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Semiconductor technology scaling provides faster and more to semiconductor technology scaling, and in part due to
plentiful transistors to build microprocessors, and applications jnnovations in computer architecture and accompanying
8\‘/’;{;‘\2?}; t?hg”}{;x},esd:rmggg dfgét?roﬁaptce":‘i’aelrfﬁ'n?'gOrF:i%‘r:gng’rS- software. Semiconductor technology scaling has resulted in
cessor that offers the performance needed by modern and future!arger numbers of smaller and faster tran.S|sto.rs. Innovations
applications is the role of computer architecture. This paper N comp_uter architecture have resulted in microprocessors
overviews some of the microarchitectural techniques that empower that achieve performance greater than what would have been
modern high-performance microprocessors. The techniques arepossible by technology scaling alone.
classified into: 1) techniques meant to increase the concurrency  There are two main reasons why architecture is instru-
in instruction processing, while maintaining the appearance of mental in boosting performance beyond technology scaling.

sequential processing and 2) techniques that exploit program _. L .
behavior. The first category includes pipelining, superscalar exe- First, technology scaling is often nonuniform. For example,

cution, out-of-order execution, register renaming, and techniques the technologies used to build processors are optimized for
to overlap memory-accessing instructions. The second categoryspeed, while the technologies used to build main memories
includes memory hierarchies, branch predictors, trace caches, are mostly optimized for density. Without the help of novel
and memory-dependence predictors. The paper also discussegyrchitectural techniques, a shrunk and hence faster version of
microarchitectural techniques likely to be used in future micro- a processor would simply spend most of its time waiting for

processors, including data value speculation and instruction reuse, . .
microarchitectures with multiple sequencers and thread-level the relatively slower memory. Second, technology scaling fa-

speculation, and microarchitectural techniques for tackling the Cilitates higher integration by allowing us to pack more tran-
problems of power consumption and reliability. sistors on a chip of the same size. These additional transis-

Keywords—Branch prediction, high-performance microproces- tors, in turn,.facilitate a'rchitectural innovatiqns that' would
sors, memory dependence speculation, microarchitecture, out-of-nNot be possible otherwise. Many of these innovations are
order execution, speculative execution, thread-level speculation. meant to increase the concurrency of instruction processing.
Thus, the techniques used to address the above two issues
can broadly be classified into two categories: 1) techniques
to deal with the mismatch created by nonuniform technology

Microprocessor performance has been doubling every scaling and 2) techniques to increase the concurrency in in-
year and a half for the past three decades, in part duestruction processing.

In this paper, we review some of the microarchitectural
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1 M=0 The processing of instructions can be overlapped via

sum=0 g loop: :g:&EM[a+ ” pipelining, which we dis_cuss in_ Sect_ion II-A. Further
fori=0to 10 1 10 =10 + r2 overlap can be achieved with techniquesifstruction-level
sum = sum + afi] 15 M=r1+1 parallelism (ILP) which we discuss in Section II-B. An
16 r3=r11=10 observation critical to parallel execution of a sequential
Iz if (3 == true) goto loop program is that the (sequential) semantics of a program define
(@ (b) what shouldhppearto take place when a program is executed
Fig. 1. (a) A simple loop calculating the sum of all ten elements of and not necessarily how instruction processing need take
arraya[-]. (b) Machine-code level implementation of this loop. Sum place internally. Since the only way an external entity (e.g., a

andi have been register allocated to registers r0 and r1, respectively. programmer) can determine whether an instruction has exe-

cuted is by inspecting the machine’s state, only updates to the
In Section Il, we present techniques to increase the con-machine state, and not the actual processing of instructions,
currency in instruction processing. In Section I1l, we discuss need to adhere to sequential execution semantics.
techniques that exploit regularities in program behavior. Sec-  The amount of parallel execution that can be achieved is
tion IV illustrates the use of the above techniques in a typical limited by the concurrency amongst the instructions available
modern high-performance processor. In Section V, we dis- for processing. The concurrency is limited by constraints that
cuss microarchitectural techniques that are likely to be found impose an ordering on instruction processing. Many microar-
in future microprocessors. chitectural techniques serve to increase concurrency by re-
laxing ordering constraints. (We mention these constraints

when we discuss the techniques used to relax them.)
Il. INCREASING CONCURRENCY IN INSTRUCTION

PROCESSING A. Pipelining

Many of the microarchitectural mechanisms found in a  Fig. 2(a) shows how instruction processing would proceed
modern microprocessor serve to increase the concurrency osequentially. As shown in Fig. 2(b), processing a single in-
instruction processing. To understand the rationale behindstruction involves a number of micro-operatioR#pelining
and progression of these techniques, let us begin with the in-overlaps the micro-operations required to execute different
cumbent model for specifying a program. instructions. Instruction processing proceeds in a number of

The most widespread model is tkequential execution  steps, opipeline stagesvhere the various micro-operations
model Consider, for example, the loop shown in Fig. 1(a), are executed. In the example of Fig. 2(c), instruction pro-

which calculates the sum of the elements of arrply This cessing proceeds into three steps: fetch, decode, and execu-
code is written with an assumption séquential execution  tion and the processing of 13, 14, and 15 is now patrtially over-
semanticsor simply sequential semantic§hat is, we as- lapped.

sume that statements will execute one after the other and in Even though instruction processing is overlapped, an
the order they appear in our program. For example, we expectexternal appearance of sequential execution is maintained.
that “sum = 0” will execute before $um = sum + a[0],” Specifically, at any given point in time the machine state
and that the latter will execute beforeuin = sum + a[1]" is such that it appears thatl instructions up to a specific
and so on. Consequently, when our code is translated into mapoint have been executed, whit@ne of the instructions
chine instructions as shown in Fig. 1(lsgquential seman-  that follow have been executed. For example, at paiint
ticsimplies that instructions have to execute sequentially, in Fig. 2(c), 14 has completed execution while I5 has been
program order: |11 executes before 12, while 13 of iteration 1 decoded and 16 has been fetched. As far as an outside
executes before I3 of iteration 2. observer is concerned, I5 and 16 have not been processed
The sequential execution model is an artifact of how com- since they have not updated any registers, memory or any
puters were implemented several decades ago. It is the in-other visible state.
cumbent model even today because itis simple to understand, With pipelining an instruction can be in two states:
reason about, and program. Moreover, it results in an unam-in-progress and committed In-progress instructions may
biguous and repeatable execution: repeated executions of thdave been fetched, decoded or performed some actions,
same program with the same initial state results in the samehowever, they have not made any changes to user-visible
state transitions. This property is critical to the engineering machine stateCommittednstructions have completed exe-
and debugging of both software and hardware. cution and made changes to machine state. As far as a user
Sequential instruction processing, however, is at odds with is concerned only committed instructions have executed;
high performance. To achieve high performance we need toin-progress instructions appear as if they have not been
overlap the processing of instructions, i.e., process multiple processed at all.
instructions in parallel. Many of the microarchitectural tech-  Pipelining improves instruction processing throughput,
niques, therefore, serve to: 1) allow overlapped and parallel but does not reduce the latency of instruction processing.
instruction processing, yet retain an external appearance ofin general, none of the techniques that attempt to overlap
sequential instruction processing and 2) increase availableinstruction processing reduce the latency of processing an
concurrency so that parallel and overlapped instruction pro- individual instruction; typically they sacrifice instruction
cessing can be achieved. processing latency for instruction processing throughput.
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Fig. 2. (a) Execution without pipelining. (b) Steps required for executing a single instruction.
(c) Execution with pipelining: the various execution steps of different instructions are overlapped.
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Fig. 3. Superscalar execution. 14 and 15 execute in parallel. 14 has to wait for 13 (since it requires
the value in r2). 16 has to wait for 14 as it needs the new value of r1 produced by 14.

