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ABSTRACT

Preemptive multi-tasking is widely used in many low-cost eeal-
time embedded applications for its superior hardware zailion. The

frequent and asynchronous context switches, howeveiredtye preser-

vation and restoration of the task state, thus resulting large num-
ber of memory transfer instructions. As a consequence, mgtthe

task responsiveness and throughput can be significantgridedted,

but also the systems power consumption is increased. Wesxlthis
problem by proposing a low-cost application-driven and €trolled
register file mapping for a very fast context switch. By répithap-

ping a small fraction of the register file in a single clock keyca

context switch is achieved that requires no memory tragdfeipre-

serve/restore the task register file. Compile-time analpsiase is in-
troduced which collects register live information and reres the reg-
isters in such a way so as to constraint the small set of ligésters

for certain task regions to contiguous and mappable locetim the
register file. The effect of aggressively replicated regi§tes, where
each task is given its own replica, is achieved with the hardvecost
of only adding from 25% to 50% extra physical registers. Oupezi-

mental results demonstrate that both the performance tirput and
response time are significantly improved.

1. INTRODUCTION

Many modern embedded applications, such as personal aggani
cell phones, and various hand-held devices, constitutglEntom-
puting systems where multiple execution tasks cooperafieje-
menting the product specification. Due to market demandarge |
number of capabilities need to be supported, such as adgtegaul-
timedia data processing (speech, audio, video), commiimicaroto-
cols (GSM/CDMA, VolIP, Bluetooth, CAN), security functiansser
interfaces, and many others. The inherent multi-taskingireaof
these applications have led to implementations where phail§oft-
ware tasks are mapped for execution on a high-performanbecuated
processor such as the Intel XScale and the ARM9, which offdtim
tasking support in the form of hardware MMUs and readily kidée
operating systems (OS) which utilize this hardware to inmaet var-
ious forms of multi-tasking.

For cost, flexibility, and time-to-market reasons, mudisiing envi-
ronments have been widely adopted for real-time embeddglitap
tions. The set of independent or interacting tasks, corimgrithe em-
bedded application, are implemented in software and sharavail-
able hardware platform. System software is responsibléhfotrans-
parent switch or invocation of the tasks at run-time; eask &afely
assumes that it is the sole user of all the CPU resourcess &askn-
voked either by synchronous events such as periodic imeraf the
timer or by asynchronous events such as input interruptrgesteby
the application environment. For many real-time applarai such as
in automotive and avionics control, the tasks are requioegiiaran-
tee execution completion prior to a specified time deadlv&rious
recent research efforts have been focused on the desigmateen-
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tation of scheduling algorithms with real-time guarante®witching
between two tasks, however, has an inherent cost as it esxjiliat a
snapshot of the state of the active task be preserved, afiehvhe
saved state of the second task be brought from memory anedadaith
the processor. The task state is referred to esrdiextand the switch
between two tasks is typically referred to asomtext switchThe per-
formance and power costs of the context switch are a signiffea-
tor that needs to be taken into account by the schedulingitigts
and theworst-Case Execution Time (WCERalysis algorithms. The
context switch cost directly determines the task respensss and
the overall cost of supporting multitasking.

In this paper, we introduce an application-aware contextctw
methodology, which for groups of parallel tasks can congbyetlimi-
nate the need to save and restore the register file duringwasthing
with only a small increase in the size of the physical regifiie. This
is achieved through the close co-operation of the comgheroper-
ating system context switch mechanism, and a cost-effibimiware
support in the form of a limited virtualization of the regisfile ad-
dress space. Compile-time register live analysis folloed register
renaming step actively “packs” the set of live registers iatset of
contiguous registers. At context-switch time the OS exgpltiie lim-
ited mapping capabilities of the register file to map the $etgisters,
which are alive during the time of preemption. The effecttaf pro-
posed technique is similar to the effect achieved by agiyedgsepli-
cating the register file to each task and simply switchingvben the
register file replicas during context switch. However, stagdt con-
text switch is achieved with a significantly smaller hardevaverhead
as compared to multiple replicas of the register files. Wenstiat
a pool of extra registers consisting of 25% to 50% of the tegile
is sufficient to provide a context switch with no saving ansteeng
of general-purpose registers for groups of parallel taskthen the
combined number of live registers for all the parallel taskseeds
the pool of available physical registers, only then and dofythe less
critical tasks that exceed the pool of available physicgisters, the
corresponding parts (pages) of the register files contgiliie regis-
ters will be moved to memory.

