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MAINTAINING OPERAND LIVENESS
INFORMATION IN A COMPUTER SYSTEM

TECHNICAL FIELD

The present imvention relates to the field of processors and, more particularly, to performung

operations based on operand Hveness in a computer sysiom.

BACKGROUND

According to Wikipedia, published 8/1/2011 on the World Wide Web, “Multithreading
Computers” have hardware support to efficiently execute multiple threads. These are
distinguished froro multiprocessing systems (such as voulti-core gysterns) 1o that the threads
have to share the resources of a single core: the computing units, the CPU caches and the
translation look-aswde buffer (TLB), Where roultiprocessing systerns mchude muoltiple
complete processing units, multithreading airos to increase ntilization of a single core by
using thread-level as wel as jnstruction-tevel parglichism. As the two technigues are
complementary, they are sowetimes combined in systems with mudtiple multithreading

CPUs and m CPLU with multiple multthreading cores.

The Multithreading paradigim has become more popular as offorts to further exploit
mstruction level parallelism have stalled since the late-1990¢ This allowed the concept of
Throughput Computing to re-emerge {o prominence from the more specialized ficld of

transaction processing:

Even though it s very difficult to further speed up a single thread or single program, most

conputer systems are actually multi-tasking among multiple threads or programs.

Techniques that would allow speed up of the overall system throughput of all tasks would be

a meaningtiul performance gain,

The two major teckauques for throughput computing are multiprocessing and nultthreading,
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Sorne advantages nciude:

Ifa thread gets a lot of cache misses, the other thread(s) can continue, taking advantage of

resources would have beenwdle WWonly a single thread was exccuted.

if a thread cannot use all the computing resources of the UPU (because instructions depend
on cach other's resnlt), ronning avother thread permits to not leave these idke,

if several threads work on the same set of data, they can actually share their cache, lpading ©

better cache usage or synchronization on its values.

Serne criticistns of multithreading include:

Muitiple threads can interfere with each other when sharing hardware resources such as
caches or translation look-aside buffers {(TLBs).

Exccution times of a single thread are not itaproved but can be degraded, even when only
one thread is executing, This is due to slower frequencies and/or additional pipeling stages
that are necessary 1o accommodate thread-switching hardware.

Hardware support for muultithreading ts more visible to software, thus requiring more

changes 1o both application programs and operating systems than Multiprocessing,

There are a rumber of different types of roultithreading including:

Biock multi-threadine

The simplest type of multi-threading occurs when one thread runs until it is blocked by an
event that normally would create a long latency stall. Such a stall might be a cache-miss that
has to access off-chip memory, which might take hundreds of CPU cycles for the data to
return, Instead of waiting for the stall fo vesolve, a threaded processor would switch
exccution to anpther thread that was ready to run. Only when the data for the provious thread

had arrived, would the previous thread be placed back on the list of ready-to-run threads,

For example:
1.Cyele i @ instruction § from thread A s issued

2. yele i1 mstruction j+1 from thread A is issued
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3.Cvele 1+2: mstruction j+2 from thread A s issued, load instruction which misses m all
caches
4.Cycle 1+3: thread scheduler mvoked, switches to thread B

5.Cyele tH4: mstruction k fom thread B3s ssued

N

5. Cvele 150 mstruction E+1 from thread B s issued

&

Conceptually, it is similar to cooperative multi-tasking used in reabtime operating systems in
which tasks voluntardy give up cxecution tirne when they need to watt upon soeme type of

the event.

This type of mulii threadmg 1s koown as Block or Cooperative or Coarse-grained

multithreading,

Hardware cost:

The goal of multi-threading hardware support is to allow quick swilching between a blocked
thread and another thread ready to run. To achieve this goal, the hardware cost is to replicate
the program visible registers as well as soroe processor control registers (such as the
program counter). Switching fron one thread to another thread means the hardware switches

from using one rogister set to another.

Such additional hardware has these benefits:

The thread switch can be done mone CPU ¢ycle.

it appears to cach thread that it is executing alone and not sharing any hardware resources
with any other threads. This minimizes the amount of sottware changes necded within the
application as well as the operating system to support multithreading.

fn order o switch efficiently between active threads, cach active thread needs o have its
ow register sef, For example, to quickly switch between two threads, the register hardware

needs to be mstantisted twice,
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Exaroples:
Many famities of microcontrollers and embedded processors have wultiple register banks to
allow quick context switching for mtorrupts. Such schemes can be considered 3 type of block

multithreading awoung the user program thread and the intervupt threads

Intericaved multi-threadin

L.Cycle t+1: an mstruction from thread B 15 issued

2.Cyele t+2: an instruction from thread £ 8 issued

The purpose of this type of multithreading s to remove all dats dependency stalls fron the
execution pipeline, Since one thread is relatively independent from other threads, there's loss
chance of one insfruchion i oue pipe stage nceding an output fom av older mstruction in the

pipcline.

Conceptually, it is similar to pre-emptive multi-tasking used in operating systems. One can

make the analogy that the tiec-shee given to cach active thread is one CPU oyele

This type of multithreading was first called Barrel processing, in which the staves of a barrel
represent the pipeline stages and thetr exccuting threads, Interleaved or Pre-cmplive or Fine-

grained or time-shiced nultithreading are more modern terminelogy.

Hardware costs:

In addition to the hardware costs discussed in the Block type of multithreading, interleaved
raultithreading has an additional cost of cach pipeline stage tracking the thread 1D of the
mstruction it s processing. Also, since thore are more threads being executed concurrently in
the pipeline, shared resources such as caches and TEBS need to be larger to avoud thrashing

bhetween the difterent threads,

Sirmultaneous multi-threadine
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The most advanced type of nulti-threading apphies to superscalar processors. A normal
superscalar processor issues multiple instroctions from a single thread every CPU cyele. In
Stnultancous Multt-threading (SMT), the superscalar processor can issue instructions from
multiple threads cvery CPU cyele. Recognizing that any single thread has a limited amouut
of instruction level paralielism, this type of multithreading tries to exploit paraticlism

available across multipie threads to decrease the waste associated with unused issuc slots,

For example:

1.Cyele 1 @ instructions j and §+1 from thread A; instruction k from thread B ali
sintultaneoously ssued

2.Cyele i+1: instruction 142 from thread &, instruction k+1 from thread B, instruction w
from thread C all simultancously issued

3.Cyele tH2: mstruction 143 frow thread Aj jostractions vot 1 and m+2 frove thread © all

similtaneously issued.

To distinguish the other types of multithreading from 8MT, the term Temporal
mulisthreading is used to denote when instructions from only one thread can be ssued at g

time,

Hardware costs:

In addition to the hardware costs discussed tor interkeaved multithreading, SMT has the
additional cost of each pipeline stage tracking the Thread 1D of cach justruction being
processed. Again, shared resources such as caches and TLES have to be sized for the large

number of active threads.

According to US Patent No. 7,827,388 “Apparatus for adjusting instraction thread priovity in
a multi-thread processor” issued 1H/2/2019, assigned to 1IBM and incorporated by reference
herein, a number of techyigues are used to wmprove the speed at winch data processors
execute software programs. These techniques include increasing the processor clock speed,
using cache memory, and using predictive branching. Increasing the processor clock speed
allows a processor to perform relatively more operations in any given period of time. Cache

mernoty 1s positioned in close proxirity to the processer and operates at higher speeds than
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maim mernory, thus reducing the time needed 01 a processor to aceess data and instructions.
Predictive branching allows a processor to execute cortain mstructions based on a pradiction
about the results of an earlior mstruction, thus obviating the need to wait for the getual

results and thereby improving processing speed.

Soroe processors aiso employ pipclined instruction exccntion to enhance system
performance. In pipelined instruction execntion, processing tasks are broken down into a
nuraber of pipeline steps or stages. Ppelining may inerease processing speed by sliowing
subsequent instroctions to begin procesaing before previously issued instructions have
finished a particuler process. The processor does not need to wait for one instruction o be

fally processed betfore beginning to process the next justroction in the seguence.

Processors that croploy pipehined processing may include a nurnber of different pipeline
stages which are doveted to different activities in the processor, For example, a processor
may process sequential nstructions in a fetch stage, decode/dispatch stage, issue stage,

execution stage, finish stage, and completion stage. Each of these individual stages may

employ 118 own sof of pipeline stages to accomplish the desiwed processing tasks.

Multi-thread instruction processing is an additional techrique that may be used in
conjunction with pipelining to mervease processing speed, Multi-thread instruction processiog
mvolves dividing a sct of program instructions into two or more distinct groups or threads of
mstructions, This muli-threading technigue allows nstructions from one thread to be
processed through a pipeline while another thread may be unable fo be proceased for somge
reason. This avoids the situation encountered in single-threaded inatruction processing in
which all instructions are held up while a particuiar imstruction cannot be exccuted, such as,
for crample, 1o 4 cache miss siuation where data requived to execute & particular instruction
is not immediately available, Data processors capable of processing multiple instruction

threads are often reforred to as simulianecus multithreading (SMT) processors.

It should be noted st this point that there is a distinetion between the way the sofitware
community uses the term “muliithreading” and the way the term “multithreading” s ysed in

the computer architecture community, The software conurunity uses the torm
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o a single task subdivided mnto muitiple, related threads. In

computer architecture, the term “raudtithreading” refers to threads that way be independent

of cach other. The torm “muktithreading” is used m this document i the same sense

cmployed by the coroputer architecture cormrunty

s
o

To faciltate multthreading, the msiructions from the ditforent threads are wierleaved io

seme fashion at somie point in the overall processor pipeline. There are generally two

ditterent techniques for interleaving mstructions for processing in a SMT processor. Oue

technigue invelves interleaving the threads based on some long latency event, such as a

cache muss that produces a delay in processing one thread. In this technique all of the

processor resources are devoted to a single thread until processing of that thread is delayed

by some long latency event. Upon the occurrence of the long latency ovent, the processor

quickly switches to another thread and advances that thread until some loug latency event

goours for that thread or untid the circumstance that stalled the pther thread is resolved.

The other general technique for interleaving mstructions froms multiple instruction threads in

a SMT processor invelves mterleaving mstructions on a cyele-by-cyele hasis according to

some interleaving vule (also sometumes veforred o horemn as an mtericave rule), A simple

cyvele-by-cycle interleaving technique may simply interleave mstructions from the differont

threads on a one-fo-one basis, For example, a two-thread SMT processor may take an

mstruction from a first thread i a first clock cvele, an instruction from a sccond thread ina

second clock cyele, another instruction frow the frst thread fna third clock evele and so

forth, back and forth botween the two instruction threads, A more complex cysle-by-cvele

mterleaving fechnique may invelve using software instructions to assign a priority o cach

mstruction thread and then interleaving instructions from the different threads o enforce

some rule based upon the velative thread priovities, For evample, i oue thread it a two-

thread SMT processor is assigned a higher priority than the other thread, a simiple

muterleaving rule yoay requive that twice as many instructions from the higher priovity thread

be inchided in the interleaved stream as compared to fusiructions from the lower priority

thr

A~

(¥

b1

d.
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A more complex cycle-by-eyele interleaving rule in current use assigns cach thread a priority
from “17 t0 77 and places an fustroction from the lower priovity thread into the nterleaved
stream of instructions based on the function H(2IX-Y|+1}, where X=the software assigned
priovity of a first thread, and Y=the software assigocd priority of a sccond thread. o the case
where two threads have equal priority, for example, X=3 and Y=3, the function produces a
ratio of 12, and an fostroction fror each of the two threads will be meluded in the
mterleaved instruction stream once out of every two clock cycles. I the thread prioritics
ditter by 2, for exaraple, X=2 and Y=4, then the tunction produces a ratio of 1/¥, and an
mstruction from the lower priority thread will be included in the interleaved instruction

stregm ance out of every eight clock cyeles.

tsing a priority rule to choose how often to include instructions from particular throads is
generally intended fo ensure that processor resources are allotied based ou the software
assigned priority of gach thread. There are, however, sitnations in which relying on purcly
software assigned thread prioriics may not result in an optimum allotiwent of processor
resources. In particular, software assigned thread priorities cannot take into account
processor events, such a5 a cache muss, for oxample, that roay affect the ability of g particular
thread of instructions to advance through a processor pipeline. Thus, the occurrence of some
event in the processor may completely or at least partially defeat the goal of assigning
processor vesourees etficiently between different instruction threads n a2 multi-thread

PrQCESsoT.

