
Exceptions Multicycle Operations More ILP

Concepts Introduced

exceptions in a pipeline

multicycle operations

multiple issue pipelines

Exceptions Multicycle Operations More ILP

Exceptions

An exception or an interrupt is an event other than regular
transfers of control (branches, jumps, calls, returns) that
changes the normal �ow of instruction execution.

An exception refers to any unexpected change in control �ow
without distinguishing if the cause is internal or external.

An interrupt means that the event is externally caused.

type of event from where? MIPS terminology

I/O device request external interrupt

syscall internal exception

arithmetic overflow internal exception

page fault internal exception

undefined instruction internal exception

hardware malfunction either exception or interrupt
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Multiple Exceptions

Exceptions can occur in di�erent pipeline stages on di�erent
instructions.

Multiple exceptions can occur in the same clock cycle. The LW
could have a page fault in the MEM stage and the ADD could
have an integer over�ow in the EX stage (both in cycle 4).

Exceptions could occur out of order. The AND could have a
page fault in the IF stage (cycle 3) and the LW could have a
page fault in the MEM stage (cycle 4).

cycle 1 2 3  4 5 6 7 8

LW IF ID EX MEM WB
ADD IF ID EX MEM WB
AND IF ID EX MEM WB
SUB IF ID EX MEM WB
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Precise Exceptions

Supporting precise exceptions means that:

The exception addressed �rst is the one associated with the
instruction that entered the pipeline �rst.
The instructions that entered the pipeline previously are
allowed to complete.
The instruction with the exception and the ones that entered
the pipeline afterwards are �ushed.
The appropriate instruction can be restarted after the
exception is handled or the program can be terminated.
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Handling Exceptions

When an exception is detected, the machine:

Flushes the instructions from the pipeline that include the
instruction causing the exception and the ones that entered
the pipeline afterwards.
Stores the address of the instruction causing the exception in
the EPC (Exception Program Counter).
Begins fetching instructions at the address of the exception
handler routine.
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Datapath with Control to Handle Exceptions
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Handling an Arithmetic Exception in the Pipeline

The address after the add is saved in the EPC and �ush signals
cause control values in the pipeline registers to be cleared.

lw $16, 50($7) slt $15, $6, $7 add $1, $2, $1 or $13, . . . and $12, . . .

sw $26, 1000($0)

Clock 6
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bubble (nop) bubble bubble or $13, . . .
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Handling an Arithmetic Exception in the Pipeline (cont.)

Instructions are now converted to bubbles in the pipeline.

lw $16, 50($7) slt $15, $6, $7 add $1, $2, $1 or $13, . . . and $12, . . .

sw $26, 1000($0)
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Multiple Cycle Operations

Many arithmetic operations are traditionally performed in
multiple cycles.

integer and �oating-point multiplies
integer and �oating-point divides
�oating-point adds, subtracts, and conversions

Completing these operations in a single cycle would require a
longer clock cycle and/or much more logic in the units that
perform these operations.
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MIPS Pipeline with Three Additional FP Units

In this datapath the multicycle operations loop when they
reach the EX stage as these multicycle units are not pipelined.

Unpipelined multicycle units can lead to structural hazards.

EX

FP/integer

multiply

EX

Integer unit

EX

FP adder

EX

FP/integer

divider

IF ID MEM WB
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Example Functional Unit Latencies and Initiation Intervals

The latency is the minimum number of intervening cycles
between an instruction that produces a result and an
instruction that uses the result.

The initiation interval is the number of cycles that must elapse
between issuing two operations of a given type.C.5 Extending the MIPS Pipeline to Handle Multicycle Operations ■ C-53

zero stages for ALU operations and one stage for loads. The primary exception is
stores, which consume the value being stored 1 cycle later. Hence, the latency to
a store for the value being stored, but not for the base address register, will be
1 cycle less. Pipeline latency is essentially equal to 1 cycle less than the depth of
the execution pipeline, which is the number of stages from the EX stage to the
stage that produces the result. Thus, for the example pipeline just above, the
number of stages in an FP add is four, while the number of stages in an FP multi-
ply is seven. To achieve a higher clock rate, designers need to put fewer logic lev-
els in each pipe stage, which makes the number of pipe stages required for more
complex operations larger. The penalty for the faster clock rate is thus longer
latency for operations. 