2. RELATED WORK AND MOTIVATION

The two widely adopted schemes for task switch control aee th
cooperativeand thepreemptivemulti-tasking. In cooperative multi-
tasking, the task voluntarily releases the control of th&J@the OS
at certain points of its execution. This release typicatfgwos when
the task finishes execution or when the task computation i amv
and is waiting for a lengthy 1/0O operation. Such an approactoli
lowed in TinyOS [1] where tasks are executed in a manner otoun
completion. In this approach, longer tasks need to be jwaritl into
shorter ones. As pointed out in [2], such run-to-complegoheme
can cause problems with meeting real-time constraint$jssaét pos-
sible to partition many tasks, which can result into a siaratvhere
a single task occupies the CPU for a long time. The cooperativi-
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Figure 1: Context-switch mechanism in preemptive multitaging

titasking paradigm is further explored in [3], where thehaus have
proposed to integrate multiple threads into a single thistatically
during compile time. The benefits of cooperative multitagkior net-
working applications have been analyzed in [4]. Even thotgse
approaches have the advantage of avoiding nondetermioistitext
switch overheads, an extra limitation on the dynamic bedrasicre-
ated as they require that all preemption points are knowimgwom-
pile time. The degraded responsiveness to asynchronoumssevas
been the major disadvantage of cooperating multitasking.

In preemptive multi-tasking the OS can pause a low-priddigk
and assign the CPU to a higher priority task - an OS contraiesht

referred to apreemption As this approach has the distinctive advan-

tage of better responsiveness and stability, most of need-schedul-
ing algorithms and OS multitasking support are based onawéver,
the frequent preemptions interrupt the normal task exesw@nd bring
extra performance and power overheads in the form of cyadeded
to preserve and then restore the task context. The taskd¢damtudes
the entire register file and all the status registers suchea®togram
Counter (PC) and the Stack Pointer (SP); its size is by fariniated
by the register file.

Due to cost and power constraints the majority of modern eimbe
ded processors follow the RISC and VLIW paradigms. In these a

chitectures, and even more so in VLIW, the register file igitian-
ally very large in order to enable aggressive compiler o@tions
targeting instruction parallelism and execution throughp typical
modern VLIW architecture [5] features a general-purposggster file
of size from 64 to 256. It has been shown [6] that for some dhsks
responsible to react to, and process data samples in seztsamrks,
the context switch overhead can be up to 30% of the total sycle

Figure 1 illustrates the mechanism of general-purposestagkh in
preemptive systems. Before the preempting task can stactigmn,
there are two steps as shown. First, the state of preenipied; is
saved and then the state of the preempting Taskk- is to be loaded
into the processor hardware. Wh#&tusk: is brought back to exe-
cution, the identical steps but with reversed state areopadd. The
context switch overhead is the sum of the execution cyclealfthese
steps of saving and restoring the hardware state. In modeDsrker-
nels, deciding which task is next takes only a few cycles dteoto
lookup a priority queue which does not depend on the numbiarséb
in the system [7]. In this paper we focus on the cost of theednt
switch only in terms of execution cycles needed to save asitne
the states of the preempted and the preempting tasks.

Reducing the context switch overhead has been the focusiofiga
research projects. The main goal is to reduce the numbeadfdtore
instructions needed to save and restore the task conteximples
hardware scheme assigns a separate register file to eactDiasig
task switch, the preempting task immediately starts exatiiy using
its own register file copy. The obvious drawback of this applois
the excessive hardware overhead in turns of an extra rejisteopy
for each parallel task in the system. In practice, a restlieersion
of this approach is used where the kernel code and all ugerdede
operate on separate register files.
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Figure 2: Harwdare register renaming

Instead of having a distinct physical register file for eaas$kf an-
other hardware solution is to have a relatively small ISaile set of
registers, while implementing a significantly larger plegsiregister
file. This organization is illustrated in Figure 2. At rumdgé, each
virtual register is renamed to a free physical registersHpiproach is
very popular in superscalar processors and is mostly usiedpi@ve
the program ILP by removing false and output dependenciestelt
switches are fast as typically no or only a small part of thgspdal
register file needs to be preserved in memory. However, dite per-
register granularity and the fact that the renaming hardwaeds to
be activated at every cycle, the approach suffers from skeepower
consumption and as such is not applicable to embedded system

The software-based approaches reduce the number of i@/ s0
preserve the task contexts. In [8], a methodology is intceduvhere
the context switch is performed when no scratch registarsalive
thus saving cycles of not preserving them. In [9], compilenerated
context switch handlers are used by the OS. These handiersasd
restore only the set of live registers for both tasks. Evaugh the
number of cycles needed for context switch is reduced, tftevare
approaches still require extra memory instruction to sagtdre con-
text.