For examiple, & priority of 5 may be assigned by software to a first instruction thread in a two
thread system, while a priority of 2 may be assigned by software to a second instruction
thread. Using the priority mle 1A2IX-Yi+1} described above, these software assigned
priovitics would dictate that an mstruction from the lower prierity thread would be
interleaved into the interleaved instruction stream only once overy sixteen clock cycles,
while mstructions o the higher priovity jostroction thread would be interleaved fifteen out
of every siateen clock cyeles. H an instruction from the bigher priority instruction thread
experiences a cache mss, the priority rule would still dictate that fificen ow of overy sixteen

mnstructions comprise instructions from the higher priovity mstruction thread, even though
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the oceurrence of the cache miss could effectively stall the exccution of the respective

mstroction thread until the data for the instruction becomes available.

v an embodiment, each instruction thread in a SMT processor s associated with a software
assigned base input processing priority. Unless some predefined event or circumstance
occurs with an instraction being processed or to be processed, the base input processing
priorities of the respective threads are used to determine the interleave frequency between
the threads according to sorme mstruction mterleave rule. However, upon the occurrence ot
some predefined event or circumstance in the processor related to a particular instruction
thread, the base input processing priority of one or maore instruction threads is adjusted to
produce one more adiusted priority vahies, The instruction futerleave rule s then enforced
according to the adjusted priority value or values together with any base input processing

priovity valucs that have not been subicet to adjustment,

Intel® Hyper-threading s desenbed i “Intel® Hyper-Threading Tochnology, Technical
tser’s Guide” 2003 from Intel® corporation, incorporated berein by reference. According
to the Technical User’s Guide, offorts to improve systern performance oo single processor
systems have traditionally focused on making the processor more capable, These approaches
to processor design have focused on making it possible for the processoer to process more
mustructions faster through higher clock speeds, mstruction-level parallebisrs (1LP) and
caches. Tochniques to achiove higher clock speeds include pipelining the micro-architecture
to finer granularities, which s alse called super-pipelining. Higher clock frequencics can
greatly improve performance by increasing the number of instructions that can be executed
cach second. But because there are far more instructions being execnted in a super-pipelined
micro-architecture, handling of events that disrupt the pipeline, such as cache misses,
witerrapis and brauch muss-predictions, 1 much roore orittcat and fathures more costly, ILP
refers to tochniques to increase the number of instructions exccuted cach clock oyele. For
exarople, many super-scalar processor oplementations have mnltiple execution units that
can process metructions simultancously. In these super-scalar implementations, several
mstructions can be exccuted cach clock cyele. With simple tn-order execution, however, it is
not enough 1o stmply have multiple execotion wnits. The challenge s to find enough

imstructions to execute. One techiique is out-oforder execution where a large window of
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imstructions is sirnultancously evaluated and sent to execution units, based on mstruction
ependencies rather than program order. Accesses 10 system memory are slow, though faster
than accessing the hard disk, but when compared 0 execution speeds of the processor, they
are slower by orders of woagnttude. Oue technigue to reduce the delays introduced by
accessing svstem memory {called latencyy is to add fast caches close to the processor,
Caches provide fast memory access to frequently accessed data or instructions, As cache
speeds increase, however, 5o does the problem of heat dissipation and of cost. For this
reason, processors often are designed with a cache hicrarchy in which fast, small caches are
located near and operated at access latencies close o that of the processor core,
Progressively larger caches, which handle less frequently accessed data or instructions, arc
roplemented with longer access latencies. Noustheless, times can oocur when the needed
data is 5ot in any processor cache, Handling such cache misses reguires accossing system
memory or the hard disk, and during these times, the processor is hikely to stall while waiting
for memory transactions to finish. Most techniques for improving processor performance
from one generation o the next are compley and often add significant dic-size and power
costs. Mone of these techniques operate at 13 percent efficiency thanks to limited
parallclism o mstruction flows. As o result, doubling the number of execution units in a
proceaser does not double the performance of the processor. Simvilarly, simply doubling the
clock rate does not doubic the pertbrroance due to the number of processor cycles lostin a
stower memory subsysienm.
Maltithieading
As proceasor capabilitics have increased, so have demands on performance, which has
mereased pressure on processor resources with niaximum efficiency. Noticing the time that
processors wasted running single tasks while waiting fov certain events to conplote, software
developers began wondering if the processor counld be doing some other work at the same

fimne.

To arrive st a solution, software architects began writing operating systems that supported
nning pieces of programs, called threads. Threads are smal tasks that can ron

independently. Each thread gets #s own time slice, so cach thresd vepresents one bgsie unit
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of processor utilization. Threads are organized into processes, which are composed of one or

more threads, All threads 1n a process share access to the process resourees.

These multithreading operating systens voade it possible for one thread to run while another
was waiting for something to happen. On Intel processor-based personal comyputers and
servers, today’s operating systems, such as Microsofl Windows™® 2000 and Windows* XP,
all support multithreading. In fact, the operating systems themselves are nultithreaded.

Portions of them can run while other portinns are stalled.

To beneftt from nultithreading, programs necd to possess executable sections that can run in
parallel That is, rather than being developed as a long single sequence of instructions,
programs are hroken into logical operating sections. In this way, if the application performs
operations that run independently of cach other, those operations can be broken up into
threads whose execution 1s scheduled and controlled by the operating system. These sections
can be created to do difforent things, such as allowing Microsoft Word™ o repaginate a
document while the user is typing. Repagination occurs on one thread and handling
eysirokes occurs on another. On simgle processor systens, these threads are exeouted
sequentially, not concurrently. The processor swiiches back and forth between the keystroke
thread and the repagination thread guickly encugh that both processes appear to oocur

stmultaneously. This s called functionally decomposed multithreading.

Multithreaded programs can also be written to excoute the same task on paraliel threads,
This i3 called data-decomposed multithreaded, where the threads differ only m the data that
i processed. For example, a scene in a graphic application could be drawn so that each
thread works on half of the scene. Typically, data-decomposed applications are threaded for
throughput performance while functionally decomposed applications are threaded for user

responsivencss or functionality concerns.

When nultithreaded programs are executing on a single processer machine, some overhead
i ineurred when swiiching context between the threads. Because switching between threads
costs time, it appears that rumning the two threads this way is less efficient than ronning two

threads in succession. I cither thread has 1o wait on a system device for the user, however,
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the ability to have the other thread continue operating compensates very quickly for all the
overhead of the switching. Since ouve thread in the graphbic application exaraple handles user
mput, frequent periods when #t is just waiting certainly occur. By switching between threads,
operating systems that support rultithreaded progravos can fmprove performance and user

responsiveness, oven if they are running on & single processor sysiom.

in the real world, large programs that use nmitithreading offen run many more than two
threads, Sottware such ag database engines creates g new processing thread for every request
for a rocord that 18 received. In this way, no single /(¥ operation provents new requests from
executing and bottlenecks can be gvoided. On some servers, this approach can mean that

thousands of threads are running concurrently on the same machine.

Niglinrocessing

Mudtiprocessing systeros bave muliiple processors runomng at the saroe time. Traditional
Intel® architecture multiprocessing systems bave anywhere from two o about 512
processors. Mulipwocessing systerns allow different threads to ron on difforent progessors.
This capability considerably accelerates program performance. Now two threads can run
more or less independerntly of cach other without requiring thread switches to get at the
resources of the processor, Multiprocessor operating systoms are themselves wultithreaded,

angd the threads can use the separate processors to the best advantage.

Originally, there were two kinds of multiprocessing: asymmetrical and symmetrical. On an
asyrunetrical system, one or more processors were exclusively dedicated to specific tasks,
such as running the operating system. The remaining processers were avatlable for ali other
tasks {generally, the user applications). It gquickly becaroe apparent that this configuration
was not optimal. On some machines, the opersting systom procossors were running at 100
percent capacity, while the user-assigned processers were doing nothing, In short order,
systemy designers came to favor an architecture that balanced the processing load better:
syimanctrical multiprocessing (SMP) The “syrometry” rofers to the fact that any thread — be
it from the operating aystem or the wser application — can run on any processor. In this way.,

the total computing load s spread evenly across all computing resources. Today,



10

15

20

25

30

WO 2013/050901 PCT/IB2012/055070

13

symmeirical multiprocessing systems are the norm and asymmetrical designs have nearly

disappeared.

SMP systems use double the number of processors, bowever performance will not double.
Two factors that mhibit performance from simply doubling are: how well the worklead can
be parallolized; and system overbead, Two factors govern the efficicncy of interactions
between threads: how they compete $or the same resources; and how they communicate with

other threads.

Multiprocessor Systerms

Today's scrver applications consist of multiple threads or processes that can be executed in
parallel Ondine transaction processing and Web services have an abundance of software
threads that can be executed simultaneously for faster performance. Even desktop
apphications are becormmng ncrcasingly paralicl Intel architects have moplemented thread-
level paralielisw (TLP) to improve performance relative to fransistor count and power

congumption,

In both the high-end and mid-range server markets, multiprocessors have been cormmonly
nsed {0 get voove performance frovo the systenm. By adding more processors, apphoations
potentially get substantial porformance improvement by exccuting multiple threads on
multiple processors at the same time, These threads ymght be frovo the same application,
from different applications running simuliancously, from operating-system services, ot from
operating-system threads doing background mainienance, Multiprocessor systems have been
used for many years, and progranunery are familiar with the techniques to exploit

multiprocessors for higher performance lovels,

US Patent Application Publication No. 201 1/00K7865 “Intermediate Register Mapper”
published 4/1472811 by Barrick et al., and tncorporated herein by reference discloses “A
methad, processor, and computer program product employing an interrmediste register

mapper within a register renaming mechanism. A logical register lookup determines whether

& hit to 4 logical register associated with the dispatched instruction bas occurred. It this
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regard, the logical register lookup scarches within at least one register mapper from a group
of register mappers, inchiding an architected register mapper, & unified main wapper, and an
mermediate register mapper. A single hit to the logical register 18 selected among the group
of register mappers. If an instruction having a mapper entry 1o the voified roain reapper has
finished but has not completed, the mapping contents of the register mapper entry in the
anificd main mapper are moved o the mtermediate register mapper, and the uniticd register
mapper entry is released, thus increasing a number of unified main mapper entries available

for reuse.”

US Patent No 6,314,511 filed April 2, 1998 “Mechanism for frecing rogistors on processors
that perform dynamsic out-oforder execntion of instructions using renaming registers” by
Lovy et al., incorporated by reference herein discloses “frecing ronaming rogistors that have
been atlocated to architectural registers prioy to another nstruction redefining the
architectural register, Renaming registers are used by a processor to dvnamically execuie
fnstractions out-of~order in either a single or mulli-threaded processor that executes
mstructions out-of-order. A mechanism is described for freeing renaming registers that
consists of a sot of nstructions, used by a compiler, fo indicate to the processor when i can
free the physical (renaming) register that s allocated t¢ a particular architectural register,
This rechanism perrnits the renaming register to be reassigned or reallocated to store
another value as soon as the repaming register 18 vo longer necded for allocation fo the
architectural register, There are at loast three ways to onable the processor with an
mstruction that identifics the renaming register to be freed fror allocation: (1) & user may
explicitly provide the instruction to the processor that refers to a particular renaming register;
{2} an operating system may provide the instruction when a thread is idle that refers to a set
of rogistors associated with the thread; and (3) a compiler may include the instruction with
the plurality of instructions presented to the processor. There are at least five cwmbodiments
of the instruction provided to the processor for frecing ronaming rogisters allocated to
architectural registers: (1) Free Register Bit; (2) Free Register: (33 Free Mask; ¢4) Free
Opeode; and {33 Free Opceode/Mask. The Free Register Bi instruction provides the largest
speedup for an ow-oforder processer and the Free Register instruction provides the smallest

apecdup.”
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“Power ISAT™ Version 2.06 Revision B” published July 23, 2010 frorn IBM® and
meorporated by reference herein discloses an example RISC {reduced instruction set
computer} instruction set architecture. The Power ISA will be used herein in order to
demonstrate example embodiments, however, the invention is not lmited to Power I5A or
RIS{ architectures. Those skilled in the art will readily appreciate use of the mvention in a

varicty of architectures,

“zi Architecture Principles of Operation” SAZ22-7T832-08, Ninth Edition {August, 2010} from
IBM® and incorporated by reference herein discloses an example CISC {complex

imstruction s¢t computer) mstruction sot architecture.

