy this weakness, 2-bit prediction scherAgeo4e 8%%@%&@}&93@6&74
scheme, a prediction must be wrong twice before it is changed. The figure betowcshom the finite-
state machine for a 2-bit prediction scheme.

Figure 4.9.2: The states in a 2-bit prediction scheme (COD Figure 4.63).
By using 2 bits rather than 1, a branch that strongly favors taken or not taken—as many
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branches do—will be mispredicted only once. The 2 bits are used to encode the four states
in the system. The 2-bit scheme is a general instance of a counter-based predictor, which
is incremented when the prediction is accurate and decremented otherwise, and uses the
mid-point of its range as the division between taken and not taken.

©zyBooks 05/16/25 23:10 2475274
| Taken

Jaheim Attri
Not taken FIUEEL4709€Spring2025
Predict taken Predict taken
) Taken
A
Not taken Taken
Not taken
Predict not taken
Taken

Not taken

A branch prediction buffer can be implemented as a small, special buffer accessed with the
instruction address during the IF pipe stage. If the instruction is predicted as taken, fetching begins
from the target as soon as the PC is known; it can be as early as the ID stage. Otherwise, sequential
fetching and executing continue. If the prediction turns out to be wrong, the prediction bits are
changed as shown in the figure above.

Elaboration

As we described in COD Section 4.6 (An overview of pipelining), in a five-stage pipeline
we can make the control hazard a feature by redefining the branch. A delayed branch
always executes the following instruction, but the second instruction following the

branch will be affected by the branch.
©zyBooks 05/16/25 23:10 2475274

Compilers and assemblers try to place an instruction that always executes@ftekithe
branch in the branch delay slot. The job of the software is to maké the sUé8esssr 9702
instructions valid and useful. The figure below shows the three ways in which the
branch delay slot can be scheduled.

The limitations on delayed branch scheduling arise from (1) the restrictions on the
instructions that are scheduled into the delay slots and (2) our ability to predict at
compile time whether a branch is likely to be taken or not.
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Delayed branching was a simple and effective solution for a five-stage pipeline issuing

one instruction each clock cycle. As processors go to both longer pipelines and

issuing multiple instructions per clock cycle (see COD Section 4.11 (Parallelism via
instructions)), the branch delay becomes longer, and a single delay slot is insufficient.

Hence, delayed branching has lost popularity compared to more expensive but more

flexible dynamic approaches. Simultaneously, the growth in available transistors per

chip has due to Moore's Law made dynamic prediction re/ati\@%);%@@so@g/fgggﬁq 0 2475274
more transistors in the branch predictor of modern microprocessors thanltheretuere

in the whole first MIPS chips! FIUEEL4709CSpring2025

Branch delay slot. The slot directly after a delayed branch instruction, which in the MIPS
architecture is filled by an instruction that does not affect the branch.

Figure 4.9.3: Scheduling the branch delay slot (COD Figure 4.64).

The top box in each pair shows the code before scheduling; the bottom box shows the
scheduled code. In (a), the delay slot is scheduled with an independent instruction from
before the branch. This is the best choice. Strategies (b) and (c) are used when (a) is not
possible. In the code sequences for (b) and (c), the use of $s1 in the branch condition
prevents the add instruction (whose destination is $s1) from being moved into the branch
delay slot. In (b) the branch delay slot is scheduled from the target of the branch; usually
the target instruction will need to be copied because it can be reached by another path.
Strategy (b) is preferred when the branch is taken with high probability, such as a loop
branch. Finally, the branch may be scheduled from the not-taken fall-through as in (c). To
make this optimization legal for (b) or (c), it must be OK to execute the sub instruction
when the branch goes in the unexpected direction. By "OK" we mean that the work is
wasted, but the program will still execute correctly. This is the case, for example, if $t4
were an unused temporary register when the branch goes in the unexpected direction.

©zyBooks 05/16/25 23:10 2475274

a. From before b. From target c. From fall-throgglim Attri
FIUEEL4709CSgring2025
add $s1, $s2, $s3 sub $t4, $t5, $t6=— add $s1, $s2, $s3
if $s2 = 0 then — L if $s1 = 0 then ——

Delay slot add $s1, $s2, $s3 Delay slot
if $s1 = 0 then
Delay slot sub $t4, $t5, 16

I I I
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Becomes Becomes Becomes

add $s1, $s2, $s3

-—

if $s2 = 0 then —— if $s1 = 0 then ——
add $s1, $s2, $s3

add $s1, $s2, $s3 | | sub 4, §t5, $t6 |

if $51=0 then — ©zyBooks 05/16/24 43:10 2475274
Jaheim Aftri
R Sub $t4, S5, $16 FIUEELZ709CSp(ing2025

Elaboration

A branch predictor tells us whether or not a branch is taken, but still requires the
calculation of the branch target. In the five-stage pipeline, this calculation takes one
cycle, meaning that taken branches will have a 1-cycle penalty. Delayed branches are
one approach to eliminate that penalty. Another approach is to use a cache to hold
the destination program counter or destination instruction using a branch target
buffer.

The 2-bit dynamic prediction scheme uses only information about a particular branch.
Researchers noticed that using information about both a local branch, and the global
behavior of recently executed branches together yields greater prediction accuracy for
the same number of prediction bits. Such predictors are called correlating predictors.
A typical correlating predictor might have two 2-bit predictors for each branch, with
the choice between predictors made based on whether the last executed branch was
taken or not taken. Thus, the global branch behavior can be thought of as adding
additional index bits for the prediction lookup.

A more recent innovation in branch prediction is the use of tournament predictors. A
tournament predictor uses multiple predictors, tracking, for each branch, which

predictor yields the best results. A typical tournament predictor might contain two

predictions for each branch index: one based on local information and one based on

global branch behavior. A selector would choose which predictor to use for any given
prediction. The selector can operate similarly to a 1- or 2-bit ;@r@@@%ﬁsf%?/acg{zi 5A%t3r:i1 02475274
whichever of the two predictors has been more accurate. Some regent|.4709CSpring2025

microprocessors use such elaborate predictors.

Elaboration
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Branch target buffer: A structure that caches the destination PC or destination instruction for a
branch. It is usually organized as a cache with tags, making it more costly than a simple
prediction buffer.

Correlating predictor. A branch predictor that combines local behavior of a particular branch and
global information about the behavior of some recent number afgxecutetbbranches. 10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
Tournament branch predictor: A branch predictor with multiple predictions for each branch and a
selection mechanism that chooses which predictor to enable for a given branch.

Pipeline summary

We started in the laundry room, showing principles of pipelining in an everyday setting. Using that
analogy as a guide, we explained instruction pipelining step-by-step, starting with the single-cycle
datapath and then adding pipeline registers, forwarding paths, data hazard detection, branch
prediction, and flushing instructions on exceptions. The figure below shows the final evolved
datapath and control. We now are ready for yet another control hazard: the sticky issue of
exceptions.

Figure 4.9.4: The final datapath and control for this chapter (COD Figure
4.65).

Note that this is a stylized figure rather than a detailed datapath, so it's missing the ALUsrc
Mux from COD Figure 4.57 (A close-up of the datapath in COD Figure 4.54 ..) and the
multiplexor controls from COD Figure 4.57 (The corrected pipelined datapath ..).

— { IDIEX ©zyBooks 05/16/25 23:10 2475274
~ Jaheim Attri
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FIUEEL4709CSpring2025

Zﬁ?IT\',fT'sATION 4.9.5: Check yourself: Branch prediction schemes.

Consider three branch prediction schemes: predict not taken, predict taken, and dynamic
prediction. Assume that they all have zero penalty when they predict correctly and two
cycles when they are wrong. Assume that the average predict accuracy of the dynamic
predictor is 90%. Which predictor is the best choice for the following branches?

1) A branch that is taken with 5%
frequency.

() Predict not taken
O Predict taken
() Dynamic prediction
2) A branch that is taken with 95%
frequency.
() Predict not taken
() Predict taken
(O Dynamic prediction
3) A branch that is taken with 70%
frequency.
() Predict not taken

() Predict taken
©zyBooks 05/16/25 23:10 2475274

(O Dynamic prediction Jaheim Attri
FIUEEL4709CSpring2025

4.10 Exceptions
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i To make a computer with automatic program-interruption facilities behave

[sequentially] was not an easy matter, because the number of instructions in various stages
of processing when an interrupt signal occurs may be large.
Fred Brooks, Jr., Planning a Computer System: Project Stretch, 1962.

©zyBooks 05/16/25 23:10 2475274
Control is the most challenging aspect of processor design: it is both Eﬂ? E@%‘E‘Eﬁﬁ'tg&e& right
and the hardest part to make fast. One of the hardest parts of control is |mp|ement|ng excep’uons
and interrupts—events other than branches or jumps that change the normal flow of instruction
execution. They were initially created to handle unexpected events from within the processor, like
arithmetic overflow. The same basic mechanism was extended for /0 devices to communicate
with the processor, as we will see in COD Chapter 5 (Large and fast: Exploiting memory hierarchy).

Exception: Also called interrupt. An unscheduled event that disrupts program execution; used to
detect overflow.

Interrupt. An exception that comes from outside of the processor. (Some architectures use the
term interrupt for all exceptions.)

Many architectures and authors do not distinguish between interrupts and exceptions, often using
the older name interrupt to refer to both types of events. For example, the Intel x86 uses interrupt.
We follow the MIPS convention, using the term exception to refer to any unexpected change in
control flow without distinguishing whether the cause is internal or external; we use the term
interrupt only when the event is externally caused. Here are five examples showing whether the
situation is internally generated by the processor or externally generated :

’ I/0 device request External Interrupt
{ Invoke the operating system from user program Internal Exception
] Arithmetic overflow Internal Exception
‘ Using an undefined instruction Internal Exception
\ Hardware malfunctions Either Exception or interrupt

Many of the requirements to support exceptions come from the spegific:sitaatignithaticauses an
exception to occur. Accordingly, we will return to this topic in COD Ch%‘?ﬁ%&‘q%%@ﬁnnng@%
Exploiting memory hierarchy), when we will better understand the motivation for additional
capabilities in the exception mechanism. In this section, we deal with the control implementation
for detecting two types of exceptions that arise from the portions of the instruction set and

implementation that we have already discussed.

Detecting exceptional conditions and taking the appropriate action is often on the critical timing
path of a processor, which determines the clock cycle time and thus performance. Without proper
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attention to exceptions during design of the control unit, attempts to add exceptions to a
complicated implementation can significantly reduce performance, as well as complicate the task
of getting the design correct.

PARTICIPATION

ACTIVITY 4.10.7: Exceptions and interrupts.

. . ©zyBooks 05/16/25 23:10 24752
1) According to MIPS convention, the ZyBOOKS Ja/hei/m Attr] @

term interrupt refers to an FIUEEL4709CSpring2025
unscheduled event caused by an
external source.

True

False

2) Exception handling is not an essential D
feature of processor's control unit.

True

False

How exceptions are handled in the MIPS architecture

The two types of exceptions that our current implementation can generate are execution of an
undefined instruction and an arithmetic overflow. We'll use arithmetic overflow in the instruction
add $1, $2, $1 astheexample exception inthe next few pages. The basic action that the
processor must perform when an exception occurs is to save the address of the offending
instruction in the exception program counter (EPC) and then transfer control to the operating
system at some specified address.

The operating system can then take the appropriate action, which may involve providing some
service to the user program, taking some predefined action in response to an overflow, or stopping
the execution of the program and reporting an error. After performing whatever action is required
because of the exception, the operating system can terminate the program or may continue its
execution, using the EPC to determine where to restart the execution of the program. In COD
Chapter 5 (Large and fast: Exploiting memory hierarchy), we will look more closely at the issue of

. . ©zyBooks 05/16/25 23:10 2475274
restarting the execution. Jaheim Attri

. . . FIUEELA7Q9CSpring2025 .
For the operating system to handle the exception, it must know the reason ort?]e xc p’PIOﬂ, in

addition to the instruction that caused it. There are two main methods used to communicate the
reason for an exception. The method used in the MIPS architecture is to include a status register
(called the Cause register), which holds a field that indicates the reason for the exception.