The technique we propose combines the benefits of the haadwar
and the software approaches to achieve the fast contextsefitepli-
cated register files by using compile-time analysis andaetion of
application-specific knowledge regarding live regist@ilse compiler
renames the set of live registers into small groups of cantig reg-
isters. The physical register file is extended with a smalbgspare
registers with limited mapping capabilities. At preemptitime the
OS maps the small fraction of the register file containing tiegisters
to a subset from the pool of registers assigned to captuleéegis-
ters of the preempting task at the moment when it has beeiopsty
suspended. The effect of separate register files per tasichisved
with the hardware cost of slightly increased 50%) register file.

3. FUNCTIONAL OVERVIEW

In this paper we propose a system level customization method
ogy, which addresses the problem of context switch perfoomand
task responsiveness overheads. Figure 3 depicts the désigand
the major steps in applying the proposed technique. At clentppne
the Control and Data Flow Graph (CDFGis being analyzed with
respect to register liveness information at basic-bloak single in-
struction levels. The minimal set of live registers for thesgions
is subsequently renamed by the compiler into consecutigestezs
residing in the low-addresses of the register file. This d@¥tpme
register renaming phase has no impact on application pegioce as
it does not introduce any extra spill/fill code. The regidtleris ex-
tended to contain a pool of extra (spare) set of registers&gchvban
be efficiently and rapidly (in 1 cycle) mapped into the ISAible
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Figure 3: Methodology functional overview

register file address space. In order to further control aidnmze
the hardware cost for the re-mapping, the register file addspace
is partitioned into smalRegister File Pages (RFPBy mapping the
first several RFPs only into a pool of spare register pages;dhtext
switch procedure is reduced to a single cycle re-mappingtdee all
the cases where the small set of live registers is accomeddéthin
these pages.

Figure 4 illustrates the organization of the proposed mdppgister
file. The first several RFPs are mappable through a simplenaaed
block, which would be described in details in Section 5. Rorexper-
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Figure 4: Mapped register file organization

the register is said to be dead as it does not carry useful Bapare 5
shows an example of possible live ranges. Clearly, the nuoitiae

register changes as the instructions execute. It can betlsatdur-
ing instructionInst; all the registers fromr; to r12 are alive, while
during instruction/nst; only registers-, r2, andrs are alive.

Figure 6 shows an example CDFG of an application hot-spot con

sisting of a two-level loop-nest; the innermost loop cassid a sin-
gle basic block, while the outermost features two basicKsocAs
explained above, the number of live registers throughoaitGBFG

iments we have considered RFPs of size 8 and have allowedlfipr o fluctuates and thus exhibit local minima for some instrutioFrom

the first 4 RFPs from the register file address space to be rdappe Figure 6a it can be seen that one such minimum exists in the-inn
this way, different physical register pages can be mappéetéSA- most loop and one in the outermost loop nest. These pointeeare
visible register address space. The unmapped pages arisibte by ~ ferred to asMinimal Points (MP)and the two points from the example

the application code.

The size in registers of the RFPs does not impact the phywigat
nization of the pool of spare registers. As our mapping hardvgim-
ply replaces the most significant bits from the register aslslwith an
offset within the spare register pool, the size of the RFRdeseasily
changed without any modifications to the table of extra tegss

are marked ad/ P, and M P,. Similarly, theBasic Block (BBWwith

minimal number of live registers are refered tdisimal Block (MB)
The two minimal blocks for our example are shown in FigureBie
set of live registers for each basic block, including the MiBpartic-
ular, is defined as the union of the live registers for all thetructions
within that basic block. Such a distribution of minimal bks¢ as

At run-time when a preemption event occurs, a special halwashown in Figure 6b, is common for typical loops. That is beeaat

defers the preemption until a region from the CDFG is readbed
which the OS is aware about its live register RFPs. Subséiguamy
these few pages are mapped by executing a single instruetiarh
controls the special register that defines the mapping. Asitch
blocks or instructions have a minimal number of live registehe

the entry and exit of loop, only a few global register and loapried
variable are live. It is also often the case that the mininzahts re-
side within the minimal blocks. For all the benchmarks thathave
used in our experimental study, the minimal points residéiwithe
minimal blocks. The set of live registers for the two MPs ahelirt

number of RFPs that need to be mapped is minimal. Thus, a vegprresponding MBs is shown in the figure.