SUMMARY

Operand liveness may be controlled by program execution, execution of machine
instructions indicating change of operand liveness, and operating system control. In an
embodiment certain machine instructions indicate a last-use of a register operand of an
architected register. The last-use register is subsequently not accessible by machine
instructions and can need not be backed by any physical register. An enable instruction may
later re-establish the architected register causing a physical register to be assigned to the
architected register. One or more of the architected registers may be disabled at any one
time. In one embodiment, the operating system enables only a subset of architected registers
for a given application program. The application program, may enable and disable
architected registers of the subset, but can not enable any architected register not in the

subset.

In one aspect of the invention, liveness information is maintained for executing programs,
the method comprising maintaining, by a processor, current operand state information, the
current operand state information for indicating whether corresponding current operands are
any one of enabled or disabled for use by a first program module, the first program module
comprising machine instructions of an instruction set architecture (ISA), the first program
module currently being executed by the processor. A current operand is accessed, by a

machine instruction of said first program module, the accessing comprising using the current
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operand state information to determine whether a previously stored current operand value is

accessible by the first program module.

In an embodiment, responsive to the current operand being disabled, the accessing
comprising at least one of a) and b) comprising returning an architecture-specified value, and
where the architecture-specified value is any one of an undefined value, a zero value, a value
consisting of all “1’s, or a program specified default value; and performing a notification,
wherein the notification step is any one of raising an exception, suppressing an exception,
raising and suppressing an exception under control of machine state, providing debug
information, and setting at least one register to indicate occurrence of an access to a disabled

operand.

In an embodiment, program execution is transferred from the first program module to a
second program module, and a) through b) is performed comprising saving the current
operand state information of the first program module in a context switch save area, loading,
from the context switch save area, new operand state information as current operand state
information of a second program to be executed; and initiating execution of the second

program using the loaded current operand state information.

In an embodiment, the transferring execution is a context switch operation, wherein the
current operands consist of any one of architected general register values of general registers
identified by instructions or architected floating point register values of floating point
registers identified by instructions, wherein the transferring execution further comprises
saving a program counter value and current operand values of enabled current operands of
the first program module in the context switch save area; and loading, from the context
switch save area, new operand values of new enabled operands as current operand values of
current operands of the second program to be executed, wherein the initiated execution of

the second program uses the loaded current operands.

In an embodiment the current operand state information further comprises an operand
enablement control for controlling whether current operand state information can be changed

between enabled and disabled by a current program..
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In an embodiment, when a first operand disable instruction is executed, the execution
causing current operand state information of a first operand to disable the first operand,
wherein reads of disabled operands return an architecture dependent default value; and
second operand enable instruction is executed, the execution causing current operand state
information of a second operand enable the second operand, wherein reads of enabled

operands return values previously stored to said enabled operands.

In an embodiment, the default value consists of any one of an architecture undefined value, a
value previously stored in an architecture defined default value register, all 1°s, all 0’s, an
incremented value or a decremented value, wherein the incremented value is incremented

with each read access, wherein the decremented value is decremented with cach read access.

In an embodiment, the first operand disable instruction is a prefix instruction, the execution
of the prefix instruction indicating to the processor, that the first operand is to be disabled

after use by a next sequential instruction following the prefix instruction in program order.

In an embodiment, write operations to disabled operands cause the disabled operand to be
enabled, wherein the second operand enable instruction is a write instruction for writing to

the second operand.

Systen and computer program products corresponding to the above-summarized micthods

are also deseribed and claimed heremn,

Additional features and advantages are realized through the techniques of the present
mvention. {Other cmbodiments and aspects of the invention are described in detail herein
and are considered a part of the claimed fnveotion.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the mvention will now be described, by way of example only, with

reference to the accompanying drawings in which:
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FIG. 1 depicts an example processor system configuration;

FIG. 2 depicts a first cxample processor pipeling;

FI(z. 3 depicts g second oxample processor pipeling;

FiGs. 4A-4C depict an example architected register facility implementation;

FIG. 5 depicts an exaraple architected register enable/disable implementation;

FEG. 6 depicts an exampie transition frors a first program flow diagram;

FIG. 7 depiets an exavople travsition 1o a second program How dagram, and

FEIG. 8 depicts an example fow diagram of mstructions coabling and disabling architected

registers,

DETAILED BESCRIPTION

An Out of Order {Oo0) processor typically contans multiple execution pipelines that may
opportunistically execute instructions in a difforent order than what the program sequence
{or “program order”y specifies v order to maximize the average struction per cycle rate by
reducing data dependencies and maximizing utitization of the execution pipelines atlocated
for various instruction types, Results of msiruction execution are typically held temporarily
in the physical registers of one or more register files of imited depth. An GoQ processor
typieaily craploys registor renaroing 10 avowd unnecessary serialization of fustrachious due fo

the reuse of @ given architected register by subscquent mstructions in the program crder.

Ag described in the aforementioned US application Publication 201 VO0R7R6S, under register
renaming operations, cach architected {Le., logical) register targeted by an instruction 13
mapped to a unique physical register in a register file. In current high-performance Goll

processers, a unificd main mapper 8 utilized to manage the physical registers within
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nltiple register files. In addition to storing the logical-to-physical rogister translation (e,
i mapper eutries), the unified main mapper s also reaponsible for storing dependency data

{(ie., queus position data), whuch 1s important for mstruction ordering upon completion,

in a unified main mapper-based renaming scheme, it 1s desirable to free mapper entries as
soon as possibie for reuse by the Ootl processor. However, i the prior art, a unified maiy
mapper entry cannet be freed until the instruction that wriles o a register mapped by the
mapper entry 15 completed. This constraint is enforced because, until coropletion, thercis a
possibility that an mstruction that has “finished” (i.c., the particular execution unit {ELf} has
successfully exccuted the mstruction) will still be flushed before the instruction can

“complete” and before the architected, coberent state of the registers is updated.

fn corrent implerentations, resource constraings at the unified main mapper have geoerally
been addressed by increasing the number of unified main mapper entrics. However,
fcreasing the size of the wnificd mean mapper has a concomitant penalty in torms of die

area, complexity, power consumption, and access time,

in 1N 2011/0087865, there is provided a method for administering a set of one or more
physical registers in a data processing systera. The data processing systern has a processor
that processes mstructions out-of-order, wherein the nstructions reference logical registers
andd wherein cach of the logical registers is mapped fo the sct of one or more physical
registers. In response to dispatch of one or meore of the instructions, a register management
unit performs a logical register lookup, which determines whether & hit to a logical rogister
associated with the dispaiched instruction has scowrred within one or wove register mappers.
In this regard, the logical register lookup scarches within at least one register mapper from a
group of register mappers, mchuding an architccted register mapper, a unificd malo mapper,
and an intermediate register mapper. The rogister managoment unit sclects a single hit to the
logical register aroong the group of rogister roappers. If an instruction baving a mapper entry
i the unified main mapper has finished but has not completed, the register managersent unit
moves logical-to-physical rogister renarming data of the unificd main mapping cntry in the
unified main mapper o the intermediate regisier mapper, and the unified wain mapper

releases the unified main mapping enfry prior to corapletion of the nstruction. The release of
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the unified main mapping entry increases a nomber of unified main mapping entrics

available for reuse.

With reference now to the figures, and i particular to FIG. 1, an example is shown of a data
processing systemm 188 which may include an OoO processor emploving an imtermediate
register mapper as deseribed below with reference to FIG. 2. As shown in FIG. 1, data
processing system L has a contral processing unit (CPL 118, which may be implemented
with processer 268 of FIG, 2. CPU 11815 coupled 0 various other components by an
interconnect 112, Read only memory ("ROM™) 116 is coupled to the interconnect 112 and
inciudes a basic input/output system BIOS”) that controls certain basic functions of the
data processing system 188, Random access memory {("RAMy 114, U adapter 118, and
comnuinications adapter 134 are also coupled to the aystem bus 112, /0 adapter 118 may be
a small computer systero inderface ("SCSE) adapter that coramunicates with a storage device
128, Communications adapter 134 imterfaces interconnect 112 with network 146, which
enables data processing system 1488 to corvmumcate with othor such systems, such as reroote
computer 142, Input/Output devices are also connected to interconnect 112 via user interface
adapier 122 and display adapter 136, Koyboard 124, track ball 132, mouse 126 and speaker
128 are all interconnected to bus 182 via user interface adapter 122, Dsplay 138 i3
connected to system bus 112 by display adapter 136, In this manner, datg processing system
198 recerves maput, for example, thiougbout kevboard 124, trackball 133, and/or moouse 126
and provides output, for example, via network 142, on storage device $28, speaker 128
and/or display 138, The hardware eloments depicted 1 data processiog systero 188 are not
intended to be exhaustive, but rather represent principal components of a data processing

syaten in one ewbodiment,

Operation of data processing systero E88 can be controtled by progrars code, such as
firmvware and/or software, which typically includes, for cxample, an operating systom such
as ALX® (“ATX" s g trademark of the IBM Corporation) and one or more apphcation or

middleware programs.

Referring now to FIO. 2, there 18 depicied a superacalar processor 288, Instructions are

retrieved from memory {e.z., RAM 114 of FIG. 1 } and loaded into fmstraction sequencing
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logic (ISL) 204, which ncludes Level | Instruction cache (L1 I-cache) 286, fetch-decade
unit 288, justruction quene 218 and dispateh vt 212, Specifically, the instructions are
ipaded m LT -cache 206 of ISL 264. The mstructions are retained m L1 T-cache 2086 untl
they are requived, or replaced if they are not necded, fustruchons are retnieved from L1 I-
cache 286 and decoded by fetch-decode unit 288, After decoding a current mstruction, the
current nstruction is loaded wio fostruction gueue 218, Dispatch unit 212 dispatches
mstructions from instruction guene 218 into register management unit 214, as well as
completion unit 244, Completion unit 248 is coupled 1o general exccution uny 224 and

register management ynit 214, and monitors when an issued mstruction has completed.

When dispatch unit 212 dispatehes a current instruction, unified main mapper 218 of register
management unit 214 aliscates and maps a destination logical register number to g physical
egister withio physical vegister files 2322-232n that 1 not currently assigoed to a logical
register. The destination s said to be renamed to the designated physical register among
physical register files 232a-2320. Unificd main mapper 218 raroves the assigned physical
register from a list 21% of free physical registers stored within unified main mapper 218, All
subsequent refereonces to that destination logical register will point to the sare physical
register until feteh-decode unit 288 decodes another instruction that writes 1o the same
logical register. Then, unitied roain rmapper 218 renames the logical register to a different
physical location selected from free Dist 219, and the mapper s updated to enter the now
logical-to-physical register mapper data, When the logical-to-physical rogister mapper data
s no longer needed, the physical registers of old mappiogs are returned to free bet 219 1f
free physical register Hst 21% does not have enough physical registers, dispateh unit 212

suspends instruction dispateh until the needed physical registers become available,

After the register management uoit 284 bas mapped the current instruction, issue gueue 222
issucs the current instruction to gencral execution engine 224, which inchides execution
onits {EUsY 23822300 Execution units 238a-230n arc of various types, such as floating-
point {(FP}, fhed-point (FX), and Joad/store (L8}, General execution engine 234 exchanges
data with data mermory {¢.g. RAM 114, ROM 116 of FIG. 1 ) vis a data cache 234,
Moreover, issue queue 222 may contain instructions of FP type., FX type, and LS

instructions. However, it should be appreciated thet any rumber and types of mstructions can
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be used. During execution, EUs 23062-238n obtain the source operand values from physical
locations m register file 232a-232n and store result data, (Fany, in register files 232a-232n

and/or data cache 234,

Still referring to FIG. 2, repister management unit 214 includes: {1} mapper cluster 218,
which melades arclutected registor moapper 216, unificd main mapper 218, termocdiate
register mapper 228, and (if) issue quene 222, Mapper cluster 215 tracks the physical
registers gssigned to the logical rogisters of various mstructions. In an exemplary
embodiment, architected register mapper 216 has 16 logical (.o, not physically mapped)
registers of cach type that store the last, valid (i.c., checkpomted) state of logical-to-physical
register mapper data. However, it should be recognized that different processor architectures
can bave more or less logical registers, as described in the exemplary embodiment.
Axchitected register wapper 216 jocludes 4 pointer tist that identifics a physical register
which describes the checkpomted state. Physical register files 232a-232n will typically
contain more registers than the nursber of entries in architected regstor mapper 216, 1t
should be noted that the particular mumber of physical and logical registers that are used ina

renanung reapping schome can vary,

In corgrast, unified main mapper 218 is typically larger (typically contains up to 28 entrics)
than architected register roapper 216, Unified man mapper 218 facilitates traclang of the
transiont state of logical-to-physical register mappings. The torm “transiont” refors to the fact
that unified roain voapper 218 keeps track of tentative logical-to-physical register mapping
data as the mstructions are executod out-of-erder. 8ol execution typically ocours when
there are older inatructions which would take longer (i.e., make nse of more clock oycles) o
execute than newer instructions in the pipeline. However, should an GoQ) instruction's
executed rosult vequire that it be flashed for g particular reason {e.g., 8 branch muss-
prediction}, the processor can revert 9 the check-pointed state maintained by architected
register mapper 216 and resuroe exccution frota the last, vahd state.