Additional information about pipelining can be found in 1) Superscalar ExecutionConsider instructions 14 and

[19] and [29]. I5 of Fig. 1(b). Pipelining willpartially overlap their execu-
) ) tion. Superscalar executiogoes a step furtherompletely
B. Instruction Level Parallelism overlapping their execution as shown in Fig. 3. In other

The simple pipelining approach achieves some overlap inwords, 14 and IS5 execute iparallel. In general, super-
instruction processing, but allows only one instruction in any scalar execution allows the parallel execution of adjacent
phase of processing (e.g., decode). Moreover, instructions rednstructions when such execution does not violate program
main in their original program order as they flow through semantics. For example, we cannot execute 16 in parallel
the pipeline stages: instructions are decoded, executed, andvith 15 as 16 needs the result of I5.
write their results in program order. The techniques we de-  Superscalar execution and pipelining are orthogonal. We
scribe next attempt to further increase the concurrency of in- can build a superscalar engine that is not pipelined and vice
struction processing. Superscalar execution allows multiple versa and, of course, we can build a pipelined superscalar
instructions, that are adjacent in program order, to be in the engine.
same stage of processing simultaneously. Out-of-order exe- Superscalar execution requires additional hardware
cution allows instructions to bypass other instructions, and functionality. The first additional hardware requirement is
enter various stages of instruction processing (e.g., execu-a parallel decoder. Such a decoder needs to determine the
tion) in an order that is different from the original program dependence relationships amongst multiple instructions;
order. Speculative execution increases the available concurthis requires multiple comparisons between the source
rency by alleviating ordering constraints (e.g., control depen- operands of an instruction and the destination operands of
dences). The key in these approaches is to process instrucpreceding instructions being considered for parallel execu-
tions in an arbitrary order, but give the external appearancetion. Superscalar execution also requires sufficient execution
that they were processed sequentially. resources such as functional units, register read/write ports
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Fig. 4. Out-of-order execution: (a) 13 and 15 execute in parallel. 14 and 16 have to wait for I3 and 15
respectively. Nevertheless, 14 and 16 also execute in parallel. (b) Introducing a commit stage to
preserve sequential semantics.

and memory ports. Moreover, routing networks kypass Thus, if we chose to overlap only instructions whose execu-
pathg may be needed to route results among these resourcegtion was certain, we would typically only be able to overlap
Additional information can be found in [19] and [23]. the processing of five or six instructions at best. On the other
2) Out-of-Order Execution:As described, superscalar hand, a superscalar processor with dual instruction issue, and
execution can execute two or more instructions in parallel with a ten-stage processing pipeline would need to overlap
only if they appear consecutively in the program order. the processing of 20 instructions to keep the processing
Out-of-order execution relaxes this ordering constraint, pipeline full. To obtain this additional concurrency, we are
thereby increasing concurrency [2], [63], [64]. forced to look beyond branch instructions for additional
In our code of Fig. 1(b), out-of-order execution would instructions to process.
allow 15 to execute before 14 since I5 does not need a value Speculative execution allows instructions beyond
produced by I4. A possible execution order facilitated by branches (i.e., instructions whose execution status is uncer-
out-of-order execution is shown in Fig. 4. Instructions I3 tain) to be processed in parallel with other instructions. The
through 16 are now fetched and decoded in parallel. Immedi- concept is simple: predict the outcome of the branch and
ately after decode, I3 and 15 execute in parallel and 14 and 16 speculatively process instructions from the predicted path. If
wait for 13 and 15, respectively. They can execute in parallel the prediction was incorrect, make sure that the speculatively
once 13 and I5 generate their results. processed instructions are discarded and that they do not
Out-of-order execution can result in a violation of the se- update the machine state. Speculation can be carried out
quential semantics; therefore, additional effort is needed to past multiple branch instructions. (Later, in Section IlI-B,
ensure that the external appearance of sequential executiomve will see how program behavior can be exploited to make
is maintained. For example, at poiin Fig. 4(a), the ma-  accurate predictions on the outcomes of branches.)
chine state is inconsistent: 13 and 15 have executed and 14, an The above form of speculative execution is also known as
instruction in between 13 and 15, has not. This discrepancy control-speculative executipgince the speculation is on the
is of significance only if the machine’s state is inspected at outcome of a control (branch) instruction. It overcomes or-
point a. Mechanisms to give the external appearance of se-dering constraints due wontrol dependenceand is found
guential execution are discussed in Section II-B4. on all modern high-performance microprocessors. Later, we
3) Speculative ExecutionSo far, we focused on in-  discuss other forms of speculative execution that attempt to
creasing the overlap between instructions whose executionfurther increase concurrency by alleviating other ordering
is certain. Whether a block of instructions will be executed constraints.
or not is determined by the outcome of control instructions,  The hardware required to support speculative execution is
such agonditional branchinstructions. In typical programs,  very similar to the hardware required to support out-of-order
a branch instruction occurs every fifth or sixth instruction. execution [21]-[23], [44], [54], [58]. The role of this hard-
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ware is to maintain the external appearance of the sequentiabrder. If an exception occurs, we simply discard the ex-
semantics of the program. (Now we are not only processing cepting instruction and all other instructions that follow it in
instructions out of program order, but are also processing in- the reorder buffer.

structions that might never have to be processed in a sequen-  Maintaining Speculative and Architectural Statedp-

tial execution.) We discuss this hardware in the next section. dates to speculative state are done when an instruction com-
A point to note is that once hardware has been provided to pletes, while updates to the architectural state are done when
support control-speculative execution, the hardware can typ-an instruction commits. When exceptions or other interrup-
ically support other forms of speculative execution with min- tions occur, it is hecessary to discard the speculative state
imal changes. and resume execution using the architectural state. There-

4) Preserving Sequential Semanticto understand how  fore, what is needed is physical storage elements where the
sequential semantics can be preserved while permittingspeculative and architectural values can reside, and a means
a nonsequential instruction processing order, it is useful for distinguishing between architectural and nonarchitectural
to assume that instruction processing now proceeds invalues.
three phasesin-progress completed and committed An There are several ways of implementing this functionality.
instruction iscommittedwhen it has completed execution, We limit our discussion to the register state. One option is
made state changes and these chaagegsible to external to keep the speculative state in tle®rder buffer[54], [58].
observers. For example, in poiatof Fig. 4(a), I3 is com- When an instruction completes, the value is placed in a field
mitted. Acompletednstruction has also executed and made in the appropriate entry on the reorder buffer. When the in-
changes, however, these changesrarevisible to outside struction commits, the value is then written to the architec-
observers; they are visible only internally, e.g., to other tural register file. A second option istdstory-file method
instructions in progress. For example, in peirdf Fig. 4(a), [54]. Here a single machine state exists along with a log of
I5 is completed. The new value of rl is visible to 16 (not recent, yet-to-be-committed changes. As instructions com-
to 14 or 13) but is not visible to outside observers. State plete, they update the machine state. However, at the same
changes made by completed instructions are conditional;time a log record is kept holding the previous value of the
they may get committed if execution is not interrupted (e.g., registers being updated. These records are maintained in pro-
by an exception or by a misspeculation) or they may be gram order similarly to what was done for the reorder buffer.
discarded otherwise. Finallyn-progressinstructions may  When an instruction commits, no further action is necessary
have performed some actions but have not yet made anyand the corresponding log record is discarded. If an excep-
state changes. For example, in paindf Fig. 4(a), both 14 tion occurs, the log records are used to restore the architec-
and 16 are in-progress. tural machine state.