small sized pool of register pages is enough to simultarigonap

the set of live registers for several parallel tasks. Theotfbf the
proposed technique is identical to the effect achieved loycadéing a
separate register file to each task and simply switching detwhese
register files during context switch. In the subsequent watisns of
the paper we detail the required compiler/OS support anchéane-

ware architecture for implementing the register file witmegping

capabilities. We conclude the paper with a comprehensivefsex-

perimental results.

4. COMPILER AND OS SUPPORT

The purpose of the compile-time support, which our techaiigu
troduce, is to first identify the sets of live registers thgbaut the task
CDFG. The proposed technique is applied independently®appli-
cation hot-spots, which represent heavily executed fanstor loops.
Often times almost all of the execution time is spend in these
spots, which can be easily identified through profiling.

Figure 5 shows an example of an instruction sequence andire c
sponding live register information for each instructiottie sequence.

The first phase of the compile-time part identifies the MPsNABd
for the application hotspot CDFGs. These points/blocksdmetified
statically by the compiler subject that the amount of livgiseers is
minimal. Another constraint in identifying minimal poifidocks is
to take into consideration the introduced preemption dafers de-
scribed above. The compiler identifies as many minimal gddfacks
as needed in order to ensure that even with a worst-case ptieem
deferral, the net result is faster than general-purposengpé&on. In
our experiments we have observed that one minimal poirtkhber
application hotspot is sufficient for the majority of cases.

If a preemption point occurs while the task is executing animP
struction or is within a minimal block, the context switctndae han-
dled by making sure that only the set of minimal registerdtierMP
or the MB are preserved. Such preservation can be effectdibbgn-
necting their RFPs and at their place map to the register difleess
space the RFPs which have preserved the live registers pfekenpt-
ing task.

Even though the live-context size has been reduced to mmimu
an efficient way to convey this information to the OS is stédeded.
As the live register set can consists of arbitrary registeipying

A live rangefor a register starts when it is being defined (written to)multiple RFPs, possibly as many as the number of live regisee

by an instructions and ends at the last instruction that timesalue
in that register. During the time before this register istteri to again,

“packing” step is needed that can rename the registers indkepot
in order to ensure that the set of live registers occupiesnégimus
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group of registers starting fromy. This register renaming step is per-

formed during compile time and it only permutes the registanes
to achieve the aforementioned goal. The time-complexitinear as
it simply swaps register names with the objective of allozathe set
of live registers for all the MPs and the MBs in the contigucaisge
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Figure 7: Mapped register file architecture

dress space. During task load-time, the OS can estimatéarhitie
set of live register pages for all the current tasks can beranmdated
within the pool. If not, depending on the task priority, trenrcritical
tasks live pages can be preserved in memory during preematid
not occupy register pages from the pool. In such a scenari&revh
too many parallel tasks co-exist, the OS would assign the onitical

from ro upwards. Figure 6b illustrates this phase. The live sets fq;neS to non-swappable register pages in the pool - these wamkd

both the MPs and their corresponding MBs are given. Thisstepi
renaming step is performed during compile-time for all tpplea-
tion hot-spots. If there is more than one application hattspd some
registers are kept alive across more than one hot-sposféranstruc-
tions may need to be executed when outside the hot-spotsién ty
“stitch” together the live ranges which have been assigodifferent
register names for the different hot-spots. Because tlesérénsfer
instructions, if existing at all, are executed outside tbedpots and
as such contribute to no performance overhead.

Clearly, the minimal points in the hot-spots would be the hes-
eficial positions to preempt the task as their live registaes mini-

still take full advantage of the proposed technique.