Unificd main mapper 288 makes the association between phvsical registers in physical
register files 232a-232n and architected register mapper 216. The qualifying term “amfied”

refers to the fact that unified maim mapper 218 obviates the complexity of custom-designing
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& dedicated mapper B each ofregister filos 232 (o.g., gencral-purpose registers {GPRs),
floating-potnt registers (FPRS), fixed-point registers (FXPs), exception registers (X ERs},

condition registers (URs), o).

in addition to creating a transient, logical-to-physical register mapper entry of an GoQ
fustraction, unified main mapper 218 also keeps track of dependoney data (e, nstructions
that are dependent upon the finishing of an older instruction in the pipeline}, which is
mmportant for nstruction ordering, Conventionally, ouce uruficd mam mapper 218 has
entered an mstraction's logicalto-physical register transiation, the mstruction pasacs to issue
guene 222, Issue queuc 222 sorves as the gatckeeper before the mstruction i ssued o
execution unit 238 for execution. As a general rule, an instruction cannot leave ssue queue
222 +f i depends upon an older mstruction to finish, For this reason, unificd main mapper
218 tracks dependency data by storing the ssue quene position data for each instruction that
is mapped. Unce the instruction has been executed by general execution engine 224, the

fustraction 18 said to have “finished” and B retired from wssue quoue 222,

cgister mwnagement unit 214 roay recoive muliple justructions from dispatch urgt 232 m g
single ovele so as to maintain a filled, single issue pipeline. The dispatching of mstructions is
limited by the number of available cutries in unificd main mapper 218, In conventional
mapper systerns, which lack imtermediate register mapper 228, i anificd mam wapper 218
has a total of 20 mapper entrics, there is a maximum of 2( imstructions that can be in flight
{1.c., not choeckpointed) at once. Thus, dispateh unit 212 of a conventional roapper system
can conceivably “dispatch’™ more instructions than what can actually be retived from unified
main mapper 218, The reason for this bottlencck at the unificd main mapper 218 s dus to
the fact that, conventionally, an instruction’s mapper entry could not retire from unified main
mapper 218 wntil the iustruction “completed” (e, alt older instructions have “finished”

executing}.

According to one embodiment, intermediate register mapper 228 serves as a non-timing-
critical rogister for which a “fintshed”, but “incomplete” mstruction from unificd main
mapper 218 could retire o (Lo, removed from onified main mapper 218) in advance of the

mstruction's eventual cornpletion. Once the mstruction “corapletes”, complotion urut 248
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notifics mtermediate register maapper 220 of the completion. The mapper enfry
mtermediate register mapper 224 can then update the architected coherent state of
architected register mapper 216 by replacing the corresponding endry that was presently

stored wn architected register mapper 216,

When dispatch unit 232 dispatches an mstraction, register managerocnt unit 214 evaluates
the logical register number{s} associated with the instruction against mappings in architected
register mapper 216, unified man mapper 218, and interroediate register mapper 228
determine whether a mateh {commeonly referred to as a “hit”} is present in architected
register mapper 216, unificd maim mapper 218, and/or mtermediate register mapper 228,
This evaloation s referred o as a logicsl register lookup, When the lookup is performed
stmultanccusly at more than one register mapper {10, architected register mapper 216,
unitied mein roapper 218, and/or interroediate register mapper 2243, the lookup s referred o

as a parallel logical register lookup.

Hach mstruction that updates the value of a certam target logical register is allocated a new
phvsical register. Whenever this now mstance of the logical register 15 used a5 a source by
any other mstruction, the same physical register must be used. As thore may exist a
multitude of instances of one logical register, there may also oxist a multitude of physical
registers corresponding o the logical register. Register managerocnt unit 214 performs the
tasks of (1) analyzing which physical register corresponds to a logical rogister used by a
certatn instruction, (1) replacing the reference to the logical register with a reference to the
appropriate physical register (1o, register renaming}, and (iii} allocating a new physical
register whenever a new instance of any logical register ts created (Le., physical rogister

allocation}.

Initiaily, before any instructions are dispatched, the unified main mapper 218 will not
recetve a hit/match since there are no mstructions currently in flight. fo such an event,
anified maio mapper 218 creates a mapping entry. As subsequent instructions are
dispatched, if a logical rogister match for the same logical register number is found m both
architected register mapper 216 and unified main mapper 218, priority is given to selecting

the logicalto-physical remister mapping of unified main mapper 218 since the posstbhildy
IS 2 & & i b
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exists that there roay be instructions currently executing 0o (1o, the mapping is it a

transicnt stated.

After umified wam roapper 218 finds a himatch within its mapper, the instruction passes to
issue queus 222 o await issuance for execution by one of execution units 238, After general
excoution cugine 224 executes and “findshes” the instruction, but betore the instruction
“completes”, register management unit 284 retives the mapping entry presently found in
unitied mamn mapper 218 fom unified main mapper 218 and moves the mapping entry to
termediate register mapper 228, As a result, a slot in unified wain mapper 218 13 made
avatlable for mapping a subscquently dispatched instructiorn. Unlike unified main mapper
218, micrmediate register mapper 228 does not store dependency data. Thus, the mapping
that 1s transterred to intermediate rogister mappor 228 does not depond {and does not track}
the gueue posinons of the instructions associated with its source mappings. Ths is because
issue queus 222 retires the "“finished, but not completed” instruction is after a successtul
exccution. fo contrast, snder conventional rename mapping schemes lacking an imtermediate
register mapper, a unified main mapper continues to store the source resame entry untid the
mstruction completes, Under the present embodiment, miermediate registor mapper 228 can
be posttioned further away from other critical path elements because, unified main mapper

218, 15 operation is not thning oritical.

Cnce unitied main mapper 218 retires @ mapping ontry from unified mam mapper 218 and
moves o jotermediate vegster mapper 228, mapper cluster 214 performs a parallel logical
register lookup on a subsequently dispatched instruction to determine if the subsequent
mstraction contains a hit/match i any of architected regiater mapper 216, unificd main
mapper 218, and intermediate register mapper 228, 1 a hit/matceh to the same destination
togieal register vurober is found fu af least two of architected register mapper 216, unificd
main mapper 218, and intermicdiate register mapper 228, multiploxer 223 in issuc quene 222
awards prionty by selecting the lomcal-to-physical register mapping of anificd wmain mapper
218 over that of the intermediate register woapper 228, which in furs, has selection priority

over architected register mapper 214,
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The mechanism suggested n US 2011007863 by which the selection priority is determined
ia discussed as follows. A high level logical flowchart of an exemplary method of
determining which mapping dats values fo use in executing an instruction, in sccordance
with one erabodiment. In an embodiment, a dispateh unyt 212 dispatching one or more
instructions to register management unit 214, In response to the dispatching of the
fastractionds), register management unit 214 determines via a paralle] logical vegistor lookup
whether a “hit” to a logical register {in addition to a “hit”" to architected register mapper 2163
associated with cach dispatched mstruction has occurred. In this regard, it should be
understood that architected register mapper 216 is assumed to always have hit/match, since
architected register mapper 216 stores the checkpointed state of the logical-to-physical
register mapper data. H register management unit 214 does not detect a match/hit in unified
main mapper 218 and/or mntermediate rogister mappor 226, nultiplexer 223 selocts the
fogicai-to-physical register renamiog data frovn architected register mapper 216, Hregister
management unit 214 detects a match/hit wy unified main mapper 218 and/or mtermediate
register mapper 228, regstor manageroont unit 214 determines 1o a decsion block whether a
match/hit occurs in both unified maiv mapper 218 and intermediate register mapper 228, Ifa
hit/roatch is determaned i both mappers 218 and 228, & registor managoment unit 214
determines whether the mapping entry in unified main mapper 218 3 “younger” (¢, the
creation of the mapping entry 18 more recent) than the mapping entry in interroediate register
mapper 228, If entry 1 voibied wain mapper 218 18 younger than the entry » jutermediate
register mapper 228, multiplexer 223 sclocts the logical-to-physical register renaming data
from amfied mam mapper 218, I the entry w unified maio mapper 218 18 not younger thao
the entry in intermediate register mapper 228, multiplexer 223 selects the Ippical-to-phiysical

register renaming data from intermediate register mapper 224,

I a moateh/lit does net oceur 1o both unified matn mapper 218 and jotermediate register
mapper 224, it is determined whether an exclusive hit/match to unificd main mappor 218
occurs, Han exclusive hit to umified wam mapper 218 ocours, pnltiplexer 223 selects the
logical-to-physical register renaning data from uotfied wain meapper 218, However, f a
hit/match does not occur at unificd main mapper 218 (thus, the hitYmatch exclusively occurs

at intermediate register mapper 228}, moltiplexer 223 selects the logical-to-physical register
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renarning data fom intermediate register mapper 228 (block 3283, A genersl execution

engine 224 uses the ountput data of the logical register lookup for exccution.

o an example embodiment a dispatch unit 212 dispaiches one or more nstructions o
register management unit 214, A unified main mapper creates a new, logicai-to-physical
register mapping cutry. Issue gucue 222 mamtains the wsue queue position data of the
dispatched instruction, which utilizes the mapping entry that is selected via the logical
register ockup {deseribed i FIG. 3 ) General execution engine 224 detects whether any of
the instructions under execution has finished (L., one of Us 138 has fnushed execution of an
imstruction). If the issucd fnstruction has not finished, the method waits for an instruction to
finish, In response to general execution engine 224 detecting that an instruction i finished,
unificd main mapper 218 moves the logical-to-physical register renaming data from unified
main mapper 218 to interroediate register mapper 228, Unified voain voapper 218 retires the
unificd main mapping cntry associated with the finished instruction. A completion unit 248
detorraines whether the finished mstruction has completed. If the fimshed nstruction has not
completed, completion unit 24€ continues fo wait unti] it detects that general execution unit
224 has finished all older nstructions. However, if completion unit 248 detects that the
fintshed nstruction has completed, intermediate register mapper 228 updates the architected
coherent state of archiiected register mapper 216 and the interraediate register mapper 228

retires i roapping entry.

UJS Patent No. 6,189,088 “Forwarding stored data fetched for out-of-order load/read
operation to over-taken operation read-accessing same memaory location” o Gschwind, filed
February 13, 2001 and incorporated herein by reference describes an example out-oforder

{Oo() processor.