By allowing instructions to be processed in any convenient  The above solutions have distinct storage space for ar-
order, we can improve concurrency, and consequently per-chitectural and nonarchitectural values. Another option is
formance. Committing instructions in sequential order pre- to have a combined storage spacehgsical register file
serves sequential semantics. This is shown in Fig. 4(b). No-and useregister mapping tableto determine which phys-
tice that in pointa, only 13 has committed, while in poirit, ical registers contain architectural values, and which contain
all instructions have successfully committed. While 15 has nonarchitectural value. This requires a schemerégister
completed at poind, any related state changes will be hidden renaming[2], [17], [25], which we discuss next.
to an outside observer and will be discarded if an exception 5) Register Renaming—Facilitating Out-of-Order and
occurs. Consequently, as far as an external observer is conSpeculative ExecutionRegister renaming was originally

cerned, this machine adheres to sequential semantics. proposed to facilitate out-of-order execution, by overcoming
The preceding discussion alludes to the existence of two artificial dependence constraints for a machine with a
distinct machine states. The first is thechitectural state: limited number of registers [2], [64]. Today, it is used to also

the machine state as affected only by committed instructions.facilitate speculative execution. We introduce this concept
This state is visible to external observers and always adhereshy describing its original purpose.

to sequential semantics. The second isgpeculativestate. Consider the code snippet of Fig. 5 and inspect the var-
This state includes all updates done by both committed andious dependences that exist. Instruction 12 needs the value
completed instructions. produced by I1, and stored in register rl. Thereforgua

Allowing Out-of-Order Completes While Forcing In-  or read-after-writedependence exists between these instruc-
Order Commits: We now describe the actual mechanisms tions and they must execute in order (in Section V-A, we
that allow out-of-order completes while forcing in-order will relax this ordering). Instruction 13 does not read any of
commits. As instructions are fetched and decoded they arethe results produced by either 11 or 12. As described, out-of-
assigned a slot, in program order, at the tail of a queue-like order execution will not allow instruction I3 to execute be-
structure, the reorder buffer. When instructions complete fore 11 or 12 because |13 overwrites the value of r1 produced
execution, they set a flag in their assigned slot. Committing by 11 and read by I2. That is, 13 has awtputor write-
instructions is done by inspecting the state of the instruction after-write dependence with |1 and antidependencer
at the head of theeorder buffer If the instruction at the  write-after-read dependenoeith 12. Collectively, output-
head of the reorder buffer has completed execution, it canand antidependences are referred taréificial dependences
be committed. Thus, instructions are committed in program to distinguish them from true dependences. They are also

1564 PROCEEDINGS OF THE IEEE, VOL. 89, NO. 11, NOVEMBER 2001



Physical Regisier Flie

- mdd §l, 12, 10 1 dd ra, rb. 10 r rh
F, : T T T T T T 1
2-mpl rd, 11, 10 & mwl rc, Fm, 10 Lo Lot dedod
3 EJI]‘:I.:.I""E. o] 1: mdid ."f. i, 2} r“ir:ﬁl!m Hll'lr;mjﬂ'ﬂ Cnbike
4 sul 15, 11, 20 4: suh re, 1f, 20 mjcbjrejryoe
Free List
[T [rg Jrh]
() (b) (c)
Fhiyaical Register File Physical Regisier File Physical Register File
i - ] rh m th
1 . [ 1] | | i)l E [
HRegister Renaming Table Registir Renaniing Table Heglsier Renaming Tabie
| rs rl 5 rl ]
ri [ re Jrdl e (v Jrts [re frd g | l |rb e frd [r
Free List Free List Frec List
Iz r||_ '||| | [E[ml

(d) (e) ®

Fig. 5. Register renaming enhances our ability to extract instruction level parallelism. (a) Code with
false dependences. Instruction 3 has an antidependence with instruction 2 and an output dependence
with instruction 1 as it overwrites register r1. Without register renaming instructions will execute in
order since there can be only one value for r1 at any given time. (b) If we had infinite register names,
we could avoid false dependences. (c)—(f) Implementing register renaming. (c) After decoding
instructions 1 and 2 registers rl through r5 have been mapped to physical registers ra through re.
(d) Decoding instruction 3. We first look at the current mapping for register r4. Then, we rename rl
to a physical register from the free list. (¢) Decoding instruction 4. We find that now rl is mapped to
rf. Consequently, instruction 4 will read the r1 result produced by instruction 3 and not the one
produced by instruction 1. Correctness is maintained as instruction 1 and 2 can communicate using
physical register ra. We rename r5 to rg. (f) After committing instructions 1 and 2, we can release
ra. No other instruction will ever need the value of rl1 produced by instruction 1 as in the original
program it would have been overwritten by instruction 3.

calledname dependencesince they are a consequence of  Many schemes for register renaming exist. Acommon im-
reusing the same storage name; no dependence and cons@lementation of this method comprisephysical register
quently ordering constraint, would have arisen had a different file, a register renaming tablend afree physical register
register name been used every time we wrote a new resultlist, e.g., [17], [25]. Thephysical register fileprovides the
[see Fig. 5(b)]. storage for values. Thegister renaming tableontains the
Register renaming maps register names to various storagecurrent mapping of architectural register names to physical
locations andinthe process iteliminates false dependences. Ifegisters. The free list contains the names of those phys-
a processor with register renaming, there are (typically) more ical registers that are currently available for mapping. An
storage locations than there are architectural registers. Wherexample is shown in Fig. 5(c)—(e). Let us assume an initial
aninstructionis decoded, a storage location is assigned to holdstate immediately after instructions 11 and 12 have been de-
its result, and the destination register number is mapped tocoded. At this point, the architectural registers rl1 through r5
this storage location. At this point the target register has beenare mapped to physical registessthoughre, while the free
renamedo the assigned storage location. Subsequent refer-register list containsf throughrg. The register names for in-
ences to the target register are redirected to this storage locastructions 11 and 12 have been changed internally during de-
tion, until another instruction that writes to the same registeris code. This was done by accessing the register renaming table
decoded. Then, the register is renamed to another storage loto determine the current name assigned to each source reg-
cation. A previously mapped storage location can be reusedister operand. Also, new names were allocated for registers
once the previous value is no longer required. rl and r3, the targets of instructions 11 and 12 respectively.
Speculative execution creates another application for reg-Upon decoding instruction 13, the physical registers for its
ister renaming. With speculative execution we have nonspec-two input registers are located by accessing the register re-
ulative and speculative values residing in storage elements,name table [Fig. 5(d)]. Then, a new namfds allocated for
some of which will be committed to the architectural state its target register rl [Fig. 5(d)]. As a result, when instruction
while others will not. In addition, multiple values bound to 14 is decoded [Fig. 5(e)], it usa$ to communicate with in-
the same architectural register could be present, includingstruction 13. Eventually, when instruction 12 commits, phys-
nonspeculative and speculative values. Means are needed t@al registerra is returned to the free register list so that it can
direct a reference to a register to a particular storage elementpe reused [Fig. 5(f)]. (In practice, the condition for returning
this is the functionality provided by register renaming. a register to the free list is more stringent [25].)
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Maintaining sequential semantics is done by extending the instructions is more challenging: while register names are
existing mechanisms deployed for out-of-order execution: available in the instruction themselves, memory addresses
we treat changes to the register rename table and the freare calculated at run time. Consequently, we cannot inspect
list the same way we treat changes to register values. Regdoads and stores as they are fetched and decoded, and estab-
ister renaming decisions asempletedduring decode and lish dependence relationships before executing any instruc-
arecommittecbnly when the corresponding instruction com- tions. Rather, we have to wait until their addresses have been
mits. This can be done using slight variants of the schemescomputed. Once addresses have been computed, associative
described in Section II-B4. searches (for matching addresses) are required to determine