A second method is to use vectored interrupts. In a vectored interrupt, the address to which control
is transferred is determined by the cause of the exception. For example, to accommodate the two
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exception types listed above, we might define the following two exception vector addresses:

Undefined instruction ’ 8000 0000, ‘

Arithmetic overflow ] 8000 0180, ‘
Vectored interrupt: An interrupt for which the address to which @Q%B%Ikig 6@9%;%@9:1% 0475974
determined by the cause of the exception. Jaheim Attri

FIUEEL4709CSpring2025

The operating system knows the reason for the exception by the address at which it is initiated.
The addresses are separated by 32 bytes or eight instructions, and the operating system must
record the reason for the exception and may perform some limited processing in this sequence.
When the exception is not vectored, a single entry point for all exceptions can be used, and the
operating system decodes the status register to find the cause.

We can perform the processing required for exceptions by adding a few extra registers and control
signals to our basic implementation and by slightly extending control. Let's assume that we are
implementing the exception system used in the MIPS architecture, with the single entry point being
the address 8000 0180y (Implementing vectored exceptions is no more difficult.) We will need to
add two additional registers to our current MIPS implementation:

» EPC: A 32-bit register used to hold the address of the affected instruction. (Such a register is
needed even when exceptions are vectored.)

» Cause: A register used to record the cause of the exception. In the MIPS architecture, this
register is 32 bits, although some bits are currently unused. Assume there is a five-bit field
that encodes the two possible exception sources mentioned above, with 10 representing an
undefined instruction and 12 representing arithmetic overflow.

Zﬁ?IT\',fT'sATION 4.10.2: MIPS exception handling.
1) When an exception occurs in D

MIPS, the processor first saves
the address of the offending
instruction in the

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Check Show answer

2) INnMIPS,the ______ register D
stores the cause of an exception
and communicates that
information to the operating
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system for exception handling.

Check Show answer

3) For a vectored interrupt, the Q
. ©zyBooks 05/16/25 23:10 247527
cause of an exception Jaheim Attri

determinesthe___ that FIUEEL4709CSpring2025
control is transferred to.

Check Show answer

Exceptions in a pipelined implementation

A pipelined implementation treats exceptions as another form of control hazard. For example,
suppose there is an arithmetic overflow in an add instruction. Just as we did for the taken branch in
the previous section, we must flush the instructions that follow the add instruction from the
pipeline and begin fetching instructions from the new address. We will use the same mechanism
we used for taken branches, but this time the exception causes the deasserting of control lines.

When we dealt with branch mispredict, we saw how to flush the instruction in the IF stage by
turning it into a nop. To flush instructions in the ID stage, we use the multiplexer already in the ID
stage that zeros control signals for stalls. A new control signal, called ID.Flush, is ORed with the
stall signal from the hazard detection unit to flush during ID. To flush the instruction in the EX
phase, we use a new signal called EX.Flush to cause new multiplexers to zero the control lines. To
start fetching instructions from location 8000 0180y, Which is the MIPS exception address, we
simply add an additional input to the PC multiplexer that sends 8000 0180y to the PC. The figure
below shows these changes.

Figure 4.10.1: The datapath with controls to handle exceptions (COD Figure

466) ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
FIUEEL4709CSpring2025
The key additions include a new input with the value 8000 0180n¢y in the multiplexer that

supplies the new PC value; a Cause register to record the cause of the exception; and an
Exception PC register to save the address of the instruction that caused the exception.
The 8000 0180y input to the multiplexer is the initial address to begin fetching
instructions in the event of an exception. Although not shown, the ALU overflow signal is
an input to the control unit.
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This example points out a problem with exceptions: if we do not stop execution in the middle of the
instruction, the programmer will not be able to see the original value of register $1 that helped
cause the overflow because it will be clobbered as the Destination register of the add instruction.
Because of careful planning, the overflow exception is detected during the EX stage; hence, we can
use the EX.Flush signal to prevent the instruction in the EX stage from writing its result in the WB
stage. Many exceptions require that we eventually complete the instruction that caused the
exception as if it executed normally. The easiest way to do this is to flush the instruction and restart
it from the beginning after the exception is handled.

The final step is to save the address of the offending instruction in the exception program counter
(EPC). In reality, we save the address +4, so the exception handling the software routine must first
subtract 4 from the saved value. The figure above shows a stylized version of the datapath,
including the branch hardware and necessary accommodations to handle exceptions.

Example 4.10.7: Exception in a pipelined computepzyBooks 053/:]6/2553 102475274
aneim I

FIUEEL4709CSpring2025
Given this instruction sequence,

40, sub $11, $2, $4
44~ and $12, $2, $5
48,,, or  $13, $2, $6
4C,. add $1, $2, $1

50, slt $15, $6, $7
A T ®1A RNCETN
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assume the instructions to be invoked on an exception begin like this:

80000180, sw $26, 1000($0)
80000184,  sw $27, 1004(3%0)

©zyBooks 05/16/25 23:10 2475274
Show what happens in the pipeline if an overflow exception occurs Miﬁ@%ﬁ%%&

Answer

The figure below shows the events, starting with the add instruction in the EX stage. The
overflow is detected during that phase, and 8000 0180y is forced into the PC. Clock cycle
7 shows that the add and following instructions are flushed, and the first instruction of the
exception code is fetched. Note that the address of the instruction following the add is
saved: 4Chex + 4 = 50hey.

Figure 4.10.2: The result of an exception due to arithmetic overflow in the
add instruction (COD Figure 4.67).

The overflow is detected during the EX stage of clock 6, saving the address following the
add in the EPC register (4C + 4 = 50py). Overflow causes all the Flush signals to be set
near the end of this clock cycle, deasserting control values (setting them to 0) for the add.
Clock cycle 7 shows the instructions converted to bubbles in the pipeline plus the fetching
of the first instruction of the exception routine—sw $26, 1000 ($0)—from instruction
location 8000 0180nex. Note that the AND and OR instructions, which are prior to the add,
still complete. Although not shown, the ALU overflow signal is an input to the control unit.

Iw $16, 50($7) sit $15, $6, $7 i add $1, 82, $1 or$13,... |and $12,...
ID.F - ' '
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We mentioned five examples of exceptions, and we will see others in COD Chapter 5 (Large and
fast: Exploiting memory hierarchy). With five instructions active in any clock cycle, the challenge is
to associate an exception with the appropriate instruction. Moreover, multiple exceptions can occur
simultaneously in a single clock cycle. The solution is to prioritize the exceptions so that it is easy
to determine which is serviced first. In most MIPS implementations, the hardware sorts exceptions
so that the earliest instruction is interrupted.

I/O device requests and hardware malfunctions are not associated with a specific instruction, so
the implementation has some flexibility as to when to interrupt the pipeline. Hence, the mechanism
used for other exceptions works just fine.

The EPC captures the address of the interrupted instructions, ang%ﬁ%ol\/hﬁgsgﬁé{égﬁ?g|§téﬁgggﬁds
all possible exceptions in a clock cycle, so the exception software musturatchthiesexeepiion to the
instruction. An important clue is knowing in which pipeline stage a type of exception can occur. For
example, an undefined instruction is discovered in the ID stage, and invoking the operating system
occurs in the EX stage. Exceptions are collected in the Cause register in a pending exception field
so that the hardware can interrupt based on later exceptions, once the earliest one has been
serviced.
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Hardware/Software Interface

The hardware and the operating system must work in conjunction so that
exceptions behave as you would expect. The hardware contract is normally to stop
the offending instruction in midstream, let all prior instructions complete, flush all
following instructions, set a register to show the cause of tR&Exeestion|$ave The 0 2475274
S . . Jgheim Attrj
address of the offending instruction, and then jump to a prearraggﬁgﬁ%ggpﬁr 025
operating system contract is to look at the cause of the exception and act
appropriately. For an undefined instruction, hardware failure, or arithmetic overflow
exception, the operating system normally kills the program and returns an indicator
of the reason. For an I/0 device request or an operating system service call, the
operating system saves the state of the program, performs the desired task, and, at
some point in the future, restores the program to continue execution. In the case of
I/O device requests, we may often choose to run another task before resuming the
task that requested the 1/0, since that task may often not be able to proceed until
the I/0 is complete. Exceptions are why the ability to save and restore the state of
any task is critical. One of the most important and frequent uses of exceptions is
handling page faults and TLB exceptions; COD Chapter 5 (Large and fast: Exploiting
memory hierarchy) describes these exceptions and their handling in more detail.

Elaboration

The difficulty of always associating the correct exception with the correct instruction

in pipelined computers has led some computer designers to relax this requirement in
noncritical cases. Such processors are said to have imprecise interrupts or imprecise
exceptions. In the example above, PC would normally have 58ey at the start of the

clock cycle after the exception is detected, even though the offending instruction is at
address 4Cpey. A processor with imprecise exceptions might put 58xey into EPC and

leave it up to the operating system to determine which instruction caused the

problem. MIPS and the vast majority of computers today suppert preeisel irftetrupts 6p47/5274
precise exceptions. (One reason is to support virtual memory, Whig@@@fgaé]g? C§§A§rti/fglvg2025

COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy).)
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Imprecise interrupt: Also called imprecise exception. Interrupts or exceptions in pipelined
computers that are not associated with the exact instruction that was the cause of the interrupt
or exception.

Precise interrupt: Also called precise exception. An interrupt or exception that is always

associated with the correct instruction in pipelined computers. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Z?;IT\',(I:T':’(AT'ON 4.10.3: Exceptions in pipelined computers.

1) In a pipeline implementation, ]
offending arithmetic overflow
instructions are detected in the
stage of the pipeline to
prevent the results from being written
tothe___ stage.

O IFID
() EX, MEM
() EX, WB
2) In the majority of MIPS ]

implementations, multiple thrown
exceptions are interrupted

according to which instruction
causes the largest exception

according to which offending
instruction is earliest

) randomly

3) A(n)____is always associated ]
with an exact instruction in pipelined

computers. ©zyBooks 05/16/25 23:10 2475274

fan Jaheim Attri
O precise interrupt FIUEEL4709CSpring2025

() imprecise interrupt

Elaboration
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Although MIPS uses the exception entry address 8000 0780pey for almost all
exceptions, it uses the address 8000 0000ney to improve performance of the
exception handler for TLB-miss exceptions (see COD Chapter 5 (Large and Fast:
Exploiting Memory Hierarchy)).

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
PARTICIPATION

ACTIVITY 4.10.4: Check yourself: Detecting Exceptions.

A five-stage pipeline (IF, ID, EX, MEM, WB) executes the following instruction sequence:

add $1, $2, $1 # arithmetic overflow
XXX $1, $2, $1 # undefined instruction
sub $1, $2, $1 # hardware error

1) Which exception should be G
recognized first in the above
sequence?

() arithmetic overflow
() undefined instruction

() hardware error

4.11 Parallelism via instructions

Be forewarned: this section is a brief overview of fascinating but advanced topics.
If you want to learn more details, you should consult our more advanced book, ‘
Computer Architecture: A Quantitative Approach, sixth edition, where the material .
covered in this section is expanded to almost 200 pages (including appendices)! .'

Pipelining exploits the potential parallelism among instructions. Th|§ pﬁsaég 86755 0310 PATERTA ¢

is called instruction-level parallelism (ILP). There are two primary methods QBheim Attri

increasing the potential amount of instruction-level parallelism. The fifgtfgL4/09CSpring202
increasing the depth of the pipeline to overlap more instructions. Using our laundry

analogy and assuming that the washer cycle was longer than the others were, we

could divide our washer into three machines that perform the wash, rinse, and spin PARALLELISM
steps of a traditional washer. We would then move from a four-stage to a six-stage

pipeline. To get the full speed-up, we need to rebalance the remaining steps so they are the same
length, in processors or in laundry. The amount of parallelism being exploited is higher, since there
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are more operations being overlapped. Performance is potentially greater since the clock cycle can
be shorter.

Instruction-level parallelism: The parallelism among instructions.

Another approach is to replicate the internal components of the computer so that it can launch
multiple instructions in every pipeline stage. The general name fariftis dechpiqeeis raaltiplerissue. A
multiple-issue laundry would replace our household washer and dryewi&@%}%@ﬁﬂgg&%rs and
three dryers. You would also have to recruit more assistants to fold and put away three times as
much laundry in the same amount of time. The downside is the extra work to keep all the machines

busy and transferring the loads to the next pipeline stage.