According fo Gachwind, FIG. 3 18 a functional block diagram of a conventional computer
processing systevo {e.g., mchuding 2 superscalar processor) that supports dynamic reovdering
of memory operations and hardware-based implementations of the interforence test and data
bypass seguence. That is, the system of FIG. 3 includes the hardware resources necessary to
support reordering of instructions using the mechanisms listed above, but does not inclode

the hardware resources necessary to support the excention of sut-of-order pad opergtiong
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before in-order load operations. The system consists of) a memory subsystem 301; a data
cache 342; an fnstraction cache 304 and a processor unit 300, The processor unit 500
meludes: an nstruction queue 303; several memory units (MUs) 303 for performing load
and store operations; scveral functional voits (FUs) 307 for performing integer, logic and
fleating-point operations: a branch unit (BUY 309 a register file 311; a register map table
3201 a free-vogistors quoue 3225 a dispatch table 324; a retirement quoue 326; and an in-order

map table 328

In the processor depicted in FIG. 3, instructions are feiched from instruction cache 384 {or
from memory subsystem 3841, when the instructions are not in instruction cache 364) under
the control of branch unit 389, placed in instruction quene 383, and sobsequently dispatched
from matruction queue 383, The register names used by the mstructions for specifying
operands are renaroed according to the countents of register map table 326, which specifies
the current mapping from architected register names to phivsical registers. The architected
register names used by the fustractions for specifying the destinations for the results ase
assigned physical registers extracted from free-registers quene 322, which contains the
names of physical registers not currently being used by the processor. The register map table
3284s updated with the assignments of physical registers to the architected destination
register names specified by the instructions. Instructions with all their registers renamed are
placed o dispatch table 324, Instructions are alse placed wn retirement quene 326, in program
order, including thew addresses, and their physical and architected register names.
fustractions are dispatched fom dispatch table 334when all the resources o be used by such
instructions are avaiiable (physical registers have been assigned the expected operands, and
fanctional units are free). The operands used by the istruction are read from register fife
311, which typically includes general-purpose registers (GPRy), floating-point registers
{FPRs}, and condition registers {TRs). Instructions are executed, potentially sut-of-order, in
a corresponding memery unit 385, functional unit 387 or branch unit 34%. Upon complction
of excention, the results frov the mstructions are placed 1o vegister file 311, Instructions in
dispatch table 324 waiting for the physical registers st by the instractions conpleting
execution are notified. The retireraent queuc 326 18 notified of the mstructions completing
execution, including whether they raised any exceptions. Completed instructions are

removed from retivement queue 326, in program ovder {frorn the head of the queue). At
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retirement thoe, i ne exceptions were rawsed by an instruction, then in-order map table 328
i3 updated so that architected register names point (o the physical registers in register file 314
containing the results frora the instruction being retired; the previous register names from in-

order map table 328 are returned to free-registers gueue 322,

Cu the other hand, if an instruction has raised an exception, then program controlis set to the
address of the instruction being retived from retirement guene 326, Morcover, retirement
queus 326 is cleared (flushed), thus canceling all unretived instructions. Further, the register
map table 328 is set to the contents of w-order map table 328, and any register not in in-

order map table 328 18 added to free-registers quoue 322

A conventional suporscalar processor that supports reordering of load instructions with
respect 1© preceding load instruchions {as shown  FIG. 3 Y may be avgrocoted with the
following:

b A moechanism for warking load instructions which are issued out-of-order with respect
to preceding load instructions;

2. A mechanisin to rumber instructions as they are fetched, and deterrmine whether an
mnstruction occurred earkier or fater in the instruction stream. An aliernative mechanism may
be substituted to determine whether an fstraction occurred carlicr or later with respect o
another instruction;

3. A mechanism to store information about oad operations which have been executed
out-of-order, including therr address in the program order, the address of their access, and
the datum value read for the largest gnaranteed atomic unit containing the loaded datuny

4. A mechanism for performing an interference test when a load instraction 18 executed
im-order with respect to one or moere sut-pforder load instructions, and for performing
priovity cucoding when multiple instructions tterfere with a load operation;

5. A mechanism for bypassing the datum assoctated with an interforing load operation;
and

6. A mechanism for deleting the record generated 1 (3) at the point where the out-of-

order state 15 retired from retirernent queue 326 to regster file 311 in program order,
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The mechanisms disciosed by Gschwind are used in conjunction with the mechanisms
avatlable m the conventional out-oftorder proceasor depicted in FIG. 3, as follows, Each
mstruction is nurnbered with an instruction nurmber as it enters instruction queue 303, A Ipad
mstruction yoay be dispatched from dispatch table 324 carlier thau a preceding load
instruction. Such a load instruction s denoted below as an ‘out-oforder’ load operation. In
such & case, the entry ju retivement gueue 326 corresponding to the load mstruction

marked as an owt-oforder load.

The detection of the dispatching of an out-oforder load operation from dispatch table 324 to
& memory uit 303 for exccoution is prefergbly acconplished with two counters, a “loads-
fetched counter” and a “loads-dispatched counter”. The loads-fetched counter is incremented
when a load operation is added to dispatch table 324, The loads-dispatched counter 8
meremented when 4 load operation s sent 1o a memory nott 385 for execution. The current
contents of the loads-fetched counter i3 attached o a lpad instruction when the load
fastraction s added to dispatch table 324, When the load mstruction is dispatched from
dispatch table 324 to 2 memory unit 303 for execution, if the value attached to the lpad
mstruction in dispaich table 324 15 different from the contents of the loads-dispatched
counter at that time, then the lead instruction i3 identificd as an cut-of-order load operation,
Mote that the difference among the two counter values corresponds to the cxact nurnber of
load operations with respect to which load instruction s being issued ont-oforder. Out-of-
order lead instructions arg only dispatched to @ memory unit 303 if space for adding entrigs

n load-order table is available,

The load-order table is a single table which is accessed by all memory units 305
sirmultanecusly {1.c., only a single logical copy is maintained, although multiple physical
copies may be mattained fo speed up processing). Mote that i multiple physical copics are
used, then the logical contonts of the multiple copics must always reflect the same state to all

merpory uots 303

The mstruction number of the mstruction being executed and the fact of whether an
mnstruction ia executed speculatively is communicated o memory unit 303 for cach load

operatinn issued.
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Amn instruction set architecture (ISA), implemented by g processor, typieally defines a fixed
nunber of architected general purpose registers that are acceasible, based on register flelds
of instructions of the ISA. In om-otorder execution processors, roname registers are
ssigned to hold register results of speculatively executed of instructions, The value of the
rename register is conunitted as an architected register vahie, when the corresponding
speculative instruction execution is “comumitied” or “completed. Thus, at any one point
time, and as observed by a program execnting on the processor, int g register rename
cmbodiment, there exist many roore renaroe registers than architected registers.
In one embodiment of renare registers, separate registers are gssignod to architected
registers and rename registers. In another, embodirsent, rename registers and architected
registers arg morgoed registers. The merged rogisters include a tag for indicating the state of
the voerged register, wherein in one state, the merged register is a revame vegister and in

ancther state, the merged register i3 an architected register.

In a merged register evobodiment, as part of the mitialization (for example, during a context
switch, or when mttializing a partition), the first n physical registers are assigned as the
architectural registers, where n 18 the number of the registers declared b‘y the fnstruction set
architecture (ISA}Y. These registers are set to be it the architectural register {AR) state; the
remaining physical regisiers take on the avalable state, When anssued instructhion mchudes
a destination register, a now rename buftor 8 needed. For this reason, one physical rogister i3
selected frovo the poot of the available registers and allocated to the destination register,
Accordingly, the selected register state is sot to the rename buffer not-valid state (NV}, and
its valid bit is reset. After the associated instruction finishes execution, the produced result is
written into the selected register, its valid bit 15 set, and #ts state changes fo rename buffer
{R13}, vahid. Later, wheo the associated wstruction coropletes, the allocated revame buffer
will be declared o be the architectural registor that implements the destination register
specified i the just completed mstraction. Its state then changes to the archatectural vegister

state {AR} to reflect this.

While registers are almost a universal solution to performance, they do have a drawback.

Eifterent parts of a computer program all use thetr own teroporary values, and therefore
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conpete for the use of the registers. Since g good understanding of the nature of program
flow at runtime 13 very difficult, there 1s vo easy way for the developer to know i advance
how many registers they should use, and how many to leave aside for other parts of the
program. In geoeral these sorts of considerations are ignored, and the developers, and wore
tikely, the compilers they use, attempt fo use all the registers vistble to them. In the case of
processors with very fow registors to bogin with, this s alse the only reasonable course of

action,

Register windows aim to aolve this issue. Since cvery part of a program wants registers for
its own use, several sets of registers are provided for the different parts of the program.
these registers were viaible, there would be more registers o corapete over, 1.e. they have to

be made invisible,

Rendering the registers mvistble can be implemented efficiently; the CPU recognizes the
movement from one part of the progrars to avother doring a procedure call, Tt s
accomplished by one of a small mumber of instroctions {prologue} and ends with one of a
strntlarly sroall set {epilogue). In the Berkeley design, these calls wonld canse g new set of

registers (o be "swapped " at that point, or marked as "dead” {or "reusable”) when the call

Pracessors such as PowerPC save state to predefined and reserved machine registers. When
an exception happens while the processor is already using the contents of the current
window 0 process another exception, the processer will generate a double fault in this very

situation.

o an example RIST erobodimoent, ooly cight registers out of a total of 64 are visible to the
programs. The complete set of registers are known as the rogister file, and any particular set
of cight as a window. The file allows up to cight procedure calls to bave thew owo regisier
sets. As long as the program does pot call down chains longer than eight calls deep, the
registers never have to be spilled, 1o, saved out to main memory or cache which 15 4 slow
process compared to register aceess. For many programs a chain of ik is as deep as the

program wili go.
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By comparison, ancther architecture provides siraultancous visibility into four sois of cight
registers cach, Three scts of eight registers each are "windowed”. Hight registers (i) through
17} form the input rogisters to the current procedwre level Eight registers (L0 through L7 are
tocal to the current procedure level, and eight registers {00 throngh o7} are the outputs frow
the current procedurce fevel to the next kevel called. When a procedure 18 called, the register
window shifts by sixtoen registers, hiding the old nput registors and old local registers and
making the old output registers the new input registers. The common registers {old output
registers and new joput registers) are used tor pararacter passing. Fioally, eight registers (g8

through g7} are globally visible to all procedure tevels,

An improved the design allocates the windows o be of variable size, which helps utilization
in the commen case where fower than cight registers are needed for a call. It also separated

the registers o a global sot of 64, and an additional 128 for the windows.

Register windows also provide an casy upgrade path, Since the additwonal rogisters are
mavisible to the programs, additional windows can be added at any time. For instance, the use
of obiect-oriented programmimg ofion rosults m a greater nomber of "smaller” cally, which
can be accommodated by increasing the windows from eight to sixtecn for instance. The end
result is fower slow register window spill and fill operations because the register windows

overflow leas offen

fustruction set architecture (ISA) processor out-oforder mstruction tmplementations roay
execute architected instructions directly or bry use of frnyware invoked by a hardware
mmstraction decode unit. However, many processors “crack” architected instructions into
micro-ops divected to hardware units within the processor, Furthermore, a complex
mstruction set computer {CISC)Y architecture processor, may iranstate CISC mstructions into
reduced mstruction set computer {RISC) architecture instructions, In order to describe
aspects of the mvention, ISA machine mstructions are described, and interval operations
{(iops) may be deployed internally as the ISA machive mstruction, or as smaller units {micro-
ops}. or microcode or by any means woll known m the art. and will still be referred to heren

as machine mstructions. Machine insiructions of an ISA have g format and fonction as
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defined by the ISA, once the ISA reachine instruction 18 fetched and decoded, it may be

transformed into wps for use within the processor,

o an cmbodiment, an wstruction set architecture (ESAY has the capability to indicate operand
“liveness”. Operand “liveness” may melude, for example, an mndication that the operand
value will not be used again, an indication of how many more read access, write access or
both will be made, an indication that the operand will not be accessed for a predetermined
pernd of time (sursber of mstructions, elapsed time, e}, an mdwation of how crificsl to
performance access to the operand s (low, mediom high) ete. In a storage cache hicrarchy,
operand liveliness might indicate that a store operation 18 g last store to the line, that stores to
the cache Hne need not be maintained in main storage {scratch pad). Indicating that an
operand value will be used for the last time promise improved capability to manape soft

error recavery, multi-level register files, maiu stovage caches and vegister renarmng logic,

In cwbodiments, compilors are provided that track nformation 1o order o provide
mformation 1o the processor identifying operand liveness (what values will not used again
for example). In one cmbodiment, the compiler mmserts hiveness instructions for indicating

the Hveness mnformation o the processor executing the compiled instructions.