The example pipeline structure in Figure C.34 allows up to four outstanding
FP adds, seven outstanding FP/integer multiplies, and one FP divide. Figure C.35
shows how this pipeline can be drawn by extending Figure C.33. The repeat
interval is implemented in Figure C.35 by adding additional pipeline stages,
which will be separated by additional pipeline registers. Because the units are
independent, we name the stages differently. The pipeline stages that take multi-
ple clock cycles, such as the divide unit, are further subdivided to show the
latency of those stages. Because they are not complete stages, only one operation
may be active. The pipeline structure can also be shown using the familiar dia-
grams from earlier in the appendix, as Figure C.36 shows for a set of independent
FP operations and FP loads and stores. Naturally, the longer latency of the FP
operations increases the frequency of RAW hazards and resultant stalls, as we will
see later in this section. 

The structure of the pipeline in Figure C.35 requires the introduction of the
additional pipeline registers (e.g., A1/A2, A2/A3, A3/A4) and the modification
of the connections to those registers. The ID/EX register must be expanded to
connect ID to EX, DIV, M1, and A1; we can refer to the portion of the register
associated with one of the next stages with the notation ID/EX, ID/DIV, ID/M1,
or ID/A1. The pipeline register between ID and all the other stages may be
thought of as logically separate registers and may, in fact, be implemented as sep-
arate registers. Because only one operation can be in a pipe stage at a time, the
control information can be associated with the register at the head of the stage. 

Functional unit Latency Initiation interval

Integer ALU 0 1

Data memory (integer and FP loads) 1 1

FP add 3 1

FP multiply (also integer multiply) 6 1

FP divide (also integer divide) 24 25

Figure C.34 Latencies and initiation intervals for functional units.
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A Pipeline Supporting Multiple Outstanding FP Operations

The multiplies, FP adds, and FP subtracts are pipelined.

Divides are not pipelined since this operation is used less often.

EX

M1

FP/integer multiply

Integer unit

FP adder

FP/integer divider

IF ID MEM WB

M2 M3 M4 M5 M6

A1 A2 A3 A4

M7

DIV
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Example Pipelining of Independent Multicycle Operations

There are no dependences, so there are no stalls.

The states in italics show where data is needed and the stages
in bold show where data is available.
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Hazards and Forwarding in Longer Latency Pipelines

There are a number of different aspects to the hazard detection and forwarding
for a pipeline like that shown in Figure C.35.

1. Because the divide unit is not fully pipelined, structural hazards can occur.
These will need to be detected and issuing instructions will need to be stalled. 

Figure C.35 A pipeline that supports multiple outstanding FP operations. The FP multiplier and adder are fully
pipelined and have a depth of seven and four stages, respectively. The FP divider is not pipelined, but requires 24
clock cycles to complete. The latency in instructions between the issue of an FP operation and the use of the result of
that operation without incurring a RAW stall is determined by the number of cycles spent in the execution stages.
For example, the fourth instruction after an FP add can use the result of the FP add. For integer ALU operations, the
depth of the execution pipeline is always one and the next instruction can use the results. 

MUL.D IF ID M1 M2 M3 M4 M5 M6 M7 MEM WB

ADD.D IF ID A1 A2 A3 A4 MEM WB

L.D IF ID EX MEM WB

S.D IF ID EX MEM WB

Figure C.36 The pipeline timing of a set of independent FP operations. The stages in italics show where data are
needed, while the stages in bold show where a result is available. The ”.D” extension on the instruction mnemonic
indicates double-precision (64-bit) floating-point operations. FP loads and stores use a 64-bit path to memory so
that the pipelining timing is just like an integer load or store.
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Complications Due to Multiple Cycle Operations

Stalls for RAW hazards will be more frequent.