Multiple issue: A scheme whereby multiple instructions are launched in one clock cycle.

Launching multiple instructions per stage allows the instruction execution rate to exceed the clock
rate or, stated alternatively, the CPI to be less than 1. As mentioned in COD Chapter 1 (Computer
Abstractions and Technology), it is sometimes useful to flip the metric and use IPC, or instructions
per clock cycle. Hence, a 4 GHz four-way multiple-issue microprocessor can execute a peak rate of
16 billion instructions per second and have a best-case CPI of 0.25, or an IPC of 4. Assuming a five-
stage pipeline, such a processor would have 20 instructions in execution at any given time. Today's
high-end microprocessors attempt to issue from three to six instructions in every clock cycle. Even
moderate designs will aim at a peak IPC of 2. There are typically, however, many constraints on
what types of instructions may be executed simultaneously, and what happens when dependences
arise.

There are two major ways to implement a multiple-issue processor, with the major difference being
the division of work between the compiler and the hardware. Because the division of work dictates
whether decisions are being made statically (that is, at compile time) or dynamically (that is, during
execution), the approaches are sometimes called static multiple issue and dynamic multiple issue.
As we will see, both approaches have other, more commonly used names, which may be less
precise or more restrictive.

Static multiple issue: An approach to implementing a multiple-issue processor where many
decisions are made by the compiler before execution.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Dynamic multiple issue: An approach to implementing a multiple-isstgprocesssipwherethany
decisions are made during execution by the processor.

There are two primary and distinct responsibilities that must be dealt with in a multiple-issue
pipeline:

1. Packaging instructions into issue slots: how does the processor determine how many
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instructions and which instructions can be issued in a given clock cycle? In most static issue
processors, this process is at least partially handled by the compiler; in dynamic issue
designs, it is normally dealt with at runtime by the processor, although the compiler will often
have already tried to help improve the issue rate by placing the instructions in a beneficial
order.

2. Dealing with data and control hazards: in static issue processors, the compiler handles some
or all of the consequences of data and control hazards sta%%d&wﬁr@@% MOST dynamic
issue processors attempt to alleviate at least some classes of hazardsusimgihiardware
techniques operating at execution time. FIUEEL4709CSpring2025

Although we describe these as distinct approaches, in reality one approach often borrows
technigues from the other, and neither approach can claim to be perfectly pure.

Issue slots: The positions from which instructions could issue in a given clock cycle; by analogy,
these correspond to positions at the starting blocks for a sprint.

PARTICIPATION . .
ACTIVITY 4.11.71: Pipeline parallelism.

How to use this tool Vv
multiple issue single issue static multiple issue issue slots

dynamic multiple issue ILP

When one instruction is launched
per clock cycle.

The parallelism between
instructions.

When multiple '"St%%'é’é‘oi%%n 6/25 23:10 2475274

launched per clock cycle. Jaheim Attri
FIUEEL4709CSpring2025

A multiple issue implementation
where decisions are made during
execution by the processor.

The positions available to issue
instructions in a given clock cycle.
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A multiple issue implementation
where decisions are made by the
compiler before execution.

Reset

. ©zyBooks 05/16/25 23:10 2475274
The concept of speculation Jaheim Attri
FIUEEL4709CSprin

One of the most important methods for finding and exploiting more ILP is
speculation. Based on the great idea of prediction, speculation is an approach that
allows the compiler or the processor to "guess" about the properties of an
instruction, so as to enable execution to begin for other instructions that may
depend on the speculated instruction. For example, we might speculate on the
outcome of a branch, so that instructions after the branch could be executed
earlier.

PREDICTION

Speculation: An approach whereby the compiler or processor guesses the outcome of an
instruction to remove it as a dependence in executing other instructions.

Another example is that we might speculate that a store that precedes a load does not refer to the
same address, which would allow the load to be executed before the store. The difficulty with
speculation is that it may be wrong. So, any speculation mechanism must include both a method
to check if the guess was right and a method to unroll or back out the effects of the instructions
that were executed speculatively. The implementation of this back-out capability adds complexity.

Speculation may be done in the compiler or by the hardware. For example, the compiler can use
speculation to reorder instructions, moving an instruction across a branch or a load across a store.
The processor hardware can perform the same transformation at runtime using techniques we
discuss later in this section.

The recovery mechanisms used for incorrect speculation are rather different. In the case of
speculation in software, the compiler usually inserts additional instructions that check the accuracy
of the speculation and provide a fix-up routine to use when the speculation is incorrect. In hardware
speculation, the processor usually buffers the speculative results until it knows they are no longer
speculative. If the speculation is correct, the instructions are con@ﬂ@ad@yoauwmmemmm of
the buffers to be written to the registers or memory. If the speculatlon |s mo@r*‘r@ AHé hardware

4709CSpnn92025
flushes the buffers and re-executes the correct instruction sequence.

Speculation introduces one other possible problem: speculating on certain instructions may
introduce exceptions that were formerly not present. For example, suppose a load instruction is
moved in a speculative manner, but the address it uses is not legal when the speculation is
incorrect. The result would be an exception that should not have occurred. The problem is
complicated by the fact that if the load instruction were not speculative, then the exception must
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occur! In compiler-based speculation, such problems are avoided by adding special speculation
support that allows such exceptions to be ignored until it is clear that they really should occur. In
hardware-based speculation, exceptions are simply buffered until it is clear that the instruction
causing them is no longer speculative and is ready to complete; at that point the exception is
raised, and normal exception handling proceeds.

Since speculation can improve performance when done properly and decrease performance when
done carelessly, significant effort goes into deciding when it is apptéptiatete’ Speculate) P4terift

: : . : : : . heim Att
this section, we will examine both static and dynamic techniques for ;amﬂ%@@spriﬂgm%

Static multiple issue

Static multiple-issue processors all use the compiler to assist with packaging instructions and
handling hazards. In a static issue processor, you can think of the set of instructions issued in a
given clock cycle, which is called an issue packet, as one large instruction with multiple operations.
This view is more than an analogy. Since a static multiple-issue processor usually restricts what
mix of instructions can be initiated in a given clock cycle, it is useful to think of the issue packet as
a single instruction allowing several operations in certain predefined fields. This view led to the
original name for this approach: Very Long Instruction Word (VLIW).

Issue packet. The set of instructions that issues together in one clock cycle; the packet may be
determined statically by the compiler or dynamically by the processor.

Very Long Instruction Word (VLIW): A style of instruction set architecture that launches many
operations that are defined to be independent in a single wide instruction, typically with many
separate opcode fields.

Most static issue processors also rely on the compiler to take on some responsibility for handling
data and control hazards. The compiler's responsibilities may include static branch prediction and
code scheduling to reduce or prevent all hazards. Let's look at a simple static issue version of a
MIPS processor, before we describe the use of these techniques in more aggressive processors.

An example: Static multiple issue with the MIPS ISA

To give a flavor of static multiple issue, we consider a simple twéiadtie MIPS processor) whisre/éne
of the instructions can be an integer ALU operation or branch and theﬁyﬁ%ffgfg%‘%%%gaﬁ% store.
Such a design is like that used in some embedded MIPS processors. Issuing two instructions per
cycle will require fetching and decoding 64 bits of instructions. In many static multiple-issue
processors, and essentially all VLIW processors, the layout of simultaneously issuing instructions
is restricted to simplify the decoding and instruction issue. Hence, we will require that the
instructions be paired and aligned on a 64-bit boundary, with the ALU or branch portion appearing
first. Furthermore, if one instruction of the pair cannot be used, we require that it be replaced with a

203 of 311 5/16/2025, 11:12 PM



zyBooks

204 of 311

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

nop. Thus, the instructions always issue in pairs, possibly with a nop in one slot. The animation
below shows how the instructions look as they go into the pipeline in pairs.

The ALU and data transfer instructions are issued at the same time. Here we have assumed the
same five-stage structure as used for the single-issue pipeline. Although this is not strictly
necessary, it does have some advantages. In particular, keeping the register writes at the end of the
pipeline simplifies the handling of exceptions and the maintenance of a precise exception model,

which become more difficult in multiple-issue processors. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

PARTICIPATION | 4.11.2: Static two-issue pipeline in operation (COD Figure 4.68).

ACTIVITY

i e

ALU or branch instruction IF ID EX MEM WB

Load or store instruction IF ID EX MEM WB

ALU or branch instruction IF ID EX MEM WB

Load or store instruction IF ID EX MEM WB

ALU or branch instruction IF ID EX MEM wWB

Load or store instruction IF ID EX MEM WB

ALU or branch instruction IF ID EX MEM WB
Load or store instruction IF ID EX MEM WB

Animation content:

Static Figure:

Instruction type Pipe stages

ALU or branch instruction IF ID EX MEM WB

Load or store instruction IF ID EX MEM WB ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
) . FIUEEL4709CSpring2025
ALU or branch instruction IF ID EX MEM  WB
Load or store instruction IF ID EX MEM WB
ALU or branch instruction I[F ID EX MEM @ WB
Load or store instruction I[F 1D EX MEM @ WB

5/16/2025, 11:12 PM
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ALU or branch instruction IF ID EX MEM WB

Load or store instruction [F D EX MEM @ WB

Step 1: The ALU or branch and load or store instructions are issued at the same time as a pair.
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Instruction type Pipe stages FIUEEL4709CSpring2025

ALU or branch instruction IF
Load or store instruction  IF
ALU or branch instruction
Load or store instruction

ALU or branch instruction
Load or store instruction

ALU or branch instruction

Load or store instruction

Step 2: As a pair of instructions advances to the next pipeline stage, a new pair of instructions is
issued.

Instruction type Pipe stages

ALU or branch instruction IF ID EX MEM

Load or store instruction IF ID EX MEM

ALU or branch instruction IF ID  EX
©zyBooks 05/16/25 23:10 2475274
. . Jaheim Attri
Load or store instruction IF ID  EX FIUEEL4709CSpring2025
ALU or branch instruction IF ID
Load or store instruction IF ID
ALU or branch instruction IF
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Load or store instruction [F

Step 3: The single-issue five-stage structure is assumed for each instruction in this pipeline.
Keeping writes at the end of the pipeline simplifies exception handling.

. . . zyBooks Q5/16/25 23:10 2475274
The rest of the table is filled in so that the table is the same as % static figueg Attri

FIUEEL4709CSpring2025
Animation captions:

1. The ALU or branch and load or store instructions are issued at the same time as a pair.

2. As a pair of instructions advances to the next pipeline stage, a new pair of instructions is
issued.

3. The single-issue five-stage structure is assumed for each instruction in this pipeline.
Keeping writes at the end of the pipeline simplifies exception handling.

Static multiple-issue processors vary in how they deal with potential data and control hazards. In
some designs, the compiler takes full responsibility for removing all hazards, scheduling the code
and inserting no-ops so that the code executes without any need for hazard detection or hardware-
generated stalls. In others, the hardware detects data hazards and generates stalls between two
issue packets, while requiring that the compiler avoid all dependences within an instruction pair.
Even so, a hazard generally forces the entire issue packet containing the dependent instruction to
stall. Whether the software must handle all hazards or only try to reduce the fraction of hazards
between separate issue packets, the appearance of having a large single instruction with multiple
operations is reinforced. We will assume the second approach for this example.

To issue an ALU and a data transfer operation in parallel, the first need for additional hardware—
beyond the usual hazard detection and stall logic—is extra ports in the register file (see the figure
below). In one clock cycle we may need to read two registers for the ALU operation and two more
for a store, and also one write port for an ALU operation and one write port for a load. Since the
ALU is tied up for the ALU operation, we also need a separate adder to calculate the effective
address for data transfers. Without these extra resources, our two-issue pipeline would be hindered
by structural hazards.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

Figure 4.11.1: A static two-issue datapath (COD Figurél469)09CSpring2025

The additions needed for double issue are highlighted: another 32 bits from instruction
memory, two more read ports and one more write port on the register file, and another
ALU. Assume the bottom ALU handles address calculations for data transfers and the top
ALU handles everything else.
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05416/25 23:10 2475274
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Clearly, this two-issue processor can improve performance by up to a factor of two. Doing so,
however, requires that twice as many instructions be overlapped in execution, and this additional
overlap increases the relative performance loss from data and control hazards. For example, in our
simple five-stage pipeline, loads have a use latency of one clock cycle, which prevents one
instruction from using the result without stalling. In the two-issue, five-stage pipeline the result of a
load instruction cannot be used on the next clock cycle. This means that the next two instructions
cannot use the load result without stalling. Furthermore, ALU instructions that had no use latency
in the simple five-stage pipeline now have a one-instruction use latency, since the results cannot be
used in the paired load or store. To effectively exploit the parallelism available in a multiple-issue
processor, more ambitious compiler or hardware scheduling techniques are needed, and static
multiple issue requires that the compiler take on this role.