In an embodiment, the capability to porformn a context switch includes the ability to save and
restore information about liveness including what values are not used or a spocific software
moduie. A software wodule can be, for evample, 4 subroutine, a thread, a process, or a

partition {image) in a systen.

When a program A is interrupted in order to execute program B, a context switch is
pertormed, The context (the carrent state} of archutected facilities (including registor values,
condition code values, and program counter value pomting to the noxt mstruction address
(N1} for exarople) are saved for program A and the context for program B is loaded. When
returning to program A, the saved program A context is loaded and program A begins

cxecution gt the NI that was saved.
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In an embodiment, an active program can designate architected facility valucs as “last-use”
values, For example, a program knowa that a value jo register 3 will sot be used againso #
executes an instraction that disables register 3 of the architected 64 gencral registers of the
IS4, The processor, then, no longer needs to keep the state of register 3 current, and voay
specify a default value to be used. When the processor performs a context switch, register 3
need not be saved or restored. In an embodiment, information is saved indicating that
register 3 15 inactive when context is restored and the program is re-activated.

in an embodiment, when a transient fault occurs during instruction execution, “register
liveness” mtbrroation can be used to suppress error recovery and/or orror notification. Error
recovery would degrade performance, Error potification can result in a machine outage ifa

NTOCESS, 4 partition or a system 18 stopped due to an unrecoverable error.
¥ ¥

In an embodiment, accosses to “dead values” {disabled registers) s provided by a program,
the program providing “last-use” mformation about an operand (where the operand value
will no longer be needed by the program}. The last-use information may enable systems to
optintize eperatinns by not having o retain unused values, or by suppressing error
notifications to tast-used operands. However, a “last-use” indication docs not guarantee a
value that was indicated as last-used will not be read-access again. Specifically, at code
module boundaries, values are often saved when cotering a new module, and vestored when

exiting form a module and returning to 4 previous module,

Examples

#  On transitiong between functions, callee-saved (Mnon-volatile™) functions are saved
by the called function on function cotry, and restored on funchion exit

» When 3 transition from an application {process or thread) to the operating System
kernet (or hypervisor) is made, all registers are saved, and restored when control
transfors back to an application

e  When a transition from a system partition {e.g., an operating syster in that partition}
tg the virtual maching monitor {YMM] or hypervisor is made, all registers are saved,

and restored when control transfers back {o av application
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e« When au oporating system switches execution from one thread to another thread, all
registers associated with a thread are stored, and the stored registers asaociated with
said another thread are loaded

# When a hypervisor or virtuai machine meonitor (VMM ) system switches execution
from one partition to another partition, all registors associated with g partition are
stored, and the stored registers asaociated with said another partition are loaded

s During the execution of a CALL PROGRAM under Systern z, state gots saved

e Because during the switch fom one first moduie to another module, the another
o dule does not know what registers a fivst module may be using, the module will
save and restore all registers

e During these accesses, when a transient fault is registered 1o save the module state for
a futore restoration of a module’s state, voused state gots accossed

» To avoid crror recovery and orror notification, it is proferable o suppress gt least one
of error recovery and notification

s Itis critical to suppress error notification during such sttuations m order to reduce the

serformance degradation in handling these false errors.
& fer)

fn an embodiment, there is provided a means to track, for cach register, whether the register

has been indicated to be no longer live (ie., a last-use has been indicated).

In an embodiment, a Hveness information register (LIR) special purpose register (SPR} s
provided. The liveness register is preforably mameained in 2 hardware latch, and contains
one bit for cach register indicating whether a register is hve, The LIR value, man
ermboditnent is context of a program and is saved and restored during context switching. In
another embodiment, the LIR value includes an identifier identifving a context or thread

assoctated with the LIR.

Referring to FIG. 4A, a processor may have a phiysical register pooi 402 that are dynamically
allocated as renavoe registers 494 for speculative execation, and ISA architected registers
4(3. The dynamic allocation 18 performed by an architected register mapper 405, wherein

rename registers become architected registers upon corplction of 8 corresponding Out of

Order (Cotd) wstruction exacution,
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Amn architected machine mstruction 400 of an ISA mcludes, for example, an opeode (OP1}
mdicating the function to be poerformed by executing the mstruction, an immediate field (31},
a spurce register fickd (RA ) for locating g source operand in an architected register location
apecified by the register field, the source operand to be used in the execution of the
instruction, and a target register field (RT1) for locating an architected register for storing a

result operand of excouting the mstruction.

An Exccntion Unit 481 receives the mstruction 400 {or mteral operstion “mucro-ops”™ {1ops}
generated by the processor, and determines that it needs to access an operand at an
architected register location (RA 1) or RAZ). The Exceution unit 401 sends the register field
value to an Architected Register Mapper 403, which determines which physical register is
associated with the architectad register fo be accossed, and directs the access to that

architecied register,

Referring to FIG. 4B, an architected register enablod/dsabled vegister (AREDR) 410148
mtroduced. The AREDR 410 determines whether an access (by an execation unit 401) of an
architected register s permutted or not. In an ersbodioent, if an architected regisior access 18
disabled, the AREDR 414 causes a response, other than returning a previously stored
architecture register operand value or storing an grehitecture register operand. Responses
may nehude, for example, rehurning a defaplt valoe 411, returning all s oy all @7, returnimg
an incremented value, rofurning a decromented value, suppressing crrors or returning a

program exeeption event signal,

Referring to FH3, 4, during a context swiich, {or reaponsive to a call instruction being
executed), the state of enablement of the architected registers held in the AREDR 416 are
saved and restored n 4 save arca 420, of, for example, yoatn storage 421 In an embediment,
the current value of the architected rogisteors are also saved and restored, along with other
state mformation such as program status word (PSW) state including, the current program

counter vahie and current condition code (flags) value.

Referring to FIG. S, the AREDR 410, in an embodiment mclodes an enable register 501,

having a bit corresponding to cach architected register, wherein g bit being g "0 indicates the
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register is disabled, and a bit being a *1 indicsies the register is enabled. The cnable register
501 15 set or reset by enable set/reset logic 300, lu an embodiment, a last-use mstruction
spectfies the last-use of an architected register, when executed, causes the corresponding
enable register 581 bit to be set to *0°. In av embodiment, an fustraction specifving a wrile to
the architecied register causes the corresponding enable register 301 bit to beset to “1 . Inan
ernbodiroent, the enable regaster 567 can be read or written by mstructions used by an

operating system (O8).

When an instruction requests access to an architected register, an architected regisier addreas
507 is compared 504 with the cnable register 501, by 4 comparstor 504 to determine whether

the architectad register s enabled 305 or disabled 306,

fo an embodiment a mask register 503 18 provided. The mask register 303 is sef or reset by
mask set/reset logic 5072 responsive to an operating system instruction being executed. Each
bit of the mask register 303 corresponds to an architected regstor and controls whether a
program can enable corresponding registers. The mask register 583 is compared with the
cnable register 501 by a comaparator for determining whether an architected register address

537 is enabled 303 or disabled 506,

The architected regisier cnabled logie 305 pormis use of the architected register, The
architected register disabled action logic 506 causes an action other than using the

chitected register as described supra,

In an embodiment, the state of the mask register 503 is saved and restored during a content

switch along with the state of the enable register 301,

In another embodiment, register iveness is implicitly maintained, ¢.p., s part of the state of
a register vevaming Jogic and s associated with a thread or a program. For example, i a

register renaming table.

in an embodiment, a liveness information vahue is extracted from the state management

structure, such s a register renaming table for performing a context switch. By accessing
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the mapping nformation, ©r cach architected register a deternunation is made whether the
register is bound to a physical register and is live, in winch case a *17 will be inserted i the
bveness mformation value position for that register in a storage for holding context state {in
a hveness wforroation register (LIR)Y for example). Tn another aspect, when an architected
register is not indicated te be live, and not bound to & physical register, a ‘07 18 mserted at the
corresponding position. I accordance with one embodiment, even when not LIR register is
explicitly maintained, the architecture i3 specified to contain the LIR register, and a read to
said LIR register will cause a Hveness indication value to be genorstod and returned as the
result of a read form this register. Those skilled m the art will recognize that other encoding

than the ones described here can be used in conjunction with the teachings contained herein.
< &

Liveness information 1s used in conjunction with reliability actions in an embodiment. Data
aceesses may be performed in conjuncnion with an R-umt function, The R-untt preferably
inchndes the register Liveness indicator register. When an error condition indicating a
fraunsient fanlt is encountered, a determination is yoade if the error condition corresponds to
an error in a Hve or a non-live register {or other data store). When the data error s indicated
for a Hive value, a reliability action 1s performed, wherein the Rehability action 18 preterably
one of error notification and error correction. When the data error is indicate for a non-live
register, the Rehability action ray be suppressed. Suppressing error correction will save
encrgy and foprove perforrance lost in order to correct an unnceded valoe, Suppressing
crror notification for a non-live value will increase systom reliability for non-recoverable
errors, because transient corruphion of architected state usually forces the termination of
execution in one of a process, a partition and a systent. In one embodiment, a “logging”
notification is still recorded when an error bas indicated to not require 8 reliability action, so
as to detect degrading systems and initiate service actions, or take froquently failing

componcnts out of service proschively

In one embodiment for a pon-live rogister 4ccess suppresaing an ervor, a “logging”
notification is stil recorded when an error has indicated to not require a reliability action.
The log can be used to detect degrading systems and initiate serviee actions, or take

frequently fatling components out of service proactively.
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In accordance with one cmbodiment, it at least one scenario the condition of accessing a
register which 15 not live may correspond 1o a programming orror. As sach, a
microprocessor implementation may be adapted to raise a notification event {e.g., an
exception to one of a debugger, au operating system, a hypervisor, or another supervisory

program} to indicate a possible programming error,

Not all references to free (disabled) registers are the result of a programming error.
Programs may be required to save rogisters when they do not know whether those registers
are in usg, and may proceed to save to memory {“spill”) and fater reload (67} these
registers {e.g., during context switch or function call/return}. In one embodiment, there is
provided one of a configuration register and a mode switch to override a possible exception,
angd force the returning of 8 default value when accessing a froe architected rogistor. In
another aspect of the fvention, a control bie {e.g., n the architected program status word
{PSW), a architected control register {CR), or the architected machine state register {MSE)
status registers, of in an implementation controlied HID bit) 18 set to select the behavior by
an application. In another aspect, a prefix to a sequential instruction provides the ability to
mgdicate that an unused reference might ocour. In yet another aspect, an instruction with g

well defined opeode has the ability fo access a register that s thus freed and deallocated.

In another embodiroent, votification raising and non-potification raising mstruchions are
provided that raise or suppress notifications corresponding to non-live, disabled operands. A
compiler generates an mstroction that does not vaise 4 progravoming ervor indication event
{2.g., said exception) but rather returns a defanlt value when a context switch {or callee-save
spitl/fill register sequence) is performed. In accordance with one aspect, the compifer may
use one of the described means {(set control, use a prefix, or use a special opeode) to perform
key operations that voay refercoce urnused vegisters — ¢ g., rogister save and restore for callee-
saved {non-volatile) registers i functions prologues and epilogucs, during a make-
context/get-context operation, or during 4 sct-jump/Jong-jumy operation. fo another
embodivaent, the conmpiler library or function will also be optionally adapted to emit and/or
use and/or excoute code to save a digest of rogister liveness mibrmuation ("STORE
LIVENESS”), and reatore such information when registers are being reloaded (“"LOAD

LIVENESS™,
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In other aspeets, operating systems and hypervisors use sinular sequences of instructions to
save and restore context in context switch. In oue aspect of such a use, operating systoms
and hypervisors are expected o be free of programooing errors, and nover 1aise g
progranmoing error notification, but rather abways substitute a default vaiue, This would be
desirable for a known highly reliable operating system such as zO8 and AIX. In another
aspect, where the make of an operating system expects there to be many programuming erors
in an operating systen, he would use a method similar to application programs, with OS and
hyperviser bemy adapted to mdwcate o prograroming erver {¢.g., using a notification roethod),
and using instructions adapted to not raise programiming error notifications for operations
such as context switches, which are known to be referencing unused/free/deallocated
registers, These methods would be desirable for the make of an operating systern commonly
known under the name “Microsoft Windows”, Alse, makeors of very stable operating
systems such as 2035 and A may choose to enable notification during thew longthy quality
assurance cycle, to aid m debug and preserve the known industry-leading stability in the =08
and AIX operating systems. In avother aspect, the roode may be switched, ¢.g., wm a Limux
operating system, where a more stable base Linux operating system may call external
mndules and drivers to be executed in the O environment, the operating system may switch
te 2 mode wherein programming ervor notification are enabled during execution of said

drivers or modules.