6) Overview of Instruction Processingdaving under- dependence relationships.
stood the goals of overlapped, superscalar, out-of-order, and The above discussion reveals some of the difficulty in pro-
speculative instruction processing, and the means to accom-<essing loads and stores. If we need to be sure that no depen-
plish the desired tasks, we now overview the processing of andence relationships are violated in a scheduling decision, an
instruction in a modern microprocessor. First,fetehan in- address-basedcheduler needs as input the addresses being
struction from memory. Then, we have to determine its input accessed by the all the loads and stores under consideration,
dependences and rename its target registers if any, a processnd it needs to compare these addresses with one another.
typically referred to aslecodeor dispatch Instructions are  This not only requires complex search hardware, it delays
then sent to holding stations ogservation stationsvhere the scheduling of loads until the addresses of all prior store
they wait for their input operands to become available. An instructions are known, e.g., [20], [39].
instruction whose input dependences have been satisfied is Recent approaches to scheduling loads propose the use of
deemedeadyfor execution. Subject to resource availability data dependence speculatimovercome the constraints for
(e.g., functional units or register file ports) a ready instruction address-based schedulers, as described above. Rather than
is selectedor execution. If selected, it can then commence wait for all prior addresses to be know, i.e., forathbiguous
execution, oissue When an instruction completes execution, or unknown memory dependendesbe resolved, a predic-
its result is broadcast to all waiting instructions. Instructions tion is made as to whether a load is going to be dependent
that are waiting for the value can copy it into the appropriate upon a prior store. If no dependence is predicted, the load
place. Checks are also made to see if the instruction can bes (speculatively) scheduled for execution. Later, checks are
woken up i.e., whether all its operands are available, and made to determine if the speculation was correct, with re-
thereby become ready for execution. After an instruction has covery actions initiated in case of incorrect speculation. As
been executed, it becomes a candidatedtring, at which mentioned earlier, the basic mechanisms to support control
point it is committedn program order. speculation can also support data dependence speculation

7) Overlapping Memory InstructionsSo far, we with little or no modifications. A review of relevant methods
have concentrated on instructions that operate on registercan be found in [39].
operands, and we discussed a progression of techniques for
increasing the overlap in processing such instructions. Load || ExpLoTING PROGRAM BEHAVIOR
and store instructions have memory operands. Techniques to . . ) ] ) ]
overlap the processing of loads and stores follow a similar  1h€ techniques described in the previous section allow in-
progression to the techniques described for nonmemoryS””Ct'o” processing to be p_erformed in a certain manner.
instructions. However, since loads and stores are typically However, additional mechanisms are needed to support the
only a third as frequent as other instructions, the progres- basic instruction processing methods. We discuss several of

sion of techniques for loads and stores typically lags the them in this section. The mechanisms we discuss exploit the
techniques for other instructions. fact that typical programs do not behave randomly. There are

uniformities and regularities that can be exploited.

Until the 1990s, most microprocessors executed load in- : . ; ; L
The microarchitectural mechanisms that we discuss in this

structions serially even though the processing of nonmemory . broadlv be classified | _ h
instructions was pipelined. Improving the overall instruction SE€ction can broadly be classified into two groups: 1) mech-
processing rate then demanded an improvement in the rate oftMISMS t0 bridge the gap created by disparate rates of im-

processing loads and stores, and microprocessors of the earlprovement for different parameters (e.g., logic and memory

1990s started to overlap the execution of loads and stores,SpeedS) and 2) mechanisms to support or enhance previously

in a manner similar to pipelining. To do so required the use describe_d concur_rent—pr_ocessing techniques_. Several_of the

of nonblockingor lockup-freecaches [30], [60]. More re- mechanls_ms_ qf this section _and those of Section II_are tightly

cently, microprocessors have felt the need to execute multiple €OUPI€d: individual mechanisms by themselves might not be

load/store operations simultaneously [1], [13], [20], similar ©f Practical use in a given design.

to superscalar execution. Next-generation microprocessors ] .

are feeling the need to execute load and store operations ouf:: Memory Hierarchies

of order, and speculatively [8], [28], [40]. 1) Cache Memory:To goal of a memory hierarchy is to
Techniques for the concurrent processing of load and storebridge the gap caused by the disparate rates of increase in

instructions, however, are more complicated than equivalentspeed between processor logic and memory.

technigues for nonmemory instructions. This is because es- Program memory demands have been increasing steadily:

tablishing dependence relationships amongst load and storéwo decades ago, a few kilobytes of memory were sufficient
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for i = 0 to 1000000 program  prefetcher

access b[100] access b[100]  access b[110]
afi]=bfi*10}* 10 w’“t' wait
,,é multiply by 10 »| multiply by 10
5| store to a[10] g store to a[10]
access b[110] accessb[110]  access b[120]
wait no wait!

@ (b) ©

Fig. 6. (a) A code with regular array accesses. (b) Memory access timing without prefetching.
Requests are not overlapped. (c) Prefetching requests the next array element while the previous
request is still in progress. Request processing is overlapped and as a result overall throughput is
increased. Notice that it still takes the same amount of time to fetch each individual array element.