5. HARDWARE SUPPORT

Hardware support is required for two components of the megdo
methodology. First, an RFP mapping hardware is needed hwoald
enable the mapping of the first several RFPs in the registdmead
space to be mapped to a pool of extra register pages. Thedsecon
important hardware block is the module that detects theastior
preemption in terms of timer interrupt or external asynaoig in-
terrupt and subsequently defers the preemption point amtilnimal

mal and after the renaming phase packed into one or two RF€s. Pblock or a minimal point is reached.

stricting preemption to only a few points within the hot-span be
implemented with a simple hardware support where the préemp
is deferred until the program counter of one of the MPs ishedc
Nonetheless, the response is significantly faster thanrteechieved
by general-purpose context switch, as in our case only thenpp-
tion deferral delay would occur and no cycles will be spendrga
and restoring the register file. Since the MPs are positiovithin the
inner-loops of the application hot-spots, this delay isimad and typ-
ically in the order of several to ten cycles. Nonethelessnéhis delay
can be significantly reduced if instead of allowing preemptnly at
the MPs, preemption is allowed during the minimal basic kid4B)

- usually it is the basic block of the MP. Because the RFPsistins
of several registers (in our experiments 8), the registgepaeeded
for the MB live registers are often times the same as the pageded
for the MP only. Consequently, allowing task switch during MBs
would not only further reduce the preemption deferral ddlaywill
also come at either no extra cost or only a minimal increastaen

Figure 7 presents the architecture of the mapped registerTiie
presented organization assumes 128-entry base regist@s#l-visible)
with RFPs of size 8; the first four RFPs are mapped to a pool tod ex
register pages. The size of the mapped pages as well as tinafren
can be easily changed - such a change can also be performaut at r
time with only a very small modification to the hardware welioet
below. The register addresses corresponding to thesediinstegister
pages can be mapped to either the baseline register file (thenal
location) or mapped to the pool of extra register pages. Téaeping
is implemented by replacing the four most significant bitfrthe
ISA-visible register address with a new 4-bit value (or fewis, de-
pending on the size of the pool) that selects a register page the
extra pool. The pool of spare registers can be easily impiésdeas
an additional small register file. As shown in our experiraérasults,
for all practical purposes the size of this additional setegfister is
within 50% of the basic register file. The 4:1 multiplexer hetfig-
ure is responsible for replacing the 4-bit register page bemwith

RFPs that need to be mapped at context switch. Our expemmenthe 4-bit physical page number. The four 4Mgiapped Page Number

results evaluate the effect of MP-only preemption versus-ibaBed
preemption in terms of number of pages needed to store thediy
isters and the impact on the deferral delay.

(MPN) registers are written by the OS and define the mapping of the
current task. Each one of them defines the mapping for thefdinst
RFPs from ISA-visible register space. In our experimentshaee

When the task is loaded by the OS for execution, the set of RFRsaluated both 64-entry and 128-entry register file, whiehtgpical

holding the live registers for all the hot-spots is providedhe OS
from the program executable or from a special setup codeutegc
just prior to entering the hot-spot. When the hardware stppo
tivates a preemption during an MB, it provides an identifaatto
the OS context switch handler during which MB is the preemptd
be executed. This information would allow the OS to presemy
the RFPs with live registers for that basic block by re-magpghem
and, thus, disconnecting them from the ISA-visible regite ad-

for modern VLIW processors.

The size of the extra register pool determines the numbearaigl
tasks that can benefit from the proposed technique. If thef sditlive
registers from the most demanding minimal block in each taskbe
accommodated within the extra pool, then no saving/resjasf reg-
ister is needed for context switch for that group of taskse ®hly
action required by the OS context-switch handler is to epthe val-
ues of the four MPN registers. This can be accomplished wsihgle
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instructions as the four MPN registers consist of 16 bitaltoVhen
the extra pool of registers cannot accommodate all the igep from
the tasks, some of the tasks would be assigned to four pagestie
pool, which would be preserved during context-switch. hagewor-
thy that at this step the tasks with highest demands for resypeness
can be placed in the extra register pool and utilize the egaero-
cost context-switch, while the live pages for the less deafimntask
assigned to the base register file and (only they) presetvashéext-
switch.

When a preemption interrupt occurs, the task-switch musiese
ferred to a minimal block. In order to do this, informatiorgaeding
the MBs is needed. Each MB is clearly defined by its start anicaeih
dresses. During the preemption request, the hardware nsistHieck
whether the execution is within a minimal block and if so,ake im-
mediately the context-switch procedure. This check isquaréd by
a range comparator. In the case of preemption request eldsiain-
imal block, the context-switch procedure is deferred arediwrent
task continues execution until the beginning of live blogkeached.

ern pipelined embedded processor with instruction andadatiaes. In
terms of power overhead, the preemption deferral hardveaaetive
only during the few cycles between an interrupt and contextcs.