Saving and restoring Hveness information in an embodiument, 18 provided by reading and
writing the Bveness indication regster. In accordavce with one evobodimaent, a reove from
{or o) NPR {special purpose register) instruction or CONTROL instruction may be provided.
In accordance with one embodiment, a sysiem uses a move from liveness instruction o save
Hveness information in memory {(or in g register). In accordance with another embodiment,
tiveness information is copied 1o a status save/restore register (SRR from a liveness
indication register when a context switch to a supervisor mode 18 made, Livencss
imformation may be copied from a status save/restore register (SRR to a liveness indication

register when a content swiich from a supervisor mode 16 made (fv/hefi).

in an embodiment for saving liveneas information no explicit Bveness indication regisier is

mamtsined. Instead, there is included logic for obtaining information from mmplictt state and
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constructing a hiveness indication register when a move fom liveness imndicator instruction is

performed

Preferably, an indication of which architccted registers are enabled or not enabled (s saved to
a save arca for a program (X} being interrupted, and an indication of which architected
registers are cnabled or not enabled s obtawed from the save arca for new program (Y) is
retehed during a context switch, wherein the save area may be implemented as an architectad
register location or g main storage location availsble to an eperating system {083 The
indication may be a bit significant ficld where cach bit corvesponds to an archifected register
ertry, or a range, or otherwise indicating the enabled/active architected registers. In an
ermbodiment, only a subset, determined by the 05, may be enabled. In an embodiment each
thread of a multi-threaded processor has its own sot of enabled, disabled indicators. In
another conbodiment, the value of active wndicators of an active program or thread can be

explicitly set by machine instructions avatlable to the active program or thread.

In one embeodiment, content swiiching may be performed, entively by hardware. The 18A
csignates the architected state information that must be saved and restored. The save area 1s
designated for the hardware, Whenever a context switch is invoked, the current state is saved
in the save area and the new state is olained from the save ares. In one example, there are
architecturally designated save arcas, or levels of saved arcas, and a programas executed at a
designated lovel, An interruption initiated by, for example, a timer event, causcs the state
wnformation for the program o be saved, and the operating system (O8) at another level, to
be mvoked, by obtaining the saved state information for the another level and then beginning

execution of the 08,

fo an embodiment, the context switch is performed, at least in part, by software, Wheo a
context switch is mvoked, state information at the current level is saved by software, and the

state mformation for the new level is obtained by software,

To gssist software in saving and restoring state, special instructions are sorctirnes provided
by I5As. In one embodiment, a special register may be provided for a PowerPC ISA to held

ary indication of the liveliness of general registers of the ISA. The special register can be
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saved to mernory by a new MESPR instruction and the special register can be loaded from

memory by 8 sew MTSPR instruction.

fspr

Move from Special-Purpose Register ({7000 J2AB7)
mispr vi3,5PR

31 o s 33 e
& &g RIS 20 3

MOTE: *This is a split field.

Ne-spris-21 1| spril-4]

1))

2l - SPR{N)
In the PowerPC UISA| the SPR ficld denotes a special-purpose register, encoded as shown

in Table 8-9.The contents of the designated special purpose register are placed mto ¥, A

new LIR SPR ficld (LR identifics a liveness special purpose register.

Table -3, FowerPC UISA SPR Encodings for mispr

SRR
Register Hame
Bieginal sprfs—1] sarii-d
E R I XER
g R R ISR LR
g RGN CIO0 YR

** Moker The order of the bwo 5-bit halves of tha SPR number

is reversed compared with the actual instruction coding.
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Ifthe SPR ficld contains any value other than ove of the values shown in Table §-2 {and the
processor s in user mode), one of the following occurs:

» The system tlegal instruction crror handler is mvoked.

s The system supervisor-level instruction error handler ¢ invoked.

5 » The results are boundedly undefined.

Other registers altered:
= Mone
Simplified mnemonica:
10 mixer rD» cquivalent to mispr rD, 1
milr rD equivalent to mispr vis8

mictr v cquivalent to mbspr v0,9

Store Doubleword DS-form

‘ e e &
atd RS DSRA)

£7123 & R A 0
2 & 15 sl
if B = ¢ then
N
glge
E3 + b + EXTS
MEM{ER, -

Pt affoctive  address {Em e  the sum
Rw WSHOR0G)Y. (RS) s stored into the doubleword

in stos ane asjf_i:ebged oy E&L
Special Registers Altered:
Muone

15 Move From Special Purpose Register
XFEX-form
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mifspr RT.SPR

3 RT spr 33% §
0 & 1 31 31

n € spr3:9 i spriid
i length{ SPR{u}) = 64 then
RT €& SPR(n)

5 else

RT € 320 || SPR{n)

The PR ficld denotes a Special Purposs Register, encoded as shown fu the table below. The
contents of the designated Special Purpose Registor are placed mto register RT. For Special
10 Purpose Registers that are 32 bits long, the low-order 32 bits of RT receive the contents of
the Special Purpose Repgister and the high-order 32 bits of R'T are set o zore. A now LR
SPR field (LR} can be added to specify an SPR holding a current Architected registor
tiveness indication, wheretn each bit being a 1, indicates the architected register is not

enabled for example.
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decimal SPR’ Register
ecimal |
Sprg.g SPryg.a Name
1 Qo000 00001 XER
8 00000 01000 LR
o 00000 01001 CTR
13 00000 01101 AMRE
1386 00100 01000 CTRL
258 01000 00000 VRSAVE
254 Q4000 00011 SPFRG3
280 1000 00100 SPR@d%
281 01000 00101 SPRG5¢
282 01000 00110 SPRGH?
283 01000 00111 SPRG7
288 01000 01100 T7B8°
268 21000 01101 TBU®
512 10000 00000 | SPEFSCR?
528 10000 01110 ATB“‘ t‘P
527 10000 01111 _‘ =
298 11100 00000 PPR’*
88 11100 00010 PPR327
b Note that the order of the two 5-bit halves
of the SPR number is reversed.

Move To Special Purpose Register

XFX-form
mispr SPR.RS
31 RS spr 487
0 6 11 21 31

spr3:9 | sprihd

if = 13 then see Book (-5 (Power ISA™ Version 2.06 Revision B)

else

RS
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if longth{SPR{(n)) = 64 then
SPR{n} & (K5)
clse

SPR{n} € (R8332:63

The SPR ficld denotes a Special Purpose Rogister, encoded as shown in the table below,
tnlegs the SPR ficld contains 13 (denoting the AMR<N>}, the contents of register RS are
placed mnte the designated Special Purpose Register, For Special Purpose Reogisters that are
32 tits Iong, the low-order 32 bits of RS are placed into the SPR. The AMR {Authority Mask
Registor) is used for “storage protection” in the Server environment. The new LIR SPR ficld
(1R} can be added to specily an SPR for holding a new Architected register liveness

imdication, whorein cach bit being e 1, mdicates the architected rogister i3 not enabled for

example,
decimal 3PR’ N Reg»ister
SPfs.g SPryg Name
1 00000 GooM XER
2 00000 01000 LR
2 00000 01001 CTR
13 00000 01101 AMR®
256 01000 00000 YRSAVE
512 10000 00000 SPEFS{ZRE
898 11100 G0000 PPRY
848 11100 C0010 PPR32*

Mote that the arder of the bvo 5-bit halves
ot the SPHR number is reversed.

< Category: SPE.

3 Category: Server; see Book [-S.

4 Category. Phased-in. See Section 3.1 of
r Book H.

)

Category: Server; ses Book HH-5.

in accordance with one embodiment, when the LIR (SRRG LIVENESS) register 18 writien,

an indication is performed that all registers that are indicated as not live 1o the writien LIR
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value are no longer live, and any physical registers corresponding to architected registers

that have been indicatad as o be not live may optionally be deallocated.

A write aperation indicating a register which is 1) vot Hve prior to the cxecution of the write
and 2} 1s indicated to be live in the value written to the LR register either does not change
the corresponding LIR entry 1 one ombodiment, or canses a notification ovent to indicate 4

programming error in another embodiment,

A context switch or transfer of control operation can be implemented in software, firmware
or hardware circuitry. A hardware implemcntation can not only advantageously take
advantage of the last-used wiormation to return physical registers, of an architecied register
that is disabled, to a pool ot available physical registors for use by other threads for both
archifected registers and revame registcrs, but also, during a context switch, only saving and
restoring hardware registers, during a context switch, that are enabled. Example Al for
fraunsferring {contoxt switching) from Program A to Program B based on PowerPC I8 A, first

the state information of Program A is saved as follows:

Net up context save base address for module [ in ril
Then

stw ri3,GPRIZILY

stw rid, GPRI4(r1 1)

stw riS,GPRIS Y

stw r 2 GPR1Z2(ri 1y

stw r8,GPRO(r11);

mispr r13,8PRN SPRG SCRATCHO;
stw IO, GPRIGEk

mfspr r1Z,SPRN_SPRG SCRATCHI,
atw r12, GPRIIGT Y

Then the state wnformation for Program B 18 loaded as folows:
Set up context save base address for module 2w rid

Then
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bw r13,GPRI3(ri});

tov 14 GPRI4(c1 ),

lw riS5,GPRIST),

lw 12, GPRIZ2(Gr 1

Iw S GPRO(r] 1)

mispr t10,5PRN _SPRG SCRATCHY,
mispr r12,8PRN SPRG SCRATCHI,

rfi

In Example A2 as follows a transttion from Program B back to Program A is accomplished

as foliows:

First state information is saved for Program B as follows:
Set ap contoxt save base address for module 2 mril
Then
stw i3, GPRI3{ri 1y
siw rF4GPRI4r
stw rE5,GPRIS(ri 1Y
stw 12, GPRI2(r11Y
stw r9, GPRS{ri 1}
mfspr r10,5PRN SPRG SCRATCH:
stw r O GPRIMr Y,
mispr t12,8PRN SPRG SCRATCHI,
stw ri2 GPRIE(r):

Then state imformation 18 loaded for Program A as follows:
Set up context save base addvess for module 2 mril

Then

lw ri3,GPRIZ(rEE),

bw e 4, GPRIE4{r1 )

Iw r15,GPRIS{r1 1),
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lw ri2,GPRIZ2{rily

b 19, GPRO{(r1 1y,

mfspr r10,8PRM SPRG SCRATCHO;
fspr 112, 5PRN SPRG SCRATCHI:

rfi

In the Examples Al, AZ for transforcing {context switching} from Program A to Program B,
state wnformation was saved for cach architected register whether an architected regiater was
enabled or disabled. However, based on LIR, a context switch need not save a disabled

register, sinee the LIR interrogated to discover hiveness as shown in Example A2 as follows:

Example Bl for transforring {congext swiitching) from Program A to Prograra B, first the

state information of Program A s saved as follows:

Set ap context save base address

for module T mrid

stw rE3,GPRI3(ri 1Y

stw ri4,GPR4(r1 1)

stw ri 5, GPRIS( IR

stw ri2, GPRIZ{(x 1y

stw v, GPRY{r11y;

mispr t18,5PRN_SPRO SCRATCHY,
stw riQ,GPRIGT I

wfspr 112, 5PRMN SPRG SCRATCHI:
stw e 2, GPRIMrL Y

mfspr v12, SRR LIVENESS
stw r12, SRR LIVENESH{(r1 1)
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In this example, the liveness mibrroation 18 obtained by the mispr 12 instruction and stored
by the stw r12 mstruction so i is available for an eventual return o Program AL Then staie

mibrmation 18 loaded for Program B as follows:

Net up context save base address for module 2 inri
Then

lw r12,GPRI3(r1 1),

Mispr SRR LIVENESS

bw r13,GPRI3(r1});

tov 114, GPRI4{c )

lw r15. GPRIS(rE L),

lw 12, GPRIZ2(Gr1 L

Iw rQ,GPRS(r1 1},

mispr t10,5PRN _SPRG SCRATCHY,
mispr r12,8PRN SPRO SCRATCHI,

rii

In loading the state information, the hw ri2 provides av address of the saved LIR siste

mformation for Program B and the Mispr instruction loads the LIR from the save area.

in a hardware implementation the transfer may be made by logic circuits, In one
embodiment the LIR for atarget program 18 loaded first and ounly the tive regisicrs are
lgaded. In an ombodiment, only live registors are saved for a program that is being

transferved fom.