to capture the memory footprint of most programs, today tens that programs will exhibit both temporal and spatial locality.
of megabytes are needed. This increase in memory demand i he basic concept was described in the 1960s [67], and there
likely to continue and poses a continuous performance chal-have been a number of improvements and alternate cache
lenge for two reasons: First, programs access memory at leastlesigns, e.g., [24], [52], [53].
once for every instruction executed (to get the instruction it-  What we have described is the simplest form af@mory
self) and twice if the instruction reads or writes memory data hierarchywhere a single level of caching exists in between the
(about one in every three instructions in most programs). processor and main memory. To compensate for the ever in-
Second, sufficiently large memories tend to be very slow. creasing difference in processor and memory speeds, modern
Today, a typical access time fora DRAM memory is 40-100 memory hierarchies consist of multiple caches, which are typ-
processor clock cycles. This speed differential coupled with ically organized linearly. Caches closer to the processor tend
the frequent need to access memory can impair performanceo be faster and for that smaller; a modern microprocessor typ-
forcing even a processor with highly concurrent instruction ically has two levels of cache memory on the processor chip.
processing to spend most of its time waiting for memory. Being the part of the memory hierarchy closest to the pro-
Sufficiently fast and large memories are unfortunately cessor, caches also provide a cost effective solution to sup-
either not feasible or extremely expensive. However, fast porting multiple simultaneous memory references [60].
but small memories are feasible and relatively inexpensive. 2) Stream Buffers and Hardware-Based Prefetch-
Cachingis a microarchitectural solution that approximates ing: Basic caches perform implicit prefetching by fetching
a large and fast memory using a small and fast one. A more data than that currently requested by the processor.
cacheis a fast and small memory placed in between the Other more explicit forms of prefetching have been proposed
processor and main memory. Initially, the cache is empty. and sometimes implemented in microprocessors. The basic
After the processor references an address, a copy of the datédea is illustrated in Fig. 6. Part (a) shows a loop accessing
as received from the slow main memory, is saved;amhed the elements of array b[] using a linear progression. As
in the cache. If the processor references the same addresshown in Fig. 6(b), without prefetching we first access one
later on, it would find that a copy resides in the cache (this element, wait until it is received and then access the second
is called acache hi} and get the data much faster without one and so on. With prefetching as shown in Fig. 6(c), a
having to access main memory. mechanism generates speculative requests for subsequent
Since the cache is much smaller than main memory, array elements. For example, while the main program ref-
cached addresses are eventually replaced with newly ref-erences b[100] the prefetching mechanism requests b[110],
erenced ones. For this reason, caches can reduce memorwhich is the next reference made to the data structure by the
access latency only when a program references an addresprogram. While individual requests take the same amount of
repeatedly and close enough in time so that it keeps finding time as before, overall performance is increased as multiple
it in the cache. Fortunately, most programs do exhibit this requests are overlapped.
kind of behavior, which is referred to asmporal locality Such techniques are very effective for numerical applica-
In addition, many programs exhib#patial locality That tions, applications that perform a large number of numer-
is, once they reference an address A, they soon referencécal computations over sizeable data structures which are
nearby addresses (e.g.#Al or A + 2). We can exploitthis  typically arrays. Many of these applications exhibit fairly
behavior by having cache entries (or blocks) hold multiple regular array accesses often accessing elements in a linear
consecutive memory addresses. Accessing any addres$ashion (e.g., a[1], a[2], a[3] and so on), a program behavior
within the block results in the transfer of the whole block that can be exploitedstream buffer@re hardware mecha-
from memory. Accordingly, a cache @efetchingdata in nisms that identify and exploit such access patterns to reduce
anticipation of future processor references. memory latency [24]. They observe the addresses generated
Caches improve performance by reducing thesrage by the program while it is executing, looking for addresses
time required to access memory data; some memory that differ by a constant, or stride. Upon identifying such
references are sped up, others are not. They are gis®-a  patterns, stream buffers inject accesses to subsequent array
diction-basednechanism since thegyuessalbeit implicitly, elements using a simple calculation method such as “pre-
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vious addresst stride” [10 in our example of Fig. 6(a)], counters have been used motivated by other commonly
e.g., [7], [41]. If and when the program makes a reference to occurring branch constructs [31].
that address, it can be accessed, with a low latency, from the Another class of predictors relies on pattern-detection and
stream buffer, or the cache. Other forms of prefetching use association. A simple pattern-based predictor works as fol-
heuristics such as prefetching multiple consecutive blocks onlows. A history-registerrecords directions as branches are
a miss [37], [53]. predicted. This is a shift register and it holds the Iast
branch directions (e.g., O for not taken and 1 for taken). Upon
encountering a branch, its PC and the contents of the history
register are used to index into a prediction table containing
In Section 1I-B3, we motivated the need for control-specu- a single bit per entry. This bit indicates what happened last
lative execution. Here, the outcome of a branch instruction is time the same combination of PC and past branch outcomes
predicted using a scheme foranch predictioninstructions  has been observed. In our loop example, such a predictor
are fetched from the predicted path, and executed speculawould associate the 9-bit history T...T with N (not taken).
tively while the branch execution progresses. The effective- It would also associate any of the remaining nine histories
ness of control-speculative execution is heavily influenced with 8 T and one N with T (taken). There is a variety of pat-
by the accuracy of the branch prediction, and the efficiency tern-based branch predictors each with its own advantages
of the mechanisms to fetch instructions from the predicted and disadvantages, e.g., [70]. For example, we could keep
path. Accordingly, these techniques have been studied extenseparate history registers per branch. This last point brings
sively, and a considerable amount of hardware in a modernus to another important innovation in branch predictimon;
microprocessor is expended to achieve accurate branch prerelation. The observation here is that different branches ex-

B. Branch Prediction

diction and instruction fetch. hibit correlated behavior. For example, if brandhs taken,
Branch prediction can be broken into two subtasks: Pre- then often branclB is also taken. Pattern-based predictors
dicting whether the branch will be taken, i.e., dsection can exploit this phenomenon improving accuracy [12], [42],

and predicting itsargetaddress, or where the branch points [62], [70], [71]. Pattern-based prediction can be generalized
to. These two issues are frequently studied separately, so wehy including other pieces of relevant information that pro-

also separate our discussion of them. vide a strong indication of the direction of the branch they
1) Predicting the Direction of BranchesOne class of  are associated with (e.g., the PC of preceding branches).
branch direction prediction methods relies siatic heuris- Some branch predictors work better than others for

tics. For example, we could always predict branches as takenspecific branches. Better overall results are possible by
This heuristic, though reasonably accurate, is not sufficient combining branch predictors [36]. For example, such a
to fulfill the requirement for a modern branch predictor. Ac- predictor may include a simple counter-based predictor,
cordingly, severallynamicprediction methods have beende- a pattern-based one and a predictor selector. To predict a
veloped and implemented. branch, all three predictors are accessed in parallel. The
Dynamic branch prediction methods observe branch out- predictor selector is used to select between the other two
comes as execution progresses and adapt their predictions agredictors. As execution progresses, the predictor selector
cordingly [12], [42], [55], [62], [70Q], [71]. The simplest pre- is updated to point to the most accurate of the other two
dictor of this kind uses lst-outcomepproach and guesses predictors on a per-branch basis.
that a branch will follow the same direction it did last time 2) Predicting the Target Addresdf a branch is predicted
we encountered it. It works by recording branch directions to be taken, we have to also predict where it goes to. This
(asingle bit is sufficient) in a table indexed by the address of is fairly straightforward for the majority of branches where
the branch instruction (the branch PC). Entries are allocatedthe target address is always the same {P@ffset). We can
as branches execute and are updated every time the correpredict such addresses using another PC-indexed table. Any
sponding branch executes again. This table is typically re- time a branch executes, its target address is recorded in this
ferred to as dranch prediction table branch target buffer (BTB)When predicting a branch, we
Further improvements exploitemporal biasesin in- can obtain the target address from the BTB (if the corre-
dividual branch behavior [55]. For example, if the loop sponding entry is present). In another variation of the BTB
of Fig. 1(a) is executed multiple times, 17 will exhibit a scheme, in addition to the target address some of the target
T...TNT...TN... pattern, where “T..T” is a sequence of instructions are also stored within the BTB. Recall, that ulti-
nine taken and N is a single not taken. The last-outcome mately what we care about is fetching the target instructions.
predictor will mispredict twice every time the NT sequence  Since function calls and returns are very common, spe-
appears. If we instead tried to identify the most frequent out- cial predictors have been developed for them. In these pre-
come (in this case taken), then only one misprediction will dictors, a short, hardware stack is kept. Upon encountering
occur. A commonly used method uses a two-bit saturating a call instruction, the return address is pushed onto the hard-
counter per branch predictor entry. Values 0 and 1 representware stack. Upon encountering a return, the hardware stack
a strong and a weak bias toward not-taken, while values 2is used to predict the return address [26].
and 3 represent a weak and a strong bias toward taken. As The predictors we have described will fail for indirect
branches execute we update these counters incrementindgpranches having multiple target addresses (e.g., the “switch”
or decrementing them accordingly. Other automata besidesstatement in C or virtual function calls in C++). A number of
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predictors for indirect branches have been proposed. They -4 time