Only the 4-to-1 multiplexer is activated during a regulagiseer file
access; its power, however, is orders of magnitudes snthberthe
power needed by a baseline register file only. The minimadydef

the 4-to-1 multiplexer is introduced in the register acqeeth, even
though it can be mostly overlapped with the address decodég. |

6. EXPERIMENTAL RESULTS

In order to quantitatively evaluate the proposed methagolve
have developed an experimental environment that includeswpile-
time analysis tool for register live analysis and run-tinrawdation.
As a baseline processor we have used the Vex package [10§pdov
by HP labs, which consists of state-of-the-art optimizirigW pro-
cessor model, industry-strength compiler support, andpdleh sim-
ulation toolset. The VLIW processor core can be configuréad var-
ious architectures including multiple clusters, scalailgister files,
and functional units. Each cluster is configured to have agdn
purpose register file, four integer ALUs, two 16*32-bit nipily units,
and a data cache port. The cluster can issue up to four opesati
per instructions. The register set for each cluster canesisb4 32-bit
registers and 8 1-hit branch registers.

We have evaluated two baseline register files, one congisfig4
registers and one of 128 registers. We have assumed thatrghe fi
four pages (each of 8 registers) in the register file are nidppdo
consider the effect of aggressive VLIW compiler optimizas on
the proposed methodology, we have included two compilarpset
one where the applications are compiled with -H2 -O3 optétiim
flags, which includes heavy loop unrolling and trace schiagubnd
in the second setup optimization options are -HO -O0 whictuihe
all scalar optimizations but no loop unrolling.

The benchmarks are initially profiled and the hot-spots tified.

Reaching an MB is detected by comparing the current PC with thAn off-line tool that we have developed reads in the asserfildy
start address of the MB. Note that only the fist comparisonichvh and performs the register live analysis and the registamerphases.

checks whether the current instruction resides within an igB range
comparison. The subsequent comparisons for detectingetfiariing
of an MP, if any, are simple value comparisons; if preempiode-
ferred to a minimal point, then only value comparisons aetied.

For each hot-spot, the minimal points and their minimal kéoare
identified. To simulate the run-time behavior of preemptior have
instrumented the assembly files to include an extra “dummstruc-
tion in each inner/outer loops of the hot-spots, which saleppse

Overhead Analysis.The area overhead of the introduced hardwarés to model the behavior of a timer interrupt for the purposéask

consists of the pool of extra registers, the mapping logid, the pre-
emption deferral logic. In our experiments we show that 25%086
extra registers is sufficient for achieving zero-cost cxnsavitch for
several parallel tasks. The mapping logic is fairly smalitansti-
tutes of a 4-to-1 multiplexer, four MPN registers with a tat@lume
of 16 bits and a few gates. The preemption deferral logic istsef
a range comparator and a value comparator per minimal bldhk.
silicon area needed for this is minimal compared to the afeaoal-

preemption. We have provided a call-back function for tigecsal
instruction, which the compiled simulator invokes regiylar

In our experimental study, we have utilized two groups ofdien
marks. The computation kernel group includiéatrix Multiplication
(MMUL), Extrapolated Jacoby (Edhethod, thd_U matrix decompo-
sition, and theTRI triangular matrix conversigrthese kernels manip-
ulate large matrices and are extensively used in many &hgosi The
application group includes th2D-DCT - discrete cosine transform



| [ EJ] LU | TRI [ MMUL | 2D-DCT | ADPCM | SHAT SUSAN |
# of hot-spots 1 2 2 1 2 1 5 1
# of MP 1 1,1 1,1 1 1,1 1 1,1,1,1,1 1
# of Live Reg. 2/8 | 20/22,20/27| 21/24,15/17| 11/17 | 14/23,12/24 11/11| 5/20,11/18,11/14,11/18,10/13 20/20
# of Live Pages|| 1/1 3/3,3/4 3/3,2/3 2/3 2/3,2/3 2/2 1/3,2/3,2/2,2/3,2/2 3/3
Delay(avg) 16/10 | 24/23,28/23| 33/31,30/29| 18/15 15/4,19/8 21/21 22/13,13/2,15/12,13/2,15/12  24/24
Delay(Worst) || 32/25 | 47/46,54/49| 65/63,60/58| 35/30 | 28/14,37/24 42/41 | 42/33,25/10,29/26,25/10,29/26 48/47
Delay Red.(%)|| 88/92 80/82 75/77 | 86/90 87/98 84/84 88/94 81/81