Use latency: Number of clock cycles between a load instruction and an instruction that can use

the result of the load without stalling the pipeline.
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Example 4.11.7: Simple multiple-issue code scheduling.

How would this loop be scheduled on a static two-issue pipeline for MIPS?

Loop: Tw 5t0, 0($sl) f $t0=array element
addu §$t0,$t0,$s2ff add scalar in $s2
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SW 5t0, 0($sl)ff store result
addi $sl,$sl,-44f decrement pointer
bne $sl,8zero,Loopff branch $sl!=0

Reorder the instructions to avoid as many pipeline stalls as possible. Assume branches
are predicted, so that control hazards are handled by the hardware.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

The first three instructions have data dependences, and so do the last two. The figure
below shows the best schedule for these instructions. Notice that just one pair of
instructions has both issue slots used. It takes four clocks per loop iteration; at four clocks
to execute five instructions, we get the disappointing CPI of 0.8 versus the best case of
0.5, oran IPC of 1.25 versus 2.0. Notice that in computing CPI or IPC, we do not count any
nops executed as useful instructions. Doing so would improve CPI, but not performance!

Answer

Figure 4.11.2: The scheduled code as it would look on a two-issue MIPS
pipeline (COD Figure 4.70).

The empty slots are no-ops.

- ALU or branch instruction Data transfer instruction m

Tw $t0, ($s1)

addi $s51,%s1,-
addu itﬂ,itU,%s?
bne $s1,%zero,Loop SW $t0, 4(8s1)

SElWIN|-

An important compiler technique to get more performance from loops is loop unrolling, where
multiple copies of the loop body are made. After unrolling, there is more ILP available by
overlapping instructions from different iterations.

Loop unrolling: A technique to get more performance from Ioop@zt;kmioa@@@%amays in whiehy4

multiple copies of the loop body are made and instructions from different-iférations'a
FIUEEL4709CSpr|ng2025
scheduled together.

Example 4.11.2: Loop unrolling for multiple-issue pipelines.
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See how well loop unrolling and scheduling work in the example above. For simplicity
assume that the loop index is a multiple of four.

Answer

To significantly reduce the delays in the loop we need to make four copies of the loop
body. After unrolling and eliminating the unnecessary loop ove%gﬁ?ﬁgtgﬁgt%ag ﬁé%{%wm

eimA
will contain four copies each of 1w, add, and sw, plus one addi andome bryesth figuwre2s

below shows the unrolled and scheduled code.

During the unrolling process, the compiler introduced additional registers

($tl, st2, $t3).The goal of this process, called register renaming, is to eliminate
dependences that are not true data dependences, but could either lead to potential
hazards or prevent the compiler from flexibly scheduling the code. Consider how the
unrolled code would look using only st0. There would be repeated instances of

lw $t0, 0($sl),addu $t0, $t0, S$s2followedbysw t0, 4($sl),butthese
sequences, despite using $t0, are actually completely independent—no data values flow
between one set of these instructions and the next set. This case is what is called an
antidependence or name dependence, which is an ordering forced purely by the reuse of a
name, rather than a real data dependence that is also called a true dependence.

Renaming the registers during the unrolling process allows the compiler to move these
independent instructions subsequently so as to better schedule the code. The renaming
process eliminates the name dependences, while preserving the true dependences.

Notice now that 12 of the 14 instructions in the loop execute as pairs. It takes 8 clocks for
4 loop iterations, or 2 clocks per iteration, which yields a CPI of 8/14 = 0.57 and an IPC of
1.75. Loop unrolling and scheduling with dual issue gave us an improvement factor of
almost 2, partly from reducing the loop control instructions and partly from dual issue
execution. The cost of this performance improvement is using four temporary registers
rather than one, as well as a significant increase in code size.

Register renaming: The renaming of registers by the compiler or hardware to remove

antidependences. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

Antidependence: Also called name dependence. An ordering forced by the reuse of a name,
typically a register, rather than by a true dependence that carries a value between two
instructions.
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Figure 4.11.3: The unrolled and scheduled code of the figure above as it
would look on a static two-issue MIPS pipeline (COD Figure 4.71).

The empty slots are no-ops. Since the first instruction in the loop decrements $s1 by 16,
the addresses loaded are the original value of $s1, then that address minus 4, minus 8,

and minus 12. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
(N i e st il [ )
Loop: addi $s1,3%s1,-16 Tw $t0, 0($sl) 1
1w $t1,12(8s1) V4
addu $t0,3t0,$s2 1w $12, B($sl) 3
addu $t1,3t1,8s2 1w $13, 4($sl) 4
addu $t2,.3t2,%s2 Sw $t0, 16(%sl) 5
addu $t3,3t3,8s2 Sw $t1,12(8s1) 6
Sw $t2, 8($s1) 7
bne $s1,%zero,Loop Sw $t3, 4($s1) 8
Zﬁ:IT\',fT'sATION 4.11.3: Static multiple issue processors. D
1) Avery long instruction word (VLIW) ]

architecture groups multiple
operations together and then
launches them like a single
instruction.

O True
) False
2) In all static multiple issue processors, D
the compiler is responsible for

removing all data hazards and
avoiding all dependences.

O True ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
O False FIUEEL4709CSpring2025
3) If the use latency for a load ]

instruction is one clock cycle, then an
instruction can use the result from
the load on the next clock cycle.

) True
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() False

4) Both loop unrolling and register L]
renaming allow a processor to better
schedule instructions and improve

performance.
O True ©zyBooks 05/16/25 23:10 2475274
Fal Jaheim Attri
O False FIUEEL4709CSpring2025
5) Loop unrolling and register renaming D

can lead to an increase in code and
the need for more resources.

) True
() False

Dynamic multiple-issue processors

Dynamic multiple-issue processors are also known as superscalar processors, or simply
superscalars. In the simplest superscalar processors, instructions issue in order, and the processor
decides whether zero, one, or more instructions can issue in a given clock cycle. Obviously,
achieving good performance on such a processor still requires the compiler to try to schedule
instructions to move dependences apart and thereby improve the instruction issue rate. Even with
such compiler scheduling, there is an important difference between this simple superscalar and a
VLIW processor: the code, whether scheduled or not, is guaranteed by the hardware to execute
correctly. Furthermore, compiled code will always run correctly independent of the issue rate or
pipeline structure of the processor. In some VLIW designs, this has not been the case, and
recompilation was required when moving across different processor models; in other static issue
processors, code would run correctly across different implementations, but often so poorly as to
make compilation effectively required.

Superscalar: An advanced pipelining technique that enables the processor to execute more than
one instruction per clock cycle by selecting them during execution.

Many superscalars extend the basic framework of dynamic issu@dgsisionssto retude1dynarmic’ 4
pipeline schedgl/ng. Dynamm p|pel|ne scheduling chooses wh|ch. 'nStrHﬂM%g@é%t}#ez@g g|ven
clock cycle while trying to avoid hazards and stalls. Let's start with a simple example o% avoiding a
data hazard. Consider the following code sequence:

Tw $t0, 20(%$s2)
addu $tl, $t0, $t2
sub $s4, $s4, $t3
sTti $t5, $s4, 20
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Dynamic pipeline scheduling: Hardware support for reordering the order of instruction execution
so as to avoid stalls.

Even though the sub instruction is ready to execute, it must wait for the 1w and ‘.
addu to complete first, which might take many clock cycles if memory is slow.

(COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy) eéolaé ksa(g}%/% 9310 2
misses, the reason that memory accesses are sometimes very slow) Dynamiim Attr
pipeline scheduling allows such hazards to be avoided either fully or patfiahty/09CSpri

4

PIPELINING

Dynamic pipeline scheduling

Dynamic pipeline scheduling chooses which instructions to execute next, possibly reordering them
to avoid stalls. In such processors, the pipeline is divided into three major units: an instruction fetch
and issue unit, multiple functional units (a dozen or more in high-end designs in 2020), and a
commit unit. The figure below shows the model. The first unit fetches instructions, decodes them,
and sends each instruction to a corresponding functional unit for execution. Each functional unit
has buffers, called reservation stations, which hold the operands and the operation. (The
Elaboration discusses an alternative to reservation stations used by many recent processors.) As
soon as the buffer contains all its operands and the functional unit is ready to execute, the result is
calculated. When the result is completed, it is sent to any reservation stations waiting for this
particular result as well as to the commit unit, which buffers the result until it is safe to put the
result into the register file or, for a store, into memory. The buffer in the commit unit, often called
the reorder buffer, is also used to supply operands, in much the same way as forwarding logic does
in a statically scheduled pipeline. Once a result is committed to the register file, it can be fetched
directly from there, just as in a normal pipeline.

Commit unit. The unit in a dynamic or out-of-order execution pipeline that decides when it is safe
to release the result of an operation to programmer-visible registers and memory.

Reservation station: A buffer within a functional unit that holds the operands and the operation.

Reorder buffer: The buffer that holds results in a dynamically scheduled processor until it is safe

to store the results to memory or a register. ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

Figure 4.11.4: The three primary units of a dynamically scheduled pipeline
(COD Figure 4.72).
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The final step of updating the state is also called retirement or

graduation.
Instruction fetch .
and decode unit i-0nder lasta
' ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
’ Y Y Y IUEEL4709CSpring2025
Reservation | | Reservation Reservation | | Reservation
station station Y station station
Functional Integer Floating Load- | ot-of-order execute
units point store

Y

Com.mit In-order commit
unit

The combination of buffering operands in the reservation stations and results in the reorder buffer
provides a form of register renaming, just like that used by the compiler in our earlier loop-unrolling
example. To see how this conceptually works, consider the following steps:

1. When an instruction issues, it is copied to a reservation station for the appropriate functional
unit. Any operands that are available in the register file or reorder buffer are also immediately
copied into the reservation station. The instruction is buffered in the reservation station until
all the operands and the functional unit are available. For the issuing instruction, the register
copy of the operand is no longer required, and if a write to that register occurred, the value
could be overwritten.

2. If an operand is not in the register file or reorder buffer, it must be waiting to be produced by a
functional unit. The name of the functional unit that will produce the result is tracked. When
that unit eventually produces the result, it is copied directly into the waiting reservation

station from the functional unit bypassing the registers.  ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
These steps effectively use the reorder buffer and the reservation statiéfisté ifyslepnentvégister

renaming.

Conceptually, you can think of a dynamically scheduled pipeline as analyzing the data flow
structure of a program. The processor then executes the instructions in some order that preserves
the data flow order of the program. This style of execution is called an out-of-order execution, since
the instructions can be executed in a different order than the instructions were fetched.
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oM S BN BR0A S B Sy IR SRR S AR RIRR SHRS RIRSHBS RS- IasiHEHe"
executing does not cause the following instructions to wait.

fetch and decode unit is required to issue instructions in order, which allows dependences to be
tracked, and the commit unit is required to write results to registers and memory in program fetch
order. This conservative mode is called in-order commit. Hence, |f an excr; ption occurs, the

S 05/1 6/25 23; " 24 5274
computer can point to the last instruction executed, and the only reglsters updated\will be those
written by instructions before the instruction causing the exception. AftHetighy thé fromuefid {fetch
and issue) and the back end (commit) of the pipeline run in order, the functional units are free to
initiate execution whenever the data they need is available. Today, all dynamically scheduled

pipelines use in-order commit.

In-order commit. A commit in which the results of pipelined execution are written to the
programmer visible state in the same order that instructions are fetched.