The longer the pipeline, the more complicated the stall and
forwarding logic becomes.

Structural hazards can occur when multicycle operations are
not fully pipelined.

Multiple instructions can attempt to write to the FP register
�le in a single cycle.

WAW hazards are possible since instructions may not reach the
WB stage in order.

Out of order completion may cause problems with exceptions.
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FP Code Sequence Showing Stalls from RAW Hazards

The multiply is stalled due to a load delay.

The add and store are stalled due to RAW FP hazards.

C.5 Extending the MIPS Pipeline to Handle Multicycle Operations ■ C-55

2. Because the instructions have varying running times, the number of register
writes required in a cycle can be larger than 1.

3. Write after write (WAW) hazards are possible, since instructions no longer
reach WB in order. Note that write after read (WAR) hazards are not possible,
since the register reads always occur in ID.

4. Instructions can complete in a different order than they were issued, causing
problems with exceptions; we deal with this in the next subsection. 

5. Because of longer latency of operations, stalls for RAW hazards will be more
frequent.

The increase in stalls arising from longer operation latencies is fundamentally the
same as that for the integer pipeline. Before describing the new problems that
arise in this FP pipeline and looking at solutions, let’s examine the potential
impact of RAW hazards. Figure C.37 shows a typical FP code sequence and the
resultant stalls. At the end of this section, we’ll examine the performance of this
FP pipeline for our SPEC subset.

Now look at the problems arising from writes, described as (2) and (3) in the
earlier list. If we assume that the FP register file has one write port, sequences of FP
operations, as well as an FP load together with FP operations, can cause conflicts
for the register write port. Consider the pipeline sequence shown in Figure C.38. In
clock cycle 11, all three instructions will reach WB and want to write the register
file. With only a single register file write port, the processor must serialize the
instruction completion. This single register port represents a structural hazard. We
could increase the number of write ports to solve this, but that solution may be
unattractive since the additional write ports would be used only rarely. This is
because the maximum steady-state number of write ports needed is 1. Instead, we
choose to detect and enforce access to the write port as a structural hazard.

There are two different ways to implement this interlock. The first is to track
the use of the write port in the ID stage and to stall an instruction before it issues,

Clock cycle number

Instruction 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

L.D F4,0(R2) IF ID EX MEM WB

MUL.D F0,F4,F6 IF ID Stall M1 M2 M3 M4 M5 M6 M7 MEM WB

ADD.D F2,F0,F8 IF Stall ID Stall Stall Stall Stall Stall Stall A1 A2 A3 A4 MEM WB

S.D F2,0(R2) IF Stall Stall Stall Stall Stall Stall ID EX Stall Stall Stall MEM

Figure C.37 A typical FP code sequence showing the stalls arising from RAW hazards. The longer pipeline sub-
stantially raises the frequency of stalls versus the shallower integer pipeline. Each instruction in this sequence is
dependent on the previous and proceeds as soon as data are available, which assumes the pipeline has full bypass-
ing and forwarding. The S.D must be stalled an extra cycle so that its MEM does not conflict with the ADD.D. Extra
hardware could easily handle this case.

Evaluation copy. Do not copy or redistribute without prior permission from the publisher. 00071813FSU
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Multicycle Instructions Can Lead to WAW Hazards

In this example three instructions attempt to simultaneously
perform a write-back to the FP register �le in clock cycle 11,
which causes a WAW hazard due to a single FP register �le
write port.

Out of order completion can also lead to imprecise exceptions.
C-56 ■ Appendix C Pipelining: Basic and Intermediate Concepts

just as we would for any other structural hazard. Tracking the use of the write
port can be done with a shift register that indicates when already-issued instruc-
tions will use the register file. If the instruction in ID needs to use the register file
at the same time as an instruction already issued, the instruction in ID is stalled
for a cycle. On each clock the reservation register is shifted 1 bit. This implemen-
tation has an advantage: It maintains the property that all interlock detection and
stall insertion occurs in the ID stage. The cost is the addition of the shift register
and write conflict logic. We will assume this scheme throughout this section.