Table 1: Characteristics and response reductions with ag@ssive compiler optimizations for 64-entry register file

| [ EJ] LU | TRI [ MMUL | 2D-DCT | ADPCM | SHAT SUSAN |
# of hot-spots 1 2 2 1 2 1 5 1
# of MP 1 1,1 1,1 1 1,1 1 1,1,1,1,1 1
#of Live Reg. || 3/16 | 27/28,20/38| 29/33,20/24| 15/22 | 20/42,18/40 15/15| 6/16,11/20,11/24,11/18,10/283 21/26
# of Live Pages|| 1/2 3/4,3/5 4/5,3/4 3/3 3/6,3/5 2/2 1/2,2/3,2/3,2/3,2/3 3/4
Delay(avg) 15/3 | 28/27,28/24| 40/36,38/36| 22/18 16/8,20/3 24/24 29/23,28/9,30/11,28/11,30/6  25/25
Delay(Worst) || 28/11 | 55/53,55/51| 78/74,75/73| 42/39| 30/22,38/15 48/47 | 56/51,54/31,59/26,54/35,59/26 49/44
Delay Red.(%)|| 94/99 89/90 84/86 | 91/93 93/98 91/91 89/96 90/90

Table 2: Characteristics and response reductions with ag@ssive compiler optimizations for 128-entry register file

that are widely used in many image and video processingagijans,
the ADPCMspeech coder MediaBench[11], tBelAhash algorithm,
and theSUSANhe image recognition from MiBench [12].

Table 1 shows the achieved results for aggressively opgidrtiench-
marks (-H2 -O3) for a 64-entry register file. The first row ie tiable
contains the benchmark name. The next row shows the numbet-of
spots identified for each benchmark. The third row shows timeber
of minimal points (and, thus, minimal blocks which in all tbases
are the basic blocks where the minimal point resides) asfaredlach
hot-spot. The next pair of rows show the number of live regsand
the corresponding number of RFPs after renaming the live &&ich
entry is represented as a pair of numbers - the first numbevsstie
result for the minimal points (MP) only, while the second ragncor-
responds to minimal blocks (MBs). The next two rows have tideh
organization and report on the delay (in instructions) fribva time

| [A2 ][ B2[ A3 B3| A4 B4
25% [ 0/0[ 0/0 | 1/2 | 072 | 3/5] 3/5
0/0 | 0/0 | 0/4 | 0/3 | 3/7 | 2I7
50% || 0/0 | 0/0 | 0/0 | 0/0 | 1/3 | 1/3
0/0 | 0/0 | 0/0 | 0/0 | 0/3 | 0/3
75% || /0 | 0/0 | 0/0 | 0/0 | O/1 | O/1
0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 0/0

Table 5: Live pages exceeding page pool; Aggressive optimations

pages. If all these live pages cannot be accommodated vtitaiax-
tra pool of register pages, the number of pages which ext¢eepdol
must be saved and restored at context switch. As explainedeab

the preemption request occurs and the moment when the tatshsw only the non-time critical tasks can be handled in this wayijethe
happens. These two rows show the average and the worst detays'est of the tasks can use the pool of register pages and beoefit
both MPs and MBs. These numbers correspond to the respoasive the proposed methodology. In Tables 5 and 6 we show for eakh ta

of the tasks when an interrupt for preemption occurs, as tapse-

set the number of live register pages, which exceed the péohave

sent how many cycles does it take to resume the execution wé-a s €valuated three cases for the size of the pool of extra szgis5%,

pended task. The last row demonstrates the significant tiedadn
response time, which the proposed methodology achieveparemh
to a general-purpose context-switch mechanism. For therihapf
the applications, the reductions are well above 70%. Tabkparts
the result for a 128-entry register file. It has identicalisture as Ta-
ble 1. Table 3 also has an identical organization but repbetsesults
for the applications compiled with the scalar-optimizaticonly for
a 64-entry register file, while Table 4 reports the data fd-&atry
register file. For this cases the reductions in task respensss are

50%, and 75% of the size of the baseline register file. Therbgtn
the tables shows the set name. 8etonsists of the firsttasks from
the computational kernels group; AZEJ,LU}, A3={EJ, LU, TRI},
A4={EJ, LU, TRI, MMUL}. SetsB; similarly cover the group of ap-
plication benchmarks: B22D-DCT, ADPCM}, B3={2D-DCT, AD-
PCM, SHA}, B4={2D-DCT, ADPCM, SHA, SUSAN. The structure
of the entries is identical to the previous two tables: fitdt-sows re-
port for 64/128-entry register files, while horizontal gagorrespond
to minimal point/minimal blocks preemption moments. It t@nseen

above 90% for most of the benchmarks. This follows from the fa from this data that a 25% extra register pool completely g the

(that can also be observed in these tables) that for therleegester
file and especially with aggressive optimization, the numifelive
registers for both MPs and MBs is higher, in general.