Dynamic scheduling is often extended by including hardware-based speculation, especially for
branch outcomes. By predicting the direction of a branch, a dynamically scheduled processor can
continue to fetch and execute instructions along the predicted path. Because the instructions are
committed in order, we know whether or not the branch was correctly predicted before any
instructions from the predicted path are committed. A speculative, dynamically scheduled pipeline
can also support speculation on load addresses, allowing load-store reordering, and using the
commit unit to avoid incorrect speculation. In the next section, we will look at the use of dynamic
scheduling with speculation in the Intel Core i7 design.

Hardware/Software Interface

Out-of-order execution creates new pipeline hazards that we didn't see in the earlier
pipelines. A name dependence occurs when two instructions use the same register or
memory location, called a name, but there is no flow of data between the instructions
associated with that name. There are two types of name dependences between an
instruction i that precedes instruction j in program order:

1. An antidependence between instruction i and instruction j 86Ut WAN25 23:10 2475274
instruction j writes a register or memory location that instruction i&adls) Ahe
original ordering must be preserved to ensure that i reads tHe CorrédPvaive 92025
2. An output dependence occurs when instruction i and instruction j write the
same register or memory location. The ordering between the instructions must
be preserved to ensure that the value finally written corresponds to instruction j.

Our original pipeline hazard was the result of what is called a true data dependence.
For example, in this code below there is an antidependence between swe and addiu
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on register x and a true data dependence between Iwe1 and add.s on register f0.
While there are no output dependencies between instructions in a single loop, there
are between different iterations of the loop. For example, between the addiu
instructions of the first and second iterations.

Loop: lwecl $£0,0(x1) //f0=array element
add.s $f4,S$f0,5f2 //add scalar in f2 )

©zyBooks 05/16/25 23:10 2475274
swcl $£f4,0(x1) //store result Jaheim Attri
addiu x1,x1,4 //decrement pointer 8 byEWSEEL4709CSpring2025
bne x1,x2,Loop //branch if x1 != x2

A pipeline hazard exists whenever there is a name or data dependence between
instructions, and they are close enough that the overlap during execution would
change the order of access to the operand involved in the dependence. They lead to
these more intuitive names of pipeline hazards:

1. An antidependence can lead to a Write After Read (WAR) hazard.
2. An output dependence can lead to a Write-AfterMWrite (WAW) hazard.
3. A true data dependence or a Read After Write (RAW) hazard.

We don't have hazards for WAR or WAW hazards in our earlier pipelines because all
instructions execute in order and the writes occur only in the last pipeline stage for
register-register instructions and always in the same pipeline stage for data access in
load and store instructions.

igf\',ﬂz”'o" 4.11.4: Dynamic multiple issue processors. L
1) In dynamic pipeline scheduling, a ]

reservation station holds an
instruction's result until it is safe to
place the result in a register file or in

memory.
©zyBooks 05/16/25 23:10 2475274
O True Jaheim Attri
() False FIUEEL4709CSpring2025
2) Dynamic multiple issue processors D

can execute instructions in a different
order than they were fetched.

) True
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False

3) Superscalar is another term for ]
dynamic pipeline scheduling.

True

False

. ) ©zyBooks 05/16/25 23:10 24752
4) Results are committed in the order y Jaheim Attri

that those results are executed. FIUEEL4709CSpring2025
True

False

5) Dynamic pipeline scheduling uses the |
combination of reservation stations
and the reorder buffer to perform
register renaming.

True

False
Understanding program performance

Given that compilers can also schedule code around data dependences, you might
ask why a superscalar processor would use dynamic scheduling. There are three
major reasons. First, not all stalls are predictable. In particular, cache misses (see
COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy)) in the memory
hierarchy cause unpredictable stalls. Dynamic scheduling allows the processor to
hide some of those stalls by continuing to execute instructions while waiting for the
stall to end.

Second, if the processor speculates on branch outcomes using dynamic branch
prediction, it cannot know the exact order of instructions at compile time, since it
depends on the predicted and actual behavior of branches. Incorporatmgﬁ gnamlc

ZyBoo ook 6/ 523:10 2475274
speculation to exploit more instruction-level parallelism ILPS@ |
dynamic scheduling would significantly restrict the benefits of splerEtElmm.CSprungzozs

Third, as the pipeline latency and issue width change from one implementation to
another, the best way to compile a code sequence also changes. For example, how
to schedule a sequence of dependent instructions is affected by both issue width
and latency. The pipeline structure affects both the number of times a loop must be
unrolled to avoid stalls as well as the process of compiler-based register renaming.
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Dynamic scheduling allows the hardware to hide most of these details. Thus, users
and software distributors do not need to worry about having multiple versions of a
program for different implementations of the same instruction set. Similarly, old
legacy code will get much of the benefit of a new implementation without the need
for recompilation.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

A
AR
AR

HIERARCHY PREDICTION

The Big Picture

Both pipelining and multiple-issue execution increase peak instruction
throughput and attempt to exploit instruction-level parallelism (ILP). Data
and control dependences in programs, however, offer an upper limit on
sustained performance because the processor must sometimes wait for a
dependence to be resolved. Software-centric approaches to exploiting ILP
rely on the ability of the compiler to find and reduce the effects of such
dependences, while hardware-centric approaches rely on extensions to the
pipeline and issue mechanisms. Speculation, performed by the compiler or
the hardware, can increase the amount of ILP that can be exploited via
prediction, although care must be taken since speculating incorrectly is
likely to reduce performance.

©zyBgeked5/16/25 23:10 2475274

PIPELINING PARALLELISM PREDICTION

Hardware/Software Interface
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Modern, high-performance microprocessors are capable of issuing several
instructions per clock; unfortunately, sustaining that issue rate is very difficult. For
example, despite the existence of processors with four to six issues per clock, very
few applications can sustain more than two instructions per clock. There are two

primary reasons for this. ©zyBooks 05/16/25 23:10 2475274

First, within the pipeline, the major performance bottlenecks ari%‘?mfﬁ%fjg?7h§§;rgs?;trti:gzoz5

dependences that cannot be alleviated, thus reducing the parallelism among
instructions and the sustained issue rate. Although little can be done about true
data dependences, often the compiler or hardware does not know precisely
whether a dependence exists or not, and so must conservatively assume the
dependence exists. For example, code that makes use of pointers, particularly in
ways that may lead to aliasing, will lead to more implied potential dependences. In
contrast, the greater regularity of array accesses often allows a compiler to deduce
that no dependences exist. Similarly, branches that cannot be accurately predicted
whether at runtime or compile time will limit the ability to exploit ILP. Often,
additional ILP is available, but the ability of the compiler or the hardware to find ILP
that may be widely separated (sometimes by the execution of thousands of
instructions) is limited.

Second, losses in the memory hierarchy (the topic of COD Chapter 5 (Large and

Fast: Exploiting Memory Hierarchy)) also limit the ability to keep the pipeline full.

Some memory system stalls can be hidden, but limited amounts of ILP also limit
the extent to which such stalls can be hidden.

A
AR

HIERARCHY

Energy efficiency and advanced pipelining ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

The downside to the increasing exploitation of instruction-level paralIglliléFnEk/[ng(?ndSaDﬁ%ri]gzr%?tiple
issue and speculation is potential energy inefficiency. Each innovation was able to turn more
transistors into performance, but they often did so very inefficiently. Now that we have hit the
power wall, we are seeing designs with multiple processors per chip where the processors are not
as deeply pipelined or as aggressively speculative as its predecessors.

The belief is that while the simpler processors are not as fast as their sophisticated brethren, they
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deliver better performance per joule, so that they can deliver more performance per chip when
designs are constrained more by energy than they are by the number of transistors.

The figure below shows the number of pipeline stages, the issue width, speculation level, clock rate,
cores per chip, and power of several past and recent microprocessors. Note the drop in pipeline
stages and power as companies switch to multicore designs.

©zyBooks 05/16/25 23:10 2475274
Figure 4.11.5: Record of Intel Microprocessors in terms of pipetinei

complexity, number of cores, and power (COD Figure 4U7E§5470908p”n92025

The Pentium 4 pipeline stages do not include the commit stages. If we included them, the
Pentium 4 pipelines would be even deeper.

Plpd Out-of-Order/ Cores/
Microprocessor Clock Rate Speculation Chip

Intel 486 1989 25 MHz 1 1

Intel Pentium 1993 66 MHz 5 2 No 1 ow
Intel Pentium Pro 1997 200 MHz 10 3 Yes 1 29w
Intel Pentium 4 Willamette 2001 2000 MHz 22 3 Yes 1 75W
Intel Pentium 4 Prescott 2004 3600 MHz 31 3 Yes 1 103w
Intel Core 2006 3000 MHz 14 4 Yes 2 75W
Intel Core i7 Nehalem 2008 3600 MHz 14 4 Yes 24 87W
Intel Core Westmere 2010 3730 MHz 14 a Yes 6 130w
Intel Core i7 Ivy Bridge 2012 3400 MHz 14 a Yes 6 130W
Intel Core Broadwell 2014 3700 MHz 14 4 Yes 10 140w
Intel Core i9 Skylake 2016 3100 MHz 14 4 Yes 14 165w
Intel Ice Lake 2018 4200 MHz 14 a Yes 16 185w

Elaboration

A commit unit controls updates to the register file and memory. Some dynamically
scheduled processors update the register file immediately during execution, using

extra registers to implement the renaming function and preserving the older copy of a
register until the instruction updating the register is no /onge/@)szﬁfgg ESUQ/? {ﬁéﬁf 102475274
processors buffer the result, typically in a structure called a reordenbeifer;anddpeng2025
actual update to the register file occurs later as part of the commit. Stores to memory
must be buffered until commit time either in a store buffer (see COD Chapter 5 (Large
and Fast: Exploiting Memory Hierarchy)) or in the reorder buffer. The commit unit

allows the store to write to memory from the buffer when the buffer has a valid

address and valid data, and when the store is no longer dependent on predicted
branches.
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Memory accesses benefit from nonblocking caches, which centipee<sérvicingeaehé 2475274

aheim Attri

accesses during a cache miss (see COD Chapter 5 (Large and Fagr'@@ #Spring2025
Memory Hierarchy)). Out-of-order execution processors need the cache design to

allow instructions to execute during a miss.

PARTICIPATION
ACTIVITY

4.11.5: Check Yourself: Instruction Level Parallelism.

State whether the following techniques or components are associated primarily with a

software- or hardware-based approach to exploiting ILP.

1) Branch prediction

) Software

() Hardware

() Both software & hardware
2) Multiple issue

() Software

() Hardware

(O Both software & hardware
3) VLIW

) Software

() Hardware

(O Both software & hardware
4) Superscalar

() Software

() Hardware

(O Both software & hardware

5) Dynamic scheduling

220 of 311

]

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025 D

]

5/16/2025, 11:12 PM



zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

() Software
() Hardware

(O Both software & hardware
6) Out of order execution D

) Software ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
() Hardware FIUEEL4709CSpring2025

(O Both software & hardware

7) Speculation ]
() Software
() Hardware
() Both software & hardware

8) Reorder buffer D
) Software
() Hardware
(O Both software & hardware

9) Register renaming ]
) Software
() Hardware

() Both software & hardware

4.12 Putting it all together: The Intel Core i7
6700 and ARM Cortex-A53

In t‘his ;ection, we explorg the design of two multiple issue prooe&golggbmeoéﬁIé)/l/%o%%x(—)@%%czo?rf,
which is used as the basis for several tablets and cell phones, and t¥1e Intel Gore /6400, a high-

end, dynamically scheduled, speculative processor intended for high-end-deskicpsrand server
applications. We begin with the simpler processor. This section is based on Section 3.12 of
Computer Architecture: A Quantitative Approach, sixth edition.

The ARM Cortex-A53

The A53 is a dual-issue, statically scheduled superscalar with dynamic issue detection, which
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allows the processor to issue two instructions per clock. Figure 4.74 shows the basic pipeline
structure of the pipeline. For nonbranch, integer instructions, there are eight stages: F1, F2, D1, D2,
D3/ISS, EX1, EX2, and WB, as described in the caption. The pipeline is in order, so an instruction
can initiate execution only when its results are available and when proceeding instructions have
initiated. Thus, if the next two instructions are dependent, both can proceed to the appropriate
execution pipeline, but they will be serialized when they get to the beginning of that pipeline. When

the pipeline issue logic indicates that the result from the first ms’i&%ﬁ@&k?(@@ﬂ%@zéﬁ% Slelerelylo

instruction can issue. Jaheim Attri
FIUEEL4709CSpring2025

Figure 4.12.1: The basic structure of the A53 integer pipeline is 8 stages: F1
and F2 fetch the instruction, D1 and D2 do the basic decoding, and D3
decodes some more complex instructions and is overlapped with the first
stage of the execution pipeline (ISS) (COD Figure 4.74).