An alternative scheme is to stall a conflicting instruction when it tries to enter
either the MEM or WB stage. If we wait to stall the conflicting instructions until
they want to enter the MEM or WB stage, we can choose to stall either instruc-
tion. A simple, though sometimes suboptimal, heuristic is to give priority to the
unit with the longest latency, since that is the one most likely to have caused
another instruction to be stalled for a RAW hazard. The advantage of this scheme
is that it does not require us to detect the conflict until the entrance of the MEM
or WB stage, where it is easy to see. The disadvantage is that it complicates pipe-
line control, as stalls can now arise from two places. Notice that stalling before
entering MEM will cause the EX, A4, or M7 stage to be occupied, possibly forc-
ing the stall to trickle back in the pipeline. Likewise, stalling before WB would
cause MEM to back up.

Our other problem is the possibility of WAW hazards. To see that these exist,
consider the example in Figure C.38. If the L.D instruction were issued one cycle
earlier and had a destination of F2, then it would create a WAW hazard, because
it would write F2 one cycle earlier than the ADD.D. Note that this hazard only
occurs when the result of the ADD.D is overwritten without any instruction ever
using it! If there were a use of F2 between the ADD.D and the L.D, the pipeline
would need to be stalled for a RAW hazard, and the L.D would not issue until the

Clock cycle number

Instruction 1 2 3 4 5 6 7 8 9 10 11

MUL.D F0,F4,F6 IF ID M1 M2 M3 M4 M5 M6 M7 MEM WB

... IF ID EX MEM WB

... IF ID EX MEM WB

ADD.D F2,F4,F6 IF ID A1 A2 A3 A4 MEM WB

... IF ID EX MEM WB

... IF ID EX MEM WB

L.D F2,0(R2) IF ID EX MEM WB

Figure C.38 Three instructions want to perform a write-back to the FP register file simultaneously, as shown in
clock cycle 11. This is not the worst case, since an earlier divide in the FP unit could also finish on the same clock.
Note that although the MUL.D, ADD.D, and L.D all are in the MEM stage in clock cycle 10, only the L.D actually uses the
memory, so no structural hazard exists for MEM.

Evaluation copy. Do not copy or redistribute without prior permission from the publisher. 00071813FSU
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Faster Scalar Processors

superpipelining

Means more stages in the pipeline.
Lowers the cycle time.
Increases the number of pipeline stalls.

multiple issue

Means multiple instructions can simultaneously enter the
pipeline and advance to each stage during each cycle.
Lowers the cycles per instruction (CPI).
Increases the number of pipeline stalls.

dynamic scheduling

Allows instructions to be executed out of order when
instructions that previously entered the pipeline are stalled or
require additional cycles.
Allows for useful work during some instruction stalls.
Often increases cycle time and energy usage.
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MIPS R4000 Integer Pipeline

Below are the stages for the MIPS R4000 integer pipeline.
IF - �rst half of instruction fetch; PC selection occurs here
with the initiation of the IC access
IS - second half of instruction fetch; complete IC access
RF - instruction decode, register fetch, hazard checking, IC hit
detection
EX - e�ective address calculation, ALU operation, branch
target address calculation and condition evaluation
DF - �rst half of data cache access
DS - second half of data cache access
TC - tag check to determine if DC access was a hit
WB - write back for loads and register-register operations

IF IS

Instruction memory Reg A
L
U Data memory Reg

RF EX DF DS TC WB
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MIPS R4000 Integer Pipeline Load Delay

A two delay cycle is possible because the loaded value is
available at the end of the DS stage and can be forwarded.

If the tag check in the TC stage indicates a miss, then the
pipeline is backed up a cycle and the L1 DC miss is serviced.
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MIPS R4000 Integer Pipeline Load Delay (cont.)

A load instruction followed by an immediate use of the loaded
value results in a 2 cycle stall.
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DS. Figure C.43 shows the shorthand pipeline schedule when a use immediately
follows a load. It shows that forwarding is required for the result of a load
instruction to a destination that is 3 or 4 cycles later.  