In order to evaluate the impact of the size of the pool of evdgis-
ters, we have formed sets of multiple tasks for parallel etien. Ta-
bles 5 and 6 show the relation of page pool size and the sigzportil-
tiple task set for worst case scenarios - when for all thestési pre-
emption occurs within the MP/MB with largest number of liegister

2-task sets and some of the 3-task sets, while 50% pool ctehple
covers all the 2-, 3-, and some of the 4-task sets.

7. CONCLUSION

We have introduced an application-aware task preemptichade
ology which implements a zero-cost context switch with nechéor
register file preservation in memory. The proposed mettogyohchieves
the zero-cost task preemption of replicated register filéis the cost



| [ EJ] LU | TRI [ MMUL | 2D-DCT | ADPCM | SHA T SUSAN |
# of hot-spots 1 2 2 1 2 1 5 1
# of MP 1 1,1 1,1 1 1,1 1 1,1,1,1,1 1
# of Live Reg. 3/14 | 18/20,18/19| 13/24,10/19 9/13 | 13/15,11/13 10/10 | 6/6,5/9,10/14,10/15,9/18 20/20
# of Live Pages|| 1/2 3/3,3/3 2/3,2/3 2/2 212,212 2/2 1/1,1/2,2/2,2/2,2/2 3/3
Delay(avg) 18/1 3/1,3/1 8/1,8/1 4/2 3/1,3/1 14/14 2/2,5/2,412,4/2,4/2  14/13
Delay(Worst) 34/7 5/3,5/3 15/5,15/5 714 5/3,5/3 28/27 4/3,9/6,7/14,714,714  27/25
Delay Red.(%)| 86/99 98/99 94/99 | 97/98 98/99 89/89 97/98 89/90

Table 3: Characteristics and response reductions with scat-only compiler optimizations; 64-entry register file

| [ EJ] LU | TRI [ MMUL | 2D-DCT | ADPCM | SHA T SUSAN |
# of hot-spots 1 2 2 1 2 1 5 1
# of MP 1 1,1 1,1 1 1,1 1 1,1,1,1,1 1
# of Live Reg. 4/17 | 18/20,18/19| 13/24,10/20 9/13 | 13/15,11/13 11/11 | 8/8,5/9,10/14,10/16,9/18 20/20
# of Live Pages|| 1/3 3/3,3/3 2/3,2/3 2/2 212,212 2/2 1/1,1/2,2/2,2/2,2/2 3/3
Delay(avg) 17/1 3/1,3/1 8/1,8/1 4/2 3/1,3/1 14/14 2/1,5/1,5/1,5/1,5/1 11/11
Delay(Worst) 33/7 5/3,5/3 15/5,15/5 714 5/3,5/3 28/27 3/2,10/3,9/4,9/4,9/4  21/20
Delay Red.(%)| 93/99 99/99 97/99| 98/99 99/99 95/95 98/99 96/96

Table 4:

25%

A2 |
0/0
0/0
0/0
0/0
0/0
0/0

B2 [ A3 B3|
0/0 | 072 | 0/0
0/0 | 0/1 | 0/0
0/0 | 0/0 | 0/0
0/0 | 0/0 | 0/0
0/0 | 0/0 | 0/0
0/0 | 0/0 | 0/0

A4] B4 ]
2/4 1 3/3
0/4 | 1/1
0/2 |11
0/0 | 0/0
0/0 | 0/0
0/0 | 0/0

50%

75%

Table 6: Live pages exceeding page pool, Scalar optimizatie

of introduced pool of spare registers, which are mappedtiredSA-
visible register address space. The proposed technigoéicatly
improves the task responsiveness as compared to traditiongext
switch mechanisms and comes very closely to the instantznen
sponsiveness of replicated register files. The introducetthadology

requires minimal OS and hardware modifications and can lemefi

large number of real-time, low-cost, and energy-efficiembedded
applications.
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