After ISS, the Ex1, Ex2, and WB stages complete the integer pipeline. Branches use four
different predictors, depending on the type. The floating-point execution pipeline is 5
cycles deep, in addition to the 5 cycles needed for fetch and decode, yielding 10 stages in
total. AGU stands for Address Generation Unit and TLB for Transaction Lookaside Buffer
(See Chapter 5). The NEON unit performs the ARM SIMD instructions of the same name.
(From Hennessy JL, Patterson DA: Computer architecture: A quantitative approach, 6e,
Cambridge MA, 2018, Morgan Kaufmann.)

F1 F2 F3 F4 Iss Ex1 Ex2 Wr
Integer execute and load-store
Instruction fetch & predict
ALU pipe 0 }»—a
G Integer .I e
AGU register |
l ALU pipe 1
T[B N He)('jb”t‘:’ file -I pipe l—’
Instruction predictor ; |
MAC pipe
cache indwect "{ Writeback
T dict
PR -l Divide pipe '—v
Issue _.I Load pipe '_.
-I Store pipe '——
Instruction Decode ©zyBaeds#ainl Bdedme23:10 247p274
Jaheim Attri
S neon |FIUEBRATOOSSPTing2075
L, Early | linstruction |—s. Main L Late register
decode queue decode decode file I ALU pipe |

D1 D2 D3 F1 F2 F3 F4 FS
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The four cycles of instruction fetch include an address generation unit thar produces the next PC
either by incrementing the last PC or from one of four predictors:

1. A single-entry branch target cache containing two instruction cache fetches (the next two
instructions following the branch, assuming the prediction is correct). This target cache is
checked during the first fetch cycle, if it hits; then the next two instructions are supplied from

the target cache. In case of a hit and a correct prediction, the branch is executed with no
delay cycles ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
2. A 3072-entry hybrid predictor, used for all instructions that do nétthitin thetsrancivtarget

cache, and operating during F3. Branches handled by this predictor incur a 2-cycle delay.
3. A 256-entry indirect branch predictor that operates during F4; branches predicted by this
predictor incur a three-cycle delay when predicted correctly.
4. An 8-deep return stack, operating during F4 and incurring a three-cycle delay.

Branch decisions are made in ALU pipe O, resulting in a branch misprediction penalty of 8 cycles.
Figure 4.75 shows the misprediction rate for SPECint2006. The amount of work that is wasted
depends on both the misprediction rate and the issue rate sustained during the time that the
mispredicted branch was followed. As Figure 4.76 shows, wasted work generally follows the
misprediction rate, though it may be larger or occasionally shorter.

Figure 4.12.2: Misprediction rate of the A53 branch predictor for
SPECint2006 (COD Figure 4.75).

(Adapted from hennessy JL., Patterson DA: Computer architecture: A quantitative
approach, ed 6, Cambridge MA, 2018, Morgan Kaufmann.)
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Figure 4.12.3: Wasted work due to branch misprediction on the A53.
Because the A53 is an in-order machine, the amount of wasted work
depends on a variety of factors, including data dependences and cache
misses, both of which will cause a stall (COD Figure 4.76).

(Adapted from hennessy JL., Patterson DA: Computer architecBiré 20 guantitativel3:10 2475274

Jaheim Attri
approach, ed 6, Cambridge MA, 2018, Morgan Kaufmann.) FIUEEL4709CSpring2025
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Performance of the A53 Pipeline

The A53 has an ideal CPI of 0.5 because of its dual-issue structure. Pipeline stalls can arise from
three sources:

1. Functional hazards, which occur because two adjacent instructions selected for issue
simultaneously use the same functional pipeline. Because the A53 is statically scheduled, the
compiler should try to avoid such conflicts. When such instructions appear sequentially, they
will be serialized at the beginning of the execution pipeline, when only the first instruction will
begin execution.

2. Data hazards, which are detected early in the pipeline and may stall either both instructions (if
the first cannot issue, the second is always stalled) or the SeBdiIRg st %jééi’rﬁr?ﬁﬁ,%émy“
compiler should try to prevent such stalls when possible. FIUEEL4709CSpring2025

3. Control hazards, which arise only when branches are mispredicted.

Both TLB misses (Chapter 5) and cache misses also cause stalls. Figure 4.77 shows the CPI and
the estimated contributions from various sources. The A53 uses a shallow pipeline and a
reasonably aggressive branch predictor, leading to modest pipeline losses, while allowing the
processor to achieve high clock rates at modest power consumption. In comparison with the i7,
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the A53 consumes approximately 1/200 the power for a quad core processor!

Figure 4.12.4: The estimated composition of the CPI on the ARM A53
shows that pipeline stalls are significant but are outweighed by cache

misses in the poorest performing programs (Chapter 5) (COD Figure 4.77).

©zyBooks 05/16/25 23:10 2475274
_ ) Jaheim Attri
These are subtracted from the CPI measured by a detailed simulatontembtaindberpipelire

stalls. Pipeline stalls include all three hazards. (From Hennessy JL., Patterson DA:
Computer architecture: A quantitative approach, ed 6, Cambridge MA, 2018, Morgan

Kaufmann.)
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FIUEEL4709CSpring2025
The Cortex-A53 is a configurable core that supports the ARMV8 instruction set
architecture. It is delivered as an IP (Intellectual Property) core. IP cores are the
dominant form of technology delivery in the embedded, personal mobile device, and
related markets; billions of ARM and MIPS processors have been created from these
IP cores. Note that IP cores are different than the cores in the Intel i7 multicore
computers. An IP core (which may itself be a multicore) is designed to be
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incorporated with other logic (hence it is the "core" of a chip), including application-
specific processors (such as an encoder or decoder for video), I/0 interfaces, and
memory interfaces, and then fabricated to yield a processor optimized for a particular
application. Although the processor core is almost identical, the resultant chips have
many differences. One parameter is the size of the L2 cache, which can vary by a

factor of 16.
©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
et ATON 4,12 1: The ARM Cortex-A53 pipeline design.
1) For nonbranch, integer instructions, ]
the pipeline has __ stages.
8
10
2) Anincorrect branch prediction results D
ina -clock cycle misprediction
penalty.
© 8
() 256
3) ___ hazards arise only when D
branches are mispredicted.
() Functional
) Control

The Intel Core i7 6700

x86 microprocessors employ sophisticated pipelining approaches, using both dynamic multiple
issue and dynamic pipeline scheduling with out-of-order execution and speculation for its 14-stage
pipeline. These processors, however, are still faced with the challenge of |mplement|ng the complex
x86 instruction set, described in Chapter 2. Intel fetches x86 instiUCHGRSS ?ﬁiﬁﬁ%&%ﬁ t%lgnﬁ%lt‘o
internal MIPS-like instructions, which Intel calls micro-operations. The-microsoperationsarsthen
executed by a sophisticated, dynamically scheduled, speculative pipeline capable of sustaining an
execution rate of up to six micro-operations per clock cycle. This section focuses on that micro-
operation pipeline.

When we consider the design of sophisticated, dynamically scheduled processors, the design of
the functional units, the cache and register file, instruction issue, and overall pipeline control
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become intermingled, making it difficult to separate the datapath from the pipeline. Because of this
interdependence, many engineers and researchers have adopted the term microarchitecture to
refer to the detailed internal architecture of a processor.

The Intel Core i7 uses a scheme for resolving antidependences and incorrect speculation that uses
a reorder buffer together with register renaming. Register renaming explicitly renames the
architectural registers in a processor (16 in the case of the 64-bit version of the x86 architecture)
to a larger set of physical registers. The Core i7 uses register ren@mipPts Farisyes 23:10 2475274
antidependences. Register renaming requires the processor to maint@i@@Eﬁg@e % ﬁé@%ﬁg
architectural registers and the physical registers, indicating which physical register is the most
current copy of an architectural register. By keeping track of the renamings that have occurred,
register renaming offers another approach to recovery in the event of incorrect speculation: simply
undo the mappings that have occurred since the first incorrectly speculated instruction. This will
cause the state of the processor to return to the last correctly executed instruction, keeping the

correct mapping between the architectural and physical registers.

Figure 4.78 shows the overall structure of the i7 pipeline. We will examine the pipeline by starting
with instruction fetch and continuing on to instruction commit, following eight steps labeled in the
figure.

1. Instruction fetch—The processor uses a sophisticated multilevel branch predictor to achieve
a balance between speed and prediction accuracy. There is also a return address stack to
speed up function return. Mispredictions cause a penalty of about 17 cycles. Using the
predicted address, the instruction fetch unit fetches 16 bytes from the instruction cache.

2. The 16 bytes are placed in the predecode instruction buffer—The predecode stage also
breaks the 16 bytes into individual x86 instructions. This predecode is nontrivial because the
length of an x86 instruction can be from 1 to 17 bytes and the predecoder must look through
a number of bytes before it knows the instruction length. Individual x86 instructions are
placed into the instruction queue.

3. Micro-op decode—Three of the decoders handle x86 instructions that translate directly into
one micro-operation (micro-op). For x86 instructions that have more complex semantics,
there is a microcode engine that is used to produce the micro-operation sequence; it can
produce up to four micro-operations every cycle and continues until the necessary micro-
operation sequence has been generated. The micro-operations are placed according to the
order of the x86 instructions in the 64-entry micro-operation buffer.

4. The micro-operation buffer preforms loop stream detection—If there is a small sequence of
instructions (less than 64 instructions) that comprises a Iogé,yt o@%@é’gﬁ%ﬁ%&&%?%ﬁ
find the loop and directly issue the micro-operations from the buffér-elifinating théeed for
the instruction fetch and instruction decode stages to be activated

5. Perform the basic instruction issue—Looking up the register location in the register tables,
renaming the registers, allocating a reorder buffer entry, and fetching any results from the
registers or reorder buffer before sending the micro-operations to the reservation stations. Up
to four micro-operations can be processed every clock cycle; they are assigned the next
available reorder buffer entries.
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6. The i7 uses a centralized reservation station shared by six functional units. Up to six micro-
operations may be dispatched to the functional units every clock cycle.

7. The individual function units execute the micro-operations, and then results are sent back to
any waiting reservation station as well as to the register retirement unit, where they will
update the register state once it is known that the instruction is no longer speculative. The
entry corresponding to the instruction in the reorder buffer is marked as complete.

8. When one or more instructions at the head of the reorder b@g@%%%?ﬁ%?i@%??ﬁjfﬁszm
complete, the pending writes in the register retirement unit are executédyeamdithe instructions
are removed from the reorder buffer. FIUEEL4709CSpring2025

Figure 4.12.5: The Intel Core i7 pipeline structure shown with the memory
system components. The total pipeline depth is 14 stages, with branch
mispredictions typically costing 17 cycles, with the extra few cycles likely
due to the time to reset the branch predictor (COD Figure 4.78).