Figure C.44 shows that the basic branch delay is 3 cycles, since the branch
condition is computed during EX. The MIPS architecture has a single-cycle
delayed branch. The R4000 uses a predicted-not-taken strategy for the remain-
ing 2 cycles of the branch delay. As Figure C.45 shows, untaken branches are
simply 1-cycle delayed branches, while taken branches have a 1-cycle delay
slot followed by 2 idle cycles. The instruction set provides a branch-likely
instruction, which we described earlier and which helps in filling the branch

 Clock number

Instruction number 1 2 3 4 5 6 7 8 9

LD R1,... IF IS RF EX DF DS TC WB

DADD R2,R1,... IF IS RF Stall Stall EX DF DS

DSUB R3,R1,... IF IS Stall Stall RF EX DF

OR R4,R1,... IF Stall Stall IS RF EX

Figure C.43 A load instruction followed by an immediate use results in a 2-cycle stall. Normal forwarding paths
can be used after 2 cycles, so the DADD and DSUB get the value by forwarding after the stall. The OR instruction gets
the value from the register file. Since the two instructions after the load could be independent and hence not stall,
the bypass can be to instructions that are 3 or 4 cycles after the load. 

Figure C.44 The basic branch delay is 3 cycles, since the condition evaluation is performed during EX.
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MIPS R4000 Integer Pipeline Branch Delay

The branch delay is 3 cycles since the condition evaluation is
performed during the EX stage.
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MIPS R4000 Integer Pipeline Branch Delay (cont.)

A taken branch on the MIPS R4000 has a 1 cycle delay slot
followed by a 2 cycle stall.

instruction 1 2 3  4 5 6 7 8 9 10 11 12

branch instruction IF IS RF EX DF DS TC WB

delay slot IF IS RF EX DF DS TC WB

branch instruction + 2 IF IS stall stall stall stall stall stall

branch instruction + 3 IF stall stall stall stall stall stall stall

branch target IF IS RF EX DF DS TC WB
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MIPS R4000 Integer Pipeline Branch Delay (cont.)

A not taken branch on the MIPS R4000 has just a 1 cycle
delay slot.

instruction 1 2 3  4 5 6 7  8 9 10 11

branch instruction IF IS RF EX DF DS TC WB

delay slot IF IS RF EX DF DS TC WB

branch instruction + 2 IF IS RF EX DF DS TC WB

branch instruction + 3 IF IS RF EX DF DS TC WB
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Superpipelined Example

Simple example using the MIPS pipeline.

cycle 1 2 3  4 5 6  7 8

lw $1,0($4) IF ID EX MEM WB

add $3,$1,$3 IF ID stall EX MEM WB

sub $7,$2,$3 IF stall ID EX MEM WB

How would these instructions proceed through the
superpipeline with the following pipeline stages?

cycle 1 2 3 4  5 6 7  8 9 10 11 12 13 14 15 16 17

lw $1,0($4) IF1 IF2 ID RF EX1 EX2 DC1 DC2 WB

add $3,$1,$3

sub $7,$2,$3
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Static Multiple Issue

In a static multiple-issue processor, the compiler has the
responsibility for arranging the sets of instructions that are
independent and can be fetched, decoded, and executed
together.
A static multiple-issue processor that simultaneously issues
several independent operations in a single wide instruction is
called a Very Long Instruction Word (VLIW) processor.
Below is an example static two-issue pipeline in operation.

Instruction type Pipe stages

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 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
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A Static Two-Issue Datapath

The additions needed for double-issue are highlighted in blue.
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Example of Scheduling Code for a Static Two-Issue MIPS

Original loop in C:
for (i = n-1; i != 0; i = i-1)

a[i] += s;

Original loop in MIPS assembly:
Loop: lw $t0,0($s1) # $t0 = a[i];

addu $t0,$t0,$s2 # $t0 += s;

sw $t0,0($s1) # a[i] = $t0;

addi $s1,$s1,-4 # i = i-1;

bne $s1,$zero,Loop # if (i!=0) goto Loop;

Code scheduled for a static two-issue MIPS processor.