are based on generalizations of the schemes used for branch g; g(c""w goto 4 e
prediction, e.g., [5], [10], [27]. _ 14: C 14,15, 16
While modern branch predictors are highly accurate (often 15 if (cond2) goto 7 cache blocks

90% or more), improving branch prediction accuracy is one 16:D

of the most important problems in microarchitecture. As we @ (®)

move toward higher fr ncies, longer pipelin nd rela-

no e toward gher frequencies, Tonger pipetines a d rela time HR2I4I516

tively slower main memories, it is desirable to extract more '

instruction level parallelism. This requires higher branch pre- fetch asin (b) . HIR2IBMISI6

diction accuracy. To understand the severity of the problem, store in trace cache at commit trace cache blocks

let us consider a processor where up to 125 instructions can fetch from trace cache 1 through 6

be active at any given point in time. Assuming a 90% branch ©

prediction accuracy and that one in every five instructions o _ .

is a branch, we can calculate the probability of filling up a Fi9- 7. Trace cache: predicting and fetching multibranch

. L. B ori 0.07. (This i . instruction sequences per cycle. (a) Code snippet. (b) Pred|ct|ng _and

window of th'$ sizeto 0.9 or Ju_St .07. (This 'S_an approm fetching in a conventional processor. We are limited to one prediction

mate calculation but serves to illustrate our point.) This prob- per cycle. Moreover, we are restricted to accesses within a single

ability drops to 0.005 for a 250 instruction window. Highly cache block. (c) Execution with a trace cache and trace cache entries.

accurate branch prediction is critical to increasing the useful- _ _

ness of control-speculative execution. (In Section V, we will all necessary instructions. In effect, we performed both

see other proposals for increasing concurrency that do not re-multiple branch prediction and fetched multiple instructions.

quire all sequential branches to be predicted, as above.)  As shown in Fig. 7(c), it is possible to store instruction
sequences corresponding to different paths through the code.

C. Trace Cache

In addition to high branch prediction accuracy, itis also de- D. Memory Dependence Speculation and Prediction

sirable to predict multiple branches per cycle. Here is why: ~ As mentioned in Section 11-B7, memory dependence spec-
Modern processors may execute up to four instructions simul- ulation can be used to increase the concurrency in processing
taneously. Processors capable of executing eight or more indoad and store instructions. Program behavior, the fact that a
structions per cycle are forthcoming. To sustain parallel exe- Vast majority of loads do not exhibit dependences with store
cution of this degree, we need to fetch at least as many instruc-nstructions that are in close temporal proximity, provides the
tions per cycle. Assuming that on the average one in five in- rationale fornaive memory dependenspeculation. In this
structions is a branch, we need to predict at least two branchess¢heme, a load with unresolved dependences is always ex-
per cycle. In practice, because branches are not necessarilpcuted immediately, with the assumption that its execution
spaced uniformly, we may need to predict more than that. A Will not violate any dependences. . _
potentially complex and expensive solutionto multiple branch  AS We attempt to extract more parallelism by having more
prediction is to replicate or multiport existing predictors. instructions being processed concurrently, more loads expe-
The trace cacheoffers a complete solution to predicting "€Nce memory dependgnces and naive speculation does not
and fetching multiple instructions including branches per Perform as well [40]. This suggests the need for more accu-

cycle [43], [45], [47]. It exploits the observed behavior that 'at€memory dependence predictigchniques, which pre-

- dict when a load is likely to be dependent on a prior store,
typically only a few paths through a program are actuall
aycriive ci/uringy an exefution of thegprogfarr? y and on which prior store is it dependent. Much better perfor-

The trace cache is a cache-like structure storing a se-Mance is possible when a load is synchronized with the store
guence, or drace of instructions as they have been fetched on which it d.epends. Fortungtgly, the memory dependence
in the past. Consider the code of Fig. 7(a). Fig. 7(b) shows stream of typical program foh'b'ts rep(_atmon, a bghawor that
how a conventional branch predictor/cache organization memory dependence prediction exploits to predict and spec-

would predict and fetch the sequence 11, 12, 14, 15, 16 (12 ulatively synchronize loads and stores [39].

is taken and I5 is not). Instruction fetch is limited by both

branch count and memory layout. Even though we predicted IV. PUTTING IT ALL TOGETHER A MODERN

that |12 is taken, we have to wait at least a cycle to fetch the HIGH-PERFORMANCE PROCESSOR

target 14. This is because the latter is stored in a separate To put it all together, Fig. 8(a) illustrates how instruction
cache block. Fig. 7(c) shows how prediction and fetch would processing is conceptually carried out in a modern, high-per-
proceed with the trace cache. The first time this sequenceformance processor. Instructions are fetched, decoded, and
is predicted, we access the conventional cache and pay the@enamed in program order. At any given cycle, we may actu-
same penalties as in Fig. 7(b). However, as instructions ally fetch or decode multiple instructions; many current pro-
commit, we store them in order into a trace cache entry. Next cessors fetch up to four instructions simultaneously. Branch
time around, all instructions become available in a single prediction is used to predict the path through the code so that
cycle from the trace cache. Passing this sequence as is tdetching can run-ahead of execution. After decode, instruc-
the rest of the processor is equivalent to predicting branchestions are issued for execution. An instruction is allowed to
12 and 15 as taken and not taken, respectively, and fetchingexecute once its input data becomes available and provided
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Fig. 8. Modern high-performance processor. (a) How execution progresses. Instructions are
fetched, decoded, and renamed in program order. Multiple instructions are typically processed per
cycle. Instructions are allowed to execute and complete in any permissible order based on operand
and resource availability. Instructions commit in order. (b) Internal structure.