This design can buffer 72 loads and 56 stores. The six independent functional units can
each begin execution of a ready micro-operation in the same cycle. Up to four micro-
operations can be processed in the register renaming table. The first i7 processor was
introduced in 2008; the i7 6700 is the sixth generation. The basic structure of the i7 is
similar, but successive generations have enhanced performance by changing cache
strategies (Chapter 5), increasing memory bandwidth, expanding the number of
instructions in flight, enhancing branch prediction, and improving graphics support. (From
Hennessy JL, Patterson DA: Computer architecture: A quantitative approach, ed 6,
Cambridge MA, 2018, Morgan Kaufmann.)
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1 1 ' 1 ' 1
ALU ALU Load Store Store ALU
shift shift address | |address data shift
1 1 |
SSE SSE ! | ! SSE
shuffle shuffle Memory order buffer shuffle
ALU ALU (72 load; 56 stores pending) ALU
1 1 1
128-bit | | 128-bit Store  ©2zyBooks! 5123:10 2475274
7 > FIU GSpring2025
]
1536-Entry unified |~ | 64-Entry data TLB || 32-KB dual-ported data 256 KB unified |12
L2 TLB (12-way) {-=|(4-way associative) [ | cache (8-way associative) cache (4-way)
14
8 MB all core shared and inclusive L3 Uncore arbiter (handles scheduling and
cache (16-way associative) - clock/power state differences)

Elaboration

Hardware in the second and fourth steps can combine or fuse operations together to
reduce the number of operations that must be performed. Macro-op fusion in the
second step takes x86 instruction combinations, such as compare followed by a
branch, and fuses them into a single operation. Microfusion in the fourth step
combines micro-operation pairs such as load/ALU operation and ALU operation/store
and issues them to a single reservation station (where they can still issue
independently), thus increasing the usage of the buffer. In a study of the Intel Core
architecture, which also incorporated microfusion and macrofusion, Bird et al. [2007]
discovered that microfusion had little impact on performance, while macrofusion
appears to have a modest positive impact on integer performance and little impact on
floating-point performance.

©zyBooks 05/16/25 23:10 2475274

Figure 4.12.6: The CPI for the SPECCPUINt2006 benchmarksor the,id.s
6700. The data in this section were collected by Professor Lu Peng and PhD

student Qun Liu, both of Louisiana State University (COD Figure 4.79).

(Adapted from hennessy JL., Patterson DA: Computer architecture: A quantitative
approach, ed 6, Cambridge MA, 2018, Morgan Kaufmann.)
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PARTICIPATION L .
ACTIVITY 4.12.2: Intel Core i7 pipeline design.
1) The instruction fetch unit fetches 16 D
bytes from the instruction cache.
) True
() False
2) The loop stream detection buffer D

identifies a loop in a sequence of x86
instructions and directly issues micro-
operations from the buffer that
correspond to the loop.

) True
() False
3) Upto 6 micro operations can be D
issued to the functional units from the

central reservation system per clock
cycle.

O True ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
© False FIUEEL4709CSpring2025

Performance of the i7
Because of the presence of aggressive speculation, it is difficult to accurately attribute the gap

between idealized performance and actual performance. The extensive queues and buffers on the
6700 reduce the probability of stalls because of a lack of reservation stations, renaming registers,
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or reorder buffers significantly.

Thus, most losses come either from branch mispredicts or cache misses. The cost of a branch
mispredict is 17 cycles, whereas the cost of an L1 miss is about 10 cycles (Chapter 5). An L2 miss
is slightly more than three times as costly as an L1 miss, and an L3 miss costs about 13 times
what an L1 miss costs (130-135 cycles). Although the processor will attempt to find alternative
instructions to execute during L2 and L3 misses, it is likely that some of the buffers will fill before a

miss completes, causing the processor to stop issuing instructidfgyBooks Oj/:]f’/zﬁf 102475274
aneim Il

Figure 4.79 shows the overall CPI for the 19 SPECCPUINt2006 benchrmafks-“THE @verage’CPI on the
i76700is 0.71. Figure 4.80 shows the misprediction rate of the branch predictors of the Intel i7
6700. The misprediction rates are roughly half of those for the A53 in Figure 4.76—the median is
2.3% vs 3.9% for SPEC2006--and the CPI is less than half: the median is 0.64 versus 1.36 for the
much more aggressive architecture. The clock rate is 3.4 GHz on the i7 versus up to 1.3 GHz for
the A53, so the average instruction time is 0.64 x 1/3.4 GHz = 0.18 ns versus 1.36 x 1/1.3 Ghz =
1.05 ns, or more than five times as fast. On the other hand, the i7 uses 200x as much power!

Figure 4.12.7: The misprediction rate for the integer SPECCPU2006
benchmarks on the Intel Core i7 6700 (COD Figure 4.80).

The misprediction rate is computed as the ratio of completed branches that are
mispredicted versus all completed branches. (Adapted from Hennessy JL, Patterson DA:
Computer architecture: A quantitative approach, ed 6, Cambridge MA, 2018, Morgan
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PARTICIPATION ) .
ACTIVITY 4.12.3: ARM Cortex-A53 vs. Intel Core i7.

Match the term to the processor type.
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1) Micro-operations D
(O ARM Cortex-A53
) Intel Core i7
) Both

2) Static in-order pipeline scheduling
©zyBooks 05/16/25 23:10 2475274
() ARM Cortex-A53 Jaheim Attri
FIUEEL4709CSpring2025
) Intel Core i7

() Both
3) 14-stage pipeline ]
(O ARM Cortex-A53
© Intel Core i7
) Both

4) Dynamic multiple issue ]
(O ARM Cortex-A53
O Intel Corei7
() Both

5) Predecode stage L]
(O ARM Cortex-A53
O Intel Core i7
) Both

6) Dynamic speculative pipeline G
scheduling

() ARM Cortex-A53
() Intel Core i7

() Both

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025

4.13 Going faster: Instruction-level parallelism
and matrix multiply

Returning to the DGEMM example from COD Chapter 3 (Arithmetic for Computers), we can see the
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impact of instruction level parallelism by unrolling the loop so that the multiple issue, out-of-order
execution processor has more instructions to work with. The figure below shows the unrolled
version of COD Figure 3.23 (Optimized C version of DGEMM using C intrinsics ...), which contains
the C intrinsics to produce the AVX instructions.

Figure 4.13.1: Optimized C version of DGEMM usmg C intrinsics to enerate

the AVX subword-parallel instructions for the x86 a

gﬂok305/16/2 02475274
oopuunaliing

create more opportunities for instruction-level parallel’%’r‘?ﬂﬁ@qﬁsﬁr@%ﬁ%s

4.87).

COD Figure 4.82 (The x86 assembly language for ...) shows the assembly language produced by t
compiler for the inner loop, which unrolls the three for-loop bodies to expose instruction level pare

{

O < o U w N

N N T T e e e e e T e e
H O W W oUW N R O

22 '}

#include <x86intrin.h>
#define UNROLL (4)

void dgemm (int n, double* A, double* B, double* C)

(int 1 = 0; i < n; 1+=UNROLL*8)
for (int j = 0; J < n; ++73){
_ m512d c[UNROLL];
for (int r=0;r<UNROLL; r++)
clr] = mm512 load pd(C+i+r*8+j*n); //[ UNROLL];

for( int k = 0; k < n; k++ )
{
~ m512d bb = mm512 broadcastsd pd( mm load sd(B+j*n+k))
for (int r=0; r<UNROLL; r++)
clr] = mm512 fmadd pd( mm512 load pd(A+n*k+r*8+1i), L

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
for (int r=0;r<UNROLL; r++) FIUEEL4709CSpring2025

~mm512 store pd(C+i+r*8+j*n, clr]);
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Like the unrolling example in COD Figure 4.71 (The unrolled and scheduled code ...) above, we are
going to unroll the loop 4 times. (We use the constant UNROLL in the C code to control the amount
of unrolling in case we want to try other values.) Rather than manually unrolling the loop in C by
making 4 copies of each of the intrinsics in COD Figure 3.23 (Optimized C version of DGEMM using
C intrinsics ...), we can rely on the gcc compiler to do the unrolling at —03 optimization. We
surround each intrinsic with a simple for loop that 4 iterations (lines 9, 15, and 19) and replace the

scalar c0 in COD Figure 3.23 (Optimized C version of DGEMM using &, it ingies,s4 withoar475274
element array c[] (lines 8,10, 16, and 20).

Jaheim Attri
FIUEEL4709CSpring2025

The figure below shows the assembly language output of the unrolled code. As expected, in the
figure below there are 4 versions of each of the AVX instructions in COD Figure 3.24 (The x86
assembly language for the body of the nested loops ...), with one exception. We only need 1 copy of
the vbroadcastsd instruction, since we can use the eight copies of the B element in register
%zmm0 repeatedly throughout the loop. Thus, the 4 AVX instructions in COD Figure 3.24 (The x86
assembly language for the body of the nested loops ...) become 13 in the figure below, and the 7
integer instructions appear in both, although the constants and addressing changes to account for
the unrolling. Hence, despite unrolling 4 times, the number of instructions in the body of the loop
only doubles: from 11 to 20.

Figure 4.13.2: The x86 assembly language for the body of the nested loops
generated by compiling the unrolled C code in the figure above (COD Figure

4.82).

vmovapd

mov

XOr

vmovapd
vmovapd
vmovapd
vbroadcastsd
add
vimadd231pd
vimadd231pd
vimadd231pd
vimadd231pd
add

cmp

0 J o U W DN B

e e e e
O B W N P O W

jne
add

I
()}
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(%rl1ll), $zmm4

$rbx, $rcx

$eax, $eax

0x20(%rll), $zmm3

0x40 (%rll), $zmm?2

0x60 (%rll), 3zmml
(%rax, %$r8,8), 3zmm0
$0x8, $rax
($rcx) , $zmmO, $zmm4
0x20 (%rcx), 3zmm0, $zmm3
0x40 (%rcx), szmm0, $zmm2
0x60 (%rcx), 3zmm0, $zmml
%r9, srcx

%rl10, Srax

50 <dgemm+0x50>

$0x1, %esi

S oS S S S S = S S S S Sk S S S e

Load 8 elements of C into ¢

register %rcx = %rbx
register %eax = 0

of C
of C
of C

Make 8 copies of B

C
=

Load 8 elements into

Load 8 elements into

¢
T

Load 8 elements into
element

register %rax = %rax + 8

Pargdobed 0mdé/2% 2dd razmml,
Parallel HeIMAREA $zmm0, ¢
FIUEEL4709CSpring2025
Parallel mul & add %zmmO,
Parallel mul & add %$zmmO, ¢
register %rcx = S$rcx
srl0 to

Jump if not %rlo0

compare srax

= $rax

o)

register %

o)

esi = % esi + 1
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17 vmovapd zmm4, (%rll) # Store %$zmm4 into 8 C elemer
18 vmovapd $zmm3, 0x20(%rll) # Store %$zmm3 into 8 C elemer
19 vmovapd Szmm2, O0x40(%rll) # Store %zmm2 into 8 C elemer
20 vmovapd $zmml, O0x60(%rll) # Store %$zmml into 8 C elemer

Unrolling nearly doubles performance. Optimizations for subword paraltelisml anh 23:10 7§/5274
. . . . Jaheim Attri
instruction level parallelism result in an overall speedup of 14.8 Ve"SHéﬁJ%‘EEr‘_M(JgCSprin

DGEMM in COD Figure 3.21. Compared to the Python version in COD Chapter 1, it

is 4600 times as fast.

PARALLELISM

Elaboration

There are no pipeline stalls despite the reuse of register %zmmb5 in lines 9 to 12 COD
Figure 4.82 (The x86 assembly language for the body of the nested loops ...) because
the Intel Core i7 pipeline renames the registers.

Z?;IT\',(I:T':’,ATION 4.13.1: Check yourself: Intel Core i7 characteristics.
1) The Intel Core i7 uses a multiple-issue G

pipeline to directly execute x86
instructions.

) True
() False

2) Both the A53 and the Core i7 use D
dynamic multiple issue.
O True

() False ©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

3) The Core i7 microarchitecture has FIUEEL4709CSpring2025 G
many more registers than the x86
requires.

) True
() False

4) The Intel Core i7 uses less than half D
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the pipeline stages of the earlier Intel
Pentium 4 Prescott (see COD Figure
4.73 (Record of Intel Microprocessors
in terms of pipeline complexity,
number of cores, and power)).

) True

O Fal ©zyBooks 05/16/25 23:10 2475274
alse Jaheim Attri
FIUEEL4709CSpring2025

Zﬁ:IT\',fT'sATION 4.13.2: Going faster: Instruction-level parallelism and matrix multiply. L

1) By how much does the variable i
advance for each iteration of the for
loop in line 6 of the optimized C
version of DGEMM?

©8
16
32

2) How many vbroadcastsd instructions D
are present in the x86 assembly
language code?

O 1
O 4
© 8

4.14 Advanced topic: An intro to digital design
using a hardware design language to describe
and mOdel a pipeline ©zyBooks Ojsa/:]g/r?ﬁt?,rsim 2475274

FIUEEL4709CSpring2025

This section covers hardware description languages and then gives a dozen examples of pipeline
diagrams.