ALU or branch instruction Data transfer instruction Clock cycle

Loop: lw $t0, 0($s1) 1

addi $s1,$s1,–4 2

addu $t0,$t0,$s2 3

bne $s1,$zero,Loop sw $t0, 4($s1) 4
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Loop Unrolling

Loop unrolling is a compiler optimization that makes multiple
copies of the body of a loop to reduce loop overhead and
provide more scheduling opportunities.

Original loop in C:
for (i = 0; i < n; i++)

a[i] += s;

Unrolled loop in C:
for (i = 0; i < n % 4; i++)

a[i] = b[i] + c[i];

for (; i < n; i++) {

a[i] = b[i] + c[i]; i++;

a[i] = b[i] + c[i]; i++;

a[i] = b[i] + c[i]; i++;

a[i] = b[i] + c[i];

}
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Loop Unrolling Example at the Assembly Level

# Original Loop # Unrolled Loop

Loop: lw $t0,0($s1) Loop: lw $t0,0($s1)

addu $t0,$t0,$s2 addu $t0,$t0,$s2

sw $t0,0($s1) sw $t0,0($s1)

addi $s1,$s1,-4 addi $s1,$s1,-4

bne $s1,$zero,Loop lw $t0,0($s1)

addu $t0,$t0,$s2

sw $t0,0($s1)

addi $s1,$s1,-4

lw $t0,0($s1)

addu $t0,$t0,$s2

sw $t0,0($s1)

addi $s1,$s1,-4

lw $t0,0($s1)

addu $t0,$t0,$s2

sw $t0,0($s1)

addi $s1,$s1,-4

bne $s1,$zero,Loop
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Loop Unrolling Example after Adjusting O�sets

Loop: lw $t0,0($s1)

addi $s1,$s1,-4

addi $s1,$s1,-4

addi $s1,$s1,-4

addi $s1,$s1,-4

addu $t0,$t0,$s2

sw $t0,16($s1)

lw $t0,12($s1)

addu $t0,$t0,$s2

sw $t0,12($s1)

lw $t0,8($s1)

addu $t0,$t0,$s2

sw $t0,8($s1)

lw $t0,4($s1)

addu $t0,$t0,$s2

sw $t0,4($s1)

bne $s1,$zero,Loop
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Loop Unrolling Example after Combining Add Instructions

Loop: lw $t0,0($s1)

addi $s1,$s1,-16

addu $t0,$t0,$s2

sw $t0,16($s1)

lw $t0,12($s1)

addu $t0,$t0,$s2

sw $t0,12($s1)

lw $t0,8($s1)

addu $t0,$t0,$s2

sw $t0,8($s1)

lw $t0,4($s1)

addu $t0,$t0,$s2

sw $t0,4($s1)

bne $s1,$zero,Loop
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Loop Unrolling Example after Renaming Registers

Loop: lw $t0,0($s1)

addi $s1,$s1,-16

addu $t0,$t0,$s2

sw $t0,16($s1)

lw $t1,12($s1)

addu $t1,$t1,$s2

sw $t1,12($s1)

lw $t2,8($s1)

addu $t2,$t2,$s2

sw $t2,8($s1)

lw $t3,4($s1)

addu $t3,$t3,$s2

sw $t3,4($s1)

bne $s1,$zero,Loop
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Loop Unrolling Example after Scheduling Instructions

Loop: lw $t0,0($s1)

addi $s1,$s1,-16

lw $t1,12($s1)

lw $t2,8($s1)

lw $t3,4($s1)

addu $t0,$t0,$s2

sw $t0,16($s1)

addu $t1,$t1,$s2

sw $t1,12($s1)

addu $t2,$t2,$s2

sw $t2,8($s1)

addu $t3,$t3,$s2

sw $t3,4($s1)

bne $s1,$zero,Loop
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Loop Unrolling Example after Two-Issue Scheduling

Below is the code for a two-issue MIPS, where the second
operation is used only for data transfer (load/store)
instructions.

Empty slots are noops.