In an embodiment, Tveness miormation 301 is mamntamed 410 for executing programs, the
method comprising mamntainiog 410, by a processor, current operand state information 597
503, the current operand state information for mdicating whether corresponding current

operands 337 are any one of cnabled 585 or disabled 506 for use by a first program modnle

£00, the first prograrn module 600 conprising machine instructions of an nstruction set
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architecture (ISA}, the first program module 600 currently being exccuted 602 by the
processor. A current operand 8 accessed 683, by a machine instruction of said first program
mndule, the accessing conprising using 504 the current operand state information 501 503
to determine whether a proviously stored carrent operand value s accessibie 505 506 by the

first program module.

in an cmbodiment, responsive 1o the current operand 587 bemyg disabled 300, the accessing
comprisimg gt least one of returning an archiiecture-specified value 411, and where the
architecture-specificd value 411 18 any one of an undefined value, 3 zoro value, a value
consisting of all "17s, or a program specified defsult value; and performing g notification
action SO¥, wherein the nottfication action 308 s any one of raising an exception,
SUNPrOsSINg An exception, raising and supprossing an exception under control of machine
state, providing debug information, and setting at least one register fo ndicate seaunrence of

an access to & disabled operand.

In an embodiment, program execution 602 i3 transterred 603 from the first program module
604 to 4 second program module 601, comprising saving 604 the current operand state
information 301 303 of the first program module 600 in a content switch save arca 420,
loading 701 702, from the context switch save arca 420, now operand state information a3
current operand state mformation of a second program to be executed; and wnttiating 703
execution of the scoond program 601 using the loaded current oporand state information 501

03,

L

In an embodiment, the transforring 603 703 execution 18 a context switch operation, whergin
the current operands consist of any one of architected general register values of general

egisters 403 dentified by mstructions 400 or architected floating point register values of
floating point registers identificd by mstructions 600, wherein the transforring execution
farther coroprises saving a program counter value and current operand vahucs of enabled
current operands 403 of the first program wodule 600 io the context switch save area 420;
and loading 701 702, from the context switch save area 420, new operand vahues of now

enabled operands as current operand values of current operands 403 of the second program
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601 to be executed, wherein the initisted exccntion 602 of the second program 601 uses the

loaded current operands 4433,

fn an cmbodiment the current operand state inforroation 581 303 further comprises an
operand enablement control 583 for contrelling whether current operand state information

50%can be changed botween cnabled and disabled by a curvent program 600 601,

In an cmbodiment, when a first operand disable mstruction 881 18 executed, the execution
causes current operand state information 341 of a first operand 483 to disable the first
operand 403, wherein reads of disabled operands 403 return an architecture dependent
defaudt value 4111 and when second operand enable instruction RG6 i3 executed, the
execution causing 8007 cwrrent operand state mformation 5061 of a second operand to enable
505 the second operand 403, wherein reads of cuabled operands return values previously

stored o saud enabled operands 403,

In an embodiment, the default value 411 counsists of any one of an architecture yndefined
value, g value previously stored in an grehitecture defined defanlt value rogaster, all 17g, all
{5, an wcremented value or a decremented value, wherein the incremented value 15
incremented with each read access, wherein the decremented value is decremented with cach

read 300685,

fn an cmbodiment, the first eperand disable instruction s a prefix mstruction 300, the
execution of the prefix instruction 800 indicating fo the processor, that the first operand is to
be disabled afier use by a next sequential instruction 801 following the prefix instruction in

program order,

In an embodiment, write operations to disabled operands cause the disabled operand to be
enabled, wherein the second operand enable mstroction 06 15 a write mstruction for writing

to the second operand 333,

in an embodiment, an access 1o a disable architected register causes a program exception 10

be mdicated.
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In an embodiment, a disabled architected register 1s engbled by execution of a register

enabling instruction that does not write to the disabled architected regisier.

In a coramercial implercotation of functions and nstructions, such as operating system
programmers writing i assembier language. These instruction formats stored in a storage
medivm F14 (also known as main storage or main memory) may be exccnted vatively ma
7/ Architecture IBM Server, PowerPC IBM server, or alternatively, in machines exccuting
other architectures. They can be erulated in the cxnsting and m future IBM servers and on
other machines of IBM {e.g., pSeries® Servers and xSeries® Servers). They can be

exccuted in machines where generally execution is in an emulation mode.

In enmulation mode, the specific instruction being emulated is decoded, and a subrouting 18
built to roplement the individual instruction, as in a C subroutine or driver, or some other
technigue is used for providing a driver for the specific hardware, as s within the skill of

those 1o the art after understanding the description of an erbodiment of the mvention,

Mareover, the varions embodiments described sbove are just examples. There roay be many
variations to these embodiments without departing from the spirit of the present invention.
For instance, although a logieally partitioned environrent reay be described horein, this is
only one example. Aspects of the mvention are beuchoeial to many types of environments,
inchuding other environments that bave a plurality of rones, and non-partitionsd
environroenis, Further, there meay be no central processor complexes, but yet, vaultiple
processors coupled together. Yot further, one or more aspects of the invention are applicable

to single processor envirenments,

Although particular envivenments are described herein, again, many variations to these
envirenments can be implemented without departing from the spirit of the present invention,
For example, i the envivonment s logically partitioned, then more or fower logical pariitions
may be iscloded in the environment, Fuorther, there may be multiple central processing
complexes coupled together. These are only some of the variations that can be made without
departing from the apirit of the present invention. Additionally, other variations are possible.

For example, although the controller described horein serializes the mstruction so that one
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IDTE mstruction executes at oue time, i another embodiment, multiple instructions may
execute at one time. Further, the euvironment may inclide multiple controllers. Yet further,
muliple guiesce requests {(from one or more controllers) may be concurrently owstanding in

the system, Additional variations are also possible,

As used berein, the term “processing voit” includes pageable entities, such as guests;
processors; enmlators; and/or other similar components. Moreover, the term by a
processing unit” inchides on behalf of g processimg umit, The term “buffer” meludes an area
of storage, as well as different types of data structures, including, but not Hmited to, arrays:
and the term “table” can include other than table type data stractures. Further, the
mastruction can inchide other than registers to designate mformation. Moreover, a page, a

segiment and/or a region can be of sizes difforont than those described herein,

One or more of the capabilities of the present imvention can be implemented i software,

fieware, hardware, or some combination thereofl Further, one or more of the capabilities

can be emulated.

One or more aspects of the present invention can be incloded in an article of manufacture
(2.2, 0nC or more conputer prograrg products) having, for instance, coraputer usable media,
The media has ersbodicd therein, for mstance, computer readable program code means or
lopic {(c.g., instructions, code, commands, ofc b to provide and facilitate the capabilitics of the
present invention. The article of roanufacture can be mcluded 48 a part of s computer system
or sold separately. The media (also known as a tangible storage medinm) may be
mplemented on a stovage device 120 as fined or portable media, in read-only-memory
{ROM) 116, in random access memory {RAM} 114, or stored on a conyputer chip of s CPU

{1180}, an 1O adapter 1R for ecrample.

Additionally, at least one progravo storage device 120 comprising storage ruedia, readable by
a machine embodying at least one program of instractions executable by the machine to

perform the capabilitics of the present mvention can be provided.
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The tlow diagrams depicted horein are just examples. There may be raany variations {o
these diagrams or the steps {or operations} described therein without departing from the
spirtt of the mvention. For nstance, the steps may be performed in a differing order, or steps
may be added, deleted or modified. All of these vansations are considered a part of the

claimed invention.

Although preferred embeodiments have been depicted and described in detail herein, it will
be apparent to those skilled n the relevant art that various roodificatipns, additions,
substitutions and the like can be made without departing from the spirit of the invention and
these are therefore considered to be within the scope of the mvention ag defined in the

following claima,
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CLAIMS
1. A computer implermented method for matmtaining hiveness information for executing

prograras, the method compnising:

maintaining, by a processor, current operand state information, the current operand
state fnformation for indicating whether corresponding current operands are any oue of
cnabled or disabled for use by a first program module, the first program module comprising
machine instructions of an instruction set archiiecture (ISA}, the first program module
currenily being executed by the processor,;

accessing a current operand, by a nachine instruction of said first prograrn module,
the accessing comprising using the current operand state wformation to determine whether a

previously stored curreont operand value s accessible by the first program module.

2. The method according to Clamm 1, further comprising:

responsive o the current operand boing disabled, the accessing coroprising af least
one of aj and b} comprising:

a} returning an architecture-specificd value, and where the architecture-specified
value is any one of an undetined value, a zero value, a value consisiing of all "17s, or a
progrant specified default value; and

b performing s votification, wheretn the notification step 5 any one ef raising an
cxcoption, suppressing an excoption, raising and suppressing ap oxception under control of
machine state, providing debug information, and setting at least one register to indicate
geourrence of an access to a disabled operand.
3. The method according to Claim 1, further comyprising transferring program exccution
from the first program module 1o a second program module, comprising performing a}
through bl

ay saving the corrent operand state formation of the fivst program module 1o 8
context switch save area;

b} loading, from the context switch save grea, new operand state wfbrimation as

current operand atate information of a second program o be executed; and
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imtiating execution of the second prograre using the loaded current operand state

mformation.
4, The method according to Claim 3, wherein the transforning execution 13 a context

switch operation, wherein the current operands consist of any ong of architected general
register values of goneral registers identified by nstructions or architectod floating poind

ol
e

ister values of floating point registers identified by instructions, wherein the transferring
execution further comprises performing ¢) through d):

¢} saving a program counter value and current operand values of ¢nabled current
operands of the first program module i the context switch save arca; and

d} loading, from the context switch save area, new operand values of new enabled
operands as current operand values of current operands of the second program to be
executed, wherein the fmitiated excontion of the second prograrn uscs the loaded current

GPCTanags.

5. The method according to Claim 4, wherein the current operand state information
further comprises an operand enablement control for controliing whether current operand

state information can be changed between enabled and disabled by a current progran..

B, The method according to Clawm 4, further comprisiog:

executing a first operand disable instruction, the execution causing current oporand
state information of a first operand to disable the first operand, wherein reads of disabled
operands retwrn an architecture dependent default value; and

excouting a second operand enable instruction, the execution causing current operand
state information of a second operand enable the second operand, wherein reads of enabled
operands returo values previously stored to said enabled operands.
7. The method according to Claim 6, wherein the default value cousists of auy one of ap
architecture undefined value, a value previously stored in an architecture defined defanlt
value rogister, all 17y, all §°s, an meremented value or a decremented value, wherein the
meremented value is incremented with each read access, whersin the decremented valae ig

decremented with each read access.



10

15

20

WO 2013/050901 PCT/IB2012/055070

59

8. The method accordimg to Clain 6, wherein the first operand disable instruction is a
prefix instruction, the execution of the prefix iustruction indicating to the processor, that the
first operand is to be disabled after use by a next sequential imstruction following the prefix

wstruction 1o program order.

3. The method according to Clawm 6, wherein write operations to disabled operands
cause the disabled operand to be enabled, wherein the second operand enable instruction is a

write mstruction for writing to the second operand.

10, A computer systern for matntaining Hveness midrmation for excouting programs, the
systen comprising:

processor configured fo communicate with a main storage, the Procossor comprising
an instruchon fefcher, an straction optimizer and one or roove execution units for execnting
optimized mstructions, the processer configured to perform a method as claimed in any of

clatms 1o 9.

11. A computer prograro product for maintaining liveness information for executing
programs, the compuier program product comprising a tangible storage medium readable by
& processing circuit and storing mstructions o1 execution by the processing circult for

performing a method as ¢latmed n any of ¢laims 1 to 9.
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