As mentioned in COD Appendix C (Graphics and Computing GPUs), Verilog can describe
processors for simulation or with the intention that the Verilog specification be synthesized. To
achieve acceptable synthesis results in size and speed, a behavioral specification intended for
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synthesis must carefully delineate the highly combinational portions of the design, such as a
datapath, from the control. The datapath can then be synthesized using available libraries. A
Verilog specification intended for synthesis is usually longer and more complex.

We start with a behavioral model of the 5-stage pipeline. To illustrate the dichotomy between
behavioral and synthesizable designs, we then give two Verilog descriptions of a multiple-cycle-per-

instruction MIPS processor: one intended solely for simulations and one suitable for synthesis.
©zyBooks 05/16/25 23:10 2475274

Using Verilog for behavioral specification with simulationFﬁggiﬁ%}%@gﬁ%eﬂpjpeline

The figure below shows a Verilog behavioral description of the pipeline that handles ALU
instructions as well as loads and stores. It does not accommodate branches (even incorrectly!),
which we postpone including until later in the chapter.

Figure 4.14.1: A Verilog behavorial model for the MIPS five-stage pipeline,
ignoring branch and data hazards (COD Figure e4.14.1).

As in the design earlier in COD Chapter 4 (The Processor), we use separate instruction and
data memories, which would be implemented using separate caches as we describe in
COD Chapter 5 (Large and Fast: Exploiting Memory Hierarchy).

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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module CPU (clock);
// Instruction opcodes
parameter LW 6'b100011,
SW 6'b101011,
BEQ = 6'b000100,
no-op = 32'b00000_ 100000,
ALUop 6'b0;

input clock; ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
reg[31:0] PC, Regs[0:31], IMemory[0:1023], DMemorym%E%Q%%égcé’”ngzozs

separate memories

IFIDIR, IDEXA, IDEXB, IDEXIR, EXMEMIR, EXMEMB, //
pipeline registers
EXMEMALUOut, MEMWBValue, MEMWBIR; //
pipeline registers
wire [4:0] IDEXrs, IDEXrt, EXMEMrd, MEMWBrd, MEMWBrt; //
Access register fields
wire [5:0] EXMEMop, MEMWBop, IDEXop; //
Access opcodes
wire [31:0] Ain, Bin; // the

ALU inputs

// These assignments define fields from the pipeline registers

assign IDEXrs = IDEXIR[25:21]; // rs field

assign IDEXrt = IDEXIR[20:16]; // rt field

assign EXMEMrd = EXMEMIR[15:11]; // rd field

assign MEMWBrd = MEMWBIR[15:11]; // rd field

assign MEMWBrt = MEMWBIR[20:16]; // rt field--used for

loads

assign EXMEMop = EXMEMIR[31:26]; // the opcode

assign MEMWBop = MEMWBIR[31:26]; // the opcode

assign IDEXop = IDEXIR[31:26]; // the opcode

// Inputs to the ALU come directly from the ID/EX pipeline registers

assign Ain = IDEXA;

assign Bin = IDEXB;

reg [5:0] i; // used to initialize
registers

initial begin

PC = 0O;

IFIDIR = no-op;

IDEXIR = no-op;

EXMEMIR = no-op;

MEMWBIR = no-op; // put no-ops in pipeline
registers ©zyBooks 05/16/25 23:10 2475274

Jaheim Attri
//initialize registers--just so they aren't caresF|UEEL4709CSpring2025

for (1 = 0; 1 <= 31; 1 =1 + 1)
Regs[i] = 1i;
end

always @ (posedge clock) begin
// Remember that ALL these actions happen every pipe stage and with
// the use of <= they happen in parallel!
// first instruction in the pipeline is being fetched
IFIDIR <= IMemorvy[PC >> 2];
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PC <= PC + 4; // Fetch & increment PC

// second instruction in pipeline is fetching registers
IDEXA <= Regs[IFIDIR[25:21]];
IDEXB <= Regs|[IFIDIR[20:16]7; // get two registers
IDEXIR <= IFIDIR; // pass along IR--can
happen anywhere,
// since this affects

©zyBooks 05/16/25 23:10 2475274

// third instruction is doing address calculationH%@ £ éggéggkiiHES

if ((IDEXop == LW) | (IDEXop == SW)) // address
EXMEMALUOut <= IDEXA + {{16{IDEXIR[15]}}, IDEXIR[15:0]};

next stage only!

else if (IDEXop == ALUoOpP)
case (IDEXIRI[5:0]) // case for the various
R-type instructions
32: EXMEMALUOut <= Ain + Bin; // add operation
default: ; // other R-type
operations: subtract, SLT, etc.
endcase

EXMEMIR <= IDEXIR;
EXMEMB <= IDEXB; // pass along the IR & B
register

// Mem stage of pipeline
if (EXMEMop == ALUop)
MEMWBValue <= EXMEMALUOut; // pass along ALU

result

else if (EXMEMop == LW)
MEMWBValue <= DMemory[EXMEMALUOut >> 2];

else if (EXMEMop == SW)
DMemory [EXMEMALUOut >> 2] <= EXMEMB; // store

MEMWBIR <= EXMEMIR; // pass along IR

// the WB stage

if ((MEMWBop == ALUop) & (MEMWBrd != 0)) // update registers if
ALU operation and destination not 0
Regs [MEMWBrd] <= MEMWBValue; // ALU operation
else if ((EXMEMop == LW) & (MEMWBrt != 0)) // Update registers if
load
Regs [MEMWBrt] <= MEMWBValue; /& 2§BGoIEGH 1755 9B TtPF475274
0 Jaheim Attri
FIUEEL4709CSpring2025
end
endmodule

Because Verilog lacks the ability to define registers with named fields such as structures in C, we
use several independent registers for each pipeline register. We name these registers with a prefix
using the same convention; hence, IFIDIR is the IR portion of the IFID pipeline register.
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This version is a behavioral description not intended for synthesis. Instructions take the same
number of clock cycles as our hardware design, but the control is done in a simpler fashion by
repeatedly decoding fields of the instruction in each pipe stage. Because of this difference, the
instruction register (IR) is needed throughout the pipeline, and the entire IR is passed from pipe
stage to pipe stage. As you read the Verilog descriptions in this chapter, remember that the actions
in the always block all occur in parallel on every clock cycle. Since there are no blocking

assignments, the order of the events within the always block is @biFaN: 05/16/25 23:10 2475274
Jaheim Attri

Implementing forwarding in Verilog FIUEEL4709CSpring2025

To further extend the Verilog model, the figure below shows the addition of forwarding logic for the
case when the source and destination are ALU instructions. Neither load stalls nor branches are
handled; we will add these shortly. The changes from the earlier Verilog description are highlighted.

Figure 4.14.2: A behavioral definition of the five-stage MIPS pipeline with
bypassing to ALU operations and address calculations (COD Figure
e4.14.2).

The code added to the figure above to handle bypassing is highlighted. Because these
bypasses only require changing where the ALU inputs come from, the only changes
required are in the combinational logic responsible for selecting the ALU inputs.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri
FIUEEL4709CSpring2025
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module CPU (clock)
parameter LW =
Swo=

BEQ =

no-op =
ALUop =

input clock;

https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

6'b100011,
6'0101011,
6'5000100,
32'100000 100000,
6'00;

©z¥%%%K%% /16/25222()2475274

reg([31:0] PC, Regs[0:31], IMemory[0:1023], DMemo é%%”n/“
separate memories FIUEEL4709CSpring2025
IFIDIR, IDEXA, IDEXB, IDEXIR, EXMEMIR, EXMEMB,
pipeline registers
EXMEMALUOut, MEMWBValue, MEMWBIR; //

pipeline registers

wire [4:0] IDEXrs, IDEXrt, EXMEMrd, MEMWBrd, MEMWBrt; //
hold register fields

wire [5:0] EXMEMop, MEMWBop, IDEXop; //
Hold opcodes

wire [31:0] Ain, Bin;

// declare the bypass signals
wire bypassAfromMEM, bypassAfromALUinWB, bypassBfromMEM,
bypassBfromALUinWR,
bypassAfromLWinWB, bypassBfromLWinWB;

assign IDEXrs = IDEXIR[25:217;
assign IDEXrt = IDEXIR[15:117];
assign EXMEMrd = EXMEMIR[15:11
assign MEMWBrd = MEMWBIR

25:20

]

[20 ]
assign EXMEMop = EXMEMIR[31:26];

assign MEMWBrt = MEMWBIR [ ]

]

assign MEMWBop
assign IDEXop

= MEMWBIR[31:26
= IDEXIR[31:26];

// The bypass to input A from the MEM stage for an ALU operation
assign bypassAfromMEM = (IDEXrs == EXMEMrd) & (IDEXrs != 0) & (EXMEMop
== ALUop); // yes, bypass

// The bypass to input B from the MEM stage for an ALU operation
assign bypassBfromMEM = (IDEXrt == EXMEMrd) & (IDEXrt != 0) & (EXMEMop
== ALUop) ; // ves, bypass

// The bypass to input A from the WB stage for an ALU operation
assign bypassAfromALUinWB = (IDEXrs == MEMWBrd) & (IDEXrs != 0) &
(MEMWBop == ALUop) ;
©zyBooks 05/16/25 23:10 2475274
// The bypass to input B from the WB stage for an ALU opelakirgmitiri
assign bypassBfromALUinWB = (IDEXrt == MEMWBrd) & (IPEXEL4Y76§903ping2025
(MEMWBop == ALUoOp) ;

// The bypass to input A from the WB stage for an LW operation
assign bypassAfromLWinWB = (IDEXrs == MEMWBIR[20:16]) & (IDEXrs != 0)
& (MEMWBop == LW) ;

// The bypass to input B from the WB stage for an LW operation
assign bypassBfromLWinWB = (IDEXrt == MEMWBIR[20:16]) & (IDEXrt != 0)
& (MEMWBop == LW) ;
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// The A input to the ALU is bypassed from MEM if there is a bypass
there,
// Otherwise from WB if there is a bypass there, and otherwise comes
from the IDEX register
assign Ain = bypassAfromMEM ? EXMEMALUOut
(bypassAfromALUinWB | bypassAfromLWinWB) ? MEMWBValue
IDEXA;

// The B input to the ALU is bypassed from MEM 1@23&%001(8 Of/:]g)/é‘r) %%102475274

there,
// Otherwise from WB if there is a bypass there, anéquggéﬁ%gchpngggozs
from the IDEX register
assign Bin = bypassBfromMEM ? EXMEMALUOut
(bypassBfromALUinWB | bypassBfromLWinWB) ? MEMWBValue

IDEXB;
reg [5:0] 1i; // used to initialize registers

initial begin

PC = O;

IFIDIR = no-op;

IDEXIR = no-op;

EXMEMIR = no-op;

MEMWBIR = no-op; // put no-ops in pipeline registers

// initialize registers—--just so they aren't cares
for (1 = 0;1 <= 31; i =1 + 1)
Regs[i] = 1i;
end

always @ (posedge clock) begin
// first instruction in the pipeline is being fetched
IFIDIR <= IMemory[PC >> 2];
PC <= PC + 4; // Fetch &
increment PC

// second instruction is in register fetch
IDEXA <= Regs[IFIDIR[25:21]];

IDEXB <= Regs|[IFIDIR[20:16]1; // get two
registers
IDEXIR <= IFIDIR; // pass along

IR--can happen anywhere,
// since this
affects next stage only!

// third instruction is doing address calcula@i§§oéyéé%%{gﬂ@gﬁ%tﬂf§ﬂ75274

if ((IDEXop == LW) | (IDEXop == SW)) J%ﬁ%ﬁﬁ%ﬁﬁl
calculation & copy B FIUEEL4709CSpring2025
EXMEMALUOut <= IDEXA + {{16{IDEXIR[15]}}, IDEXIR[15:01]1};
else if (IDEXop == ALUop)
case (IDEXIRI[5:0]) // case for the
various R-type instructions
32: EXMEMALUOut <= Ain + Bin; // add operation
default: ; // other R-type
operations: subtract, SLT, etc.
endcase
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