ALU or branch instruction Data transfer instruction Clock cycle

Loop: addi $s1,$s1,–16 lw $t0, 0($s1) 1

lw $t1,12($s1) 2

addu $t0,$t0,$s2 lw $t2, 8($s1) 3

addu $t1,$t1,$s2 lw $t3, 4($s1) 4

addu $t2,$t2,$s2 sw $t0, 16($s1) 5

addu $t3,$t3,$s2 sw $t1,12($s1) 6

sw $t2, 8($s1) 7

bne $s1,$zero,Loop sw $t3, 4($s1) 8
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Dynamic Multiple-Issue Processors

Dynamic multiple-issue processors dynamically detect if
sequential instructions can be simultaneously issued in the
same cycle.

no data hazards (dependences)
no structural hazards
no control hazards

This type of processors are also known as superscalar.

One advantage of superscalar over static multiple-issue is that
code compiled for single issue will still be able to execute.
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Out-of-Order Execution Processors

Some processors are designed to execute instructions out of
order to perform useful work when a given instruction is
stalled.

The add is dependent on the lw, but the sub is independent.
lw $1,0($2)

add $3,$4,$1

sub $6,$4,$5

Out-of-order (OoO) or dynamically scheduled processors:

fetch and issue instructions in order
execute instructions out of order
commit results in order

Many OoO processors also support multi-issue to further
improve performance.
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Primary Units of a Dynamically Scheduled Pipeline

Instruction fetch

and decode unit

Reservation

station

Reservation

station

Reservation

station

Reservation

station

Integer Integer
Floating

point

Load-

store

Commit

unit

In-order issue

Out-of-order executeFunctional

units

In-order commit

. . .

. . .
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Changes in Intel Microprocessors

Due to thermal limitations, the clock rate has not increased in
recent years, which has led to fewer pipeline stages and the
adoption of multi-core processors.

Microprocessor Year Clock Rate

Pipeline 

Stages

Issue 

Width

Out-of-Order/ 

Speculation

Cores/ 

Chip Power

Intel 486 1989 25 MHz 5 1 No 1  5 W

Intel Pentium 1993 66 MHz 5 2 No 1  10 W

Intel Pentium Pro 1997 200 MHz 10 3 Yes 1  29 W

Intel Pentium 4 Willamette 2001 2000 MHz 22 3 Yes 1  75 W

Intel Pentium 4 Prescott 2004 3600 MHz 31 3 Yes 1  103 W

Intel Core 2006 2930 MHz 14 4 Yes

Yes

2  75 W

Intel Core i5 Nehalem 2010 3300 MHz 14 4 Yes 1 87 W

Intel Core i5 Ivy Bridge 2012 3400 MHz 14 4 8 77 W
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Speci�cations of an Embedded and Server Processor

Processor Intel Core i7 920ARM A8

Market

Thermal design power

Clock rate

Cores/Chip

Floating point?

Multiple Issue?

Peak instructions/clock cycle

Pipeline Stages

Pipeline schedule

Branch prediction

1st level caches / core

2nd level cache / core

3rd level cache (shared)

Personal Mobile Device

2 Watts

1 GHz

1

No

Dynamic

2

14

Static In-order

2-level

32 KiB I, 32 KiB D

128–1024 KiB

--

Server, Cloud

130 Watts

2.66 GHz

4

Yes

Dynamic

4

14

Dynamic Out-of-order with Speculation

2-level

32 KiB I, 32 KiB D

256 KiB

2–8 MiB
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Fallacies and Pitfalls

Fallacy: Pipelining is easy.

There are a lot of issues (forwarding, hazards, exceptions) to
handle.

Fallacy: Pipelining ideas can be implemented independent of
technology.

The delayed branch only made sense with a short pipeline.
Dynamic pipelining became more feasible as logic became
much faster than memory.

Pitfall: Failure to consider instruction set design can adversely
impact pipelining.

Variable length instructions and di�erent running times can
lead to imbalance among pipeline stages and complicate
hazard detection.
Complicated addressing modes complicates pipeline control.
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