that sufficient execution resources are available. Once an in-whose role was to extract, increase, and exploit concur-
struction executes, it is allowed to complete. At the last step, rency in processing the instructions of a single, sequential
instructions commit in program order. program. This included mechanisms to allow instructions
Fig. 8(b) shows the underlying structures used to facili- to be processed in arbitrary orders, allow instructions to
tate out-of-order execution. The front end, comprising an in- be executed speculatively, and mechanisms that exploit
struction cache and a branch prediction unit, is responsibleprogram behavior to improve the accuracy of speculation.
for supplying instructions (a trace cache is used in some de-Transistor resources were also spent on memory hierarchies
signs). As instructions are fetched, they are stored into theto bridge the gap created by disparate rates of improvement
instruction buffer. The instruction buffer allows the frontend in logic and memory speeds.
to run ahead of the rest of the processor effectively hiding in-  Future microprocessors will be faced with new challenges.
struction fetch latencies. The decode and rename unit picksPerformance will likely continue to be a challenge, with new
up instructions from this buffer and decodes and renamesparameters in the performance equation (e.g., the impact of
them appropriately. These instructions are then fed into the increasing wire delays, e.g., [35], [38]). However, other chal-
reorder buffer and the scheduler. At the same time, entrieslenges will arise, for example, power, design and verification,
are also allocated in the load/store scheduler for loads andand reliability. Our expectation is that microarchitecture will
stores. Instructions are allowed to execute out of order. Theybe called upon to help solve these problems. We discuss some
access the physical register file using the physical names pro-microarchitectural techniques that have been proposed in re-
vided during decode and rename. Execution takes place incent years, and are likely to be used commercially in the near
functional units. Multiple functional units typically exist to  future.
allow parallel execution of multiple instructions. Loads and
stores are buffered in the load/store scheduler where theyA. Data Value Speculation and Value Prediction
are scheduled to access the memory hierarchy. Stores are al-
lowed to access memory only after they have committed; de

they are buffered into an intermediate buffer residing be- ambiguous memory dependences. Data value speculation

tween the load/store scheduler and the data cache until the)ﬁas been proposed as a way of overcoming true dependences
can commit. Instructions are committed in order using the further increasing the available parallelism [15], [33]. '

reorder buffer. Maintaining the original program order in the With data value speculation, a prediction is made on the

reorder buifer ?"SO allows us o _take corre_ctwe action when values of data items (the output of an instruction, or the inputs
necessary, as s needeq on a misspeculation (branch or datadf an instruction). Two instructions that were dependent can
dependence) or on an interrupt. be executed in parallel if the output of the first instruction (the
input of the second) can be predicted with high accuracy. As
with other forms of speculation, the speculation needs to be
So far, we have seen a variety of techniques that areverified, and recovery actions initiated in case of incorrect
mainly directed at the problem of achieving high perfor- speculation.
mance in current microprocessors. Additional transistor  Surprisingly, it is possible to predict the values of many
resources were expended for microarchitectural mechanismsnstructions with a reasonable accuracy. Empirical studies of

Earlier, we saw control speculation for control depen-
nces and memory dependence speculation for overcoming

V. FUTURE MICROARCHITECTURAL TRENDS
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program behavior show that many instructions tend to pro- It is also called asimultaneous multithreaded (SMpjo-
duce the same value every time they execute. Others cyclecessor [66], [68]. The second option implements a more tra-
through a small set of values following a regular pattern (e.g., ditional multiprocessor on a single chip, and can be viewed
1,2, 4,1, 2, 4 and so on). And finally, some instructions as achip multiprocessor (CMP)Logically, either microar-
follow well defined patterns such as increasing a value by chitecture appears to be a virtual multiprocessor. Micropro-
a fixed amount (e.g., incrementing by 2 or 3). This observed cessors with an SMT are already on the design board, as are
program behavior is callegalue locality[32], [51], [57]. microprocessors with a CMP microarchitecture.

A number of value predictors have been proposed. Cur- Because a CMP microarchitecture shares fewer resources
rent value prediction schemes, however, do not achieve pre-than an SMT microarchitecture, it is likely to require more
diction accuracies high enough to obtain a benefit from value transistors than an SMT microarchitecture. However, the
speculation; the costs of a misspeculation override any beneeplicated, decentralized microarchitecture of a CMP is
fits from the additional concurrency. Should better value pre- appealing from the viewpoint of future design problems:
dictors be developed, value speculation is likely to find in- the use of replication alleviates the design and verification
creasing use as a means to increase parallelism. More likelyproblems and decentralized microarchitectures with local-
limited applications of value prediction and speculation are ized communication are more likely to be tolerant of wire
likely to be developed for critical data dependencies where delays than centralized microarchitectures that require more
values are highly predictable. global communication.

We expect future microprocessors microarchitectures to
have multiple sequencers, with the microarchitecture falling
somewhere on the SMT-CMP spectrum, and shifting toward

Another technique for exploiting value localityiisstruc- the CMP side as transistor budgets increase. Logically such
tion reuse Unlike value speculation, instruction reuse is a microarchitecture appears to beigual multiprocessor
not a speculative technique. The observation here is thatThis bring up an important question: what sequence of in-
many instructions produce the same results repeatedly. Bystructions should each processor of the virtual multiprocessor
buffering the input and output values of such instructions, be responsible for processing? We address this issue next.
the output values of an instruction can be obtained via a  Using Multiple Sequencers to Improve Throughp@ne
table lookup, rather than by performing all the steps required approach to utilizing the multiple virtual processors is aimed
to process the instruction. Simpler forms of reuse that do at multiple, independently running programdlaeads The
not require tracking of the actual values are possible [56]. motivation here is that often processors are used in multipro-
Not performing all the steps of instruction processing can gramming environments where multiple threads time-share
also benefit power consumption. Instruction reuse can alsothe system. For example, microprocessors are typically used
salvage some of the speculative work that is otherwise as processing nodes in a multiprocessor server.
discarded on a branch misspeculation. A straightforward way of using the multiple virtual pro-
cessors is to run a different program on each. Collectively,
the processing throughput is increased, but the time taken
to execute any individual program thread is not reduced. In

The microarchitectures that we have discussed so far havefact, because of resource sharing, the time taken to execute a
a single sequencer that fetches and processes instructionsingle program can actually increase.
from a single instruction stream. As more transistor resources  Using Multiple Sequencers to Improve Single Program
become available, a natural progression is to have microar-pPerformance: Since the time taken to execute a single
chitectures that have multiple sequencers, and are capable ofrogram will continue to be important, researchers have
processing multiple instruction streams. been investigating techniques for using multiple virtual

There is a spectrum of multiple-sequencer microarchitec- processors to speed up the execution of a single program.
tures possible. At one extreme is a microarchitecture where Recall that a way to decrease the execution time of a pro-
multiple sequencers are added to the front end of the ma-gram is to increase concurrency. An approach that has been
chine (instruction fetching, decoding, renaming), with the used for several decades is to statically divide a program into
back end of the machine remaining mostly unchanged. Eachmultiple threads, i.e., tparallelizeit. This approach is suc-
instruction stream has its own set of front-end resources; thecessful for regular, structured applications, but is of limited
back-end resources are shared by all the instruction streamsuse for others. The main inhibitor to parallelization is the
Atthe other end of the spectrum is a microarchitecture that is presence ohmbiguous dependenc&hread-level specula-

a collection of multiple processing engines, one for each in- tion can be used to overcome these constraints and divide a
struction stream. Here, the unit of replication increases from program intospeculative threads

a functional unit capable of executing an instruction to apro-  The multiscalar processing modal an example of using
cessing unit capable of processing a sequence of instructionsthread-level speculation to divide a sequential program into
Other points in the spectrum, with varying degrees of sharing multiple speculative threads, also calle$ks[59]. These

of hardware resources, are possible. tasks are then speculatively dispatched, based on control flow

The first option is a straightforward extension to a modern prediction, to the parallel processing units. Data is specula-
superscalar processor, for example, the one shown in Fig. 8tively communicated among the tasks via the registers and a

B. Instruction Reuse

C. Microarchitectures With Multiple Program Sequencers
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Fig. 9. The Multiscalar execution model. (a) Continuous, centralized instruction window (e.g.,
typical dynamically scheduled superscalar). (b) Multilscalar’'s way of building a large instruction
window. (c) A loop. (d) How this loop may execute under the Multiscalar execution model.

specially designed memory mechanism, dlaielress resolu-  performance. Unfortunately, this also increases power
tion buffer (ARB)14] (or an alternative approach, thpec- requirements and density (i.e., power dissipated over the
ulative versioning cachfl6]). There is an implied sequen- same chip area). Both requirements impose increasingly
tial ordering between the tasks, which is inherent in the task stringent constraints for modern microprocessors. With
creation, and is maintained by the microarchitecture. This al- current projections, it is simply impossible to maintain
lows the appearance of sequential execution to be recreatedhe current performance/power/cost growth trend. Since
from the actual, speculatively parallel, execution. the microarchitectural mechanisms are what consumes the
An example of multiscalar execution is shown in Fig. 9. power, they will have to be designed (or redesigned) to
An iteration of the while loop comprises a task. A prediction address power concerns. A number of recent research efforts
is made that an iteration of the loop will be executed, and as- are focusing opower-awaramicroarchitectural technigues.
signed to a processing unit (3 iterations have been spawnedlhese are techniques that facilitate dynamic power versus
as tasks A, B, and C). These tasks are then executed in parperformance tradeoffs or offer competitive performance
allel as shown in Fig. 9(d). Notice that each iteration contains with reduced power demands.
an if statement “c[i]> max” that could be unpredictable. To understand the opportunities for power optimizations at
The corresponding branch would limit performance in a con- the microarchitectural level, first we have to understand what
ventional processor as misspeculation (in the first iteration) are the sources of power dissipation in modern processors.
would result in discarding all instructions that follow (the There are two such sourcefyinamicandleakagepower.
ones included in iterations 2 and 3). In the multiscalar model, Dynamic power dissipation occurs whenever a transistor
however, such branches could be hidden inside each task reer wire changes voltage (i.e., value). Dynamic power dissi-
stricting misspeculation recovery only within a task. Conse- pation is proportional to product of the number of devices
guently, Multilscalar's model of extracting concurrency from changing value, of the speed of these changes (i.e., oper-
a single program actually allows more concurrency that the ating frequency) and of the square of the voltage change.
superscalar model. Reducing power dissipation is possible by reducing each of
Two recent processors, Sun’'s MAJC [65] and NEC's these factors. Power-aware microarchitectural techniques ad-
Merlot [11], have implemented thread-level speculation dressthe number of devices, and their switching speed, while
concepts similar to those of the multiscalar model. taking performance into consideration. For example, judi-
Another approach is the use bélper threadsThe idea ciously disabling control speculation has been shown to re-
here is to spawn and run short threads in parallel with the duce power dissipation with a minimal impact on perfor-
main sequential thread to aid performance. For example, mance [34].
such threads might be prefetching data from memory, or Power is dissipated even when devices do not change
they can be implementing a sophisticated branch predictionvalues due to the imperfect nature of semiconductor-based
algorithm that is not economical or possible to implement transistors. This is theeakage powerln existing designs,
in hardware. Such threads can be embedded statically in thdeakage power is relatively small. However, as we move
program, or be dynamically extracted [6], [49], [48], [50], toward smaller transistors and lower voltages, leakage power
[61], [72]. increases rapidly [9]. Power-aware efforts in this area aim
at cutting off power to devices while they are not being
used. This is a challenging task as powering on and off
devices requires some time and, hence, can severely impact
Successive processor generations typically rely on performance [4], [18]. For example, it is possible to reduce
more transistors and higher frequencies to deliver higher leakage power in caches by deactivating parts of the cache
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with a negligible impact on hit rate and performance [69].  Microarchitectural techniques that exploit program be-
Other microarchitectural techniques that trade fast (and havior either serve to address gaps created by the disparate
leaky) transistors for more, but slower transistors are also scaling of different technologies, or to support techniques for

likely to effective in addressing leakage power. increasing instruction processing concurrency. We presented
Additional information on current power versus perfor- memory hierarchies as an example of a technique with the
mance trends can be found in [9]. former role: addressing the increasing gap in processor and
memory speeds. Techniques serving the latter role included

E. Microarchitectural Technigues for Reliability branch predictors, trace caches, and memory dependence

predictors. Significant transistor resources in modern micro-
processors are also used to implement these techniques.
The beauty of microarchitectural techniques lies in the fact
becomes increasingly complex, validating their functionality that they are mostly transpargnt 0 gntmes outside thg mi-
croprocessor hardware. This gives microprocessor architects

under all possible combinations becomes virtually impos- the freedom t the microarchitectural techni f their
sible. Second, as we move toward submicrometer designs € Ireedom fo use the microarchitectural techniques ot the

and multigigahertz operating frequencies, transient errorsChO'Ce’ without having any material impact (other than pro-

. : viding increased performance, for example) to programmers.
become ever more probable. Transient errors are a side-ef- Y P P ). programt
As we move into the next decade, scaling in semicon-

fect of physical phenomena such radiation interference.d tor technol i i A d i ist
Consequently, there is an increasing needfdoitt-tolerant uctor technology wiil continue o provide more transistor
resources with which to build microprocessors. However,

microarchitectures Fault tolerance in itself is a research . : . .
microprocessor architects will be faced with newer chal-

field with a long history. However, a number of novel fault lenaes. including the aaps created by disparate rates of

tolerance techniques, facilitated by other innovations in . ges, Including the gaps cf y disp
microarchitecture, have been proposed recently. |mpr.o.vement n trqn5|stor andllnterconne.c_tmn_ speeds, com-
AR-SMT builds upon the SMT microarchitecture [46]. In plexities of the design, debugging and verification processes,
power consumption issues, as well as reliability issues, in

AR-SMT, two copies of the same program are run simul- addition to the continued demands for more performance
taneously as two threads on the microprocessor core. The P '

two threads are time-shifted by a few instructions, with one {\(A)agg (zifet:I? ;ﬁﬁoiwr']r:)%gg\zlemng:ergggﬂifeocrtljtr:}'?;imlil Ei\ée
thread running ahead of the other. The results produced by, i N ques.
e presented several such techniques in this paper. These

he run-ah hr r ffer n mpar inst th ; . ) .
the run-ahead thread are buffered and compared against t included data speculation and value prediction, instruction

results of the other thread. If a transient error occurs, chancesr microarchitectur with multiol ncer nd
are that it will affect the execution of only one of the two tﬁuseo,' | CI oarc Tct_u es uitiple seque ﬁ? St a
threads and, thus, will be detected. read-level speculation, power-aware microarchitectures

Another proposal, DIVA builds on concepts initially de- and microarchitectural techniques for improving reliability

veloped for value prediction [3]. Afast, unreliable processing andh fault-tolglrlance. q A%d't'gna.u nove(; mlcroaLclhnectur.aI
core runs ahead of a second slower, but inherently more reIi-tec niques will, no dou t, be invented, as problems arse,
able processing core, producing results that may contain or.2nd there is a need to address the problems in an efficient
rors. The second processing core checks the validity of theand transparent manner.

results of the faster core. The slower core can keep up with

the faster one as it uses the results produced by the faster corEFERENCES
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