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Abstract

Interrupt handling in out-of-order execution
processors requires complex hardware schemes to
maintain the sequential state. The amourttaflware

will be substantial inVLIW architectures due to the
nature of issuing a very large number of instructions in
each cycle. It is hard to implement precise interrupts
in out-of-order execution machines, especially in
VLIW processors. Irthis paper, we will apply the
reorder buffer with futurdile and the history buffer
methods to aVvLIW platform, and present a novel
scheme, called theCurrent-State Buffer which
employs modest hardware with compiler support.
Unlike the other interrupt handling schemes, the
Current-State Buffer does not keep history state, result
buffering or bypass mechanisms. It is a fast interrupt
handling scheme with aelatively small buffer that
records the execution and exception status of
operations. It is suitable for embedded processors that
require a fast interrupt handling mechanismith
modest hardware.

[. INTRODUCTION

Very Long Instruction Word (VLIW)
architectures are staticalpcheduled architecturglsat
contain multiple functional units(FUs). Multiple
independent operations are sent to tHelde ateach
clock cycle. Independent operationshat can be
executed inparallel are determined abmpile time,
rather than at run time as in superscalacessors [5].
VLIW architectures [3] [9] are therefoddassified as
statically scheduled architectures. Commercial
examples of VLIW systemsnclude the Cydrome
Cydra-5 [1] [9], and Multifow TRACE [3] [7].
Embedded VLIW processors include Texas
Instruments TMS320C62 [11], Philips TriMedia
TM1000 [12] and ChromaticMpact [15]. In VLIW
processors, independent operatians grouped into a

single long instruction in order to extract instruction
level parallelism (ILP) [8]. These single long
instructions arealso referred to asMultiOps[16].
Becausethe order of operations imodified by the
compiler, operations mayiot complete in sequential
program order. At run-time,only the scheduled
program order which is the program order of
MultiOps, is known by the processor.

In the case of annterrupt, theprocessor state
is not consistent with the sequential stateoirt-of-
order execution processors, including VLI\cause
instructions arecompleted out-of-ordeiThis is called
the interrupt problem in out-of-order execution
machines. Details on precisedimprecise interrupts
can befound in [10]. Numerous solutions to the
interrupt problem have been proposed for both scalar
andsuperscalar processors. Several techniquesive
the interrupt problem for out-of-order execution
processors have been proposed, suchhasreorder
buffer [10], the historybuffer [10], the futurefile [10],
checkpoint repair [4].

In this paper, weredefine the interrupt
problem fromthe perspective of VLIW.The reorder
buffer and history buffer schemesre revised and
applied to general-purpose VLIW processorsnadvel
scheme callethe current-state buffeis proposed as a
fast interrupt handlingsolution for VLIW processors
that aretailored to multimedia, communication and
Digital Signal Processor (DSP) applications. The
current-state buffer is a fast interrupt handling
techniquethat employs modegbtardware anadompiler
support. It is a simpleuffer thatrecords theexecution
andexception status information abdte instructions
without any result-buffering or history-state saving. It
is based uponot re-executing the operatiotisat have
already completed executiobefore the interrupt
occurs. Interrupts are detected and handled
immediately after they occuithe current-statéuffer
requiressome compilescheduling support tmaintain
the correctprocessor stateThe rest of the paper is
organized asfollows. Section Il examines interrupt
handling issues for VLIW processors. Section Il
introduces the current-stabaiffer scheme. Section IV



presents experimental resuétad Section V concludes
the paper.

[I. INTERRUPT HANDLING in a VLIW
PROCESSOR

In a VLIW processor,interrupt handlers
should not modify any of sourceregisters in the
interrupted operatiorbecause subsequent operations
with respect tdhe original program ordeahatuse the
same source register would need to be re-isandde-
executed after resumptionThe processor cannot
reexecute those operations because they may have
already updated therocessor state. Hence, it is
assumed throughout the pagkat interrupt handlers
preserve registers in the interrupted processor state.

Debugging requires precisaterrupt in any
architecture model. Since the performance lass
critical during debugging, thedebuggercan execute
the original (unscheduled) code in program order.

In the following subsection, reordebuffer
with future file and history buffer methods are
extended for a VLIW processoassuming avLIW
Less-than-or-Equals scheduling model [6].

Reorder Buffer with Future File

The reordetuffer keepsenough information
about MultiOpsand updates theprocessor state in
scheduled program order. MultiOps in teeheduled
code update theprocessor state sequentially, but the
operations of the original program may not complete in
original program order. The reordeuffer structure is
shown in Figure 2.1.
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Figure 2.1 Reorder buffer.

The PC field is the program counter address of a
MultiOp. Exe, is a one bit locatiothat isset when the
nth operation is executedDest, is the destination
register number of thath operation.Result, is the
result generated by theth operation.Excpt, is the
exception conditions generated thye nth operation if
one is generated. The reordwrffer is acircular buffer
consisting of Head,Tail and OpSequence pointers.
Headand Tail pomnters point to the headnd tail
entries in thebuffer, respectively. OpSequence pointer
provides an index tthe required operation field. The

maximum buffer length is the longest latency operation
plus one.

At MultiOp issue, the PC of the MultiOp is
placed into thePC field of the reorderbuffer entry
pointed by tail pointerand the destinatiomegister
numbers are written into thBest fields. When an
operation executes without an exceptithe result is
written into the future file, it€Exe bit is setand its
result field is updated. The future file is a replica of the
architectural register file. If an operation caused an
exception, the exception status is recorded irEthapt
field. At eachcycle, the entry pointed to by the head
pointer is examined. The results are written into the
architectural register file iall Exe bits of nonempty
operation fields, i.e. excluding NOPare set in the
entry. If an exception occurs in onetbe operations,
the whole MultiOp is said to be athe interrupt
boundary.Then instructionissue is stoppedand all
pipelines are flushed. The architectural regidtker
loads its contents into the future file. The P&ue of
the MultiOp and the exception bits within the
instruction aresaved agart of theprocessor state to
identify the source ofthe exceptionand thereorder
buffer contentsare discarded. The firsexcepting
operation, in left-to-right order in a MultiOp, will be
reported if morethan one operation in the MultiOp
cause exceptions. A store bufferrexjuired tobuffer
the writes by the store operations into the caachi
they are removed from the reorder buffer.

The historybuffer methodcan be extended in
a similarway asthe reordebuffer method for VLIW.
The operating principléor the extended historipuffer
method is the same as the original histdnyffer
scheme. It uses a history buffer to kelke oldvalues
of registers, rathethan thelatest values of registers as
in the reordembuffer. The buffer structure is thesame
as the reordebuffer without a future file, excepghat
the Result field is replaced withthe Old field that
retains the old value of a register.

The operation of the reordbuffer with future
file and thehistory buffer isillustrated through an
example. Consider the sampt®de in Figure 2.2,
scheduled for a 2-issue VLIWachine with functional
units as shown. The latencies of th®D, SUB and
DIV operations are 1, 1 and 2 cycles, respectividlis
example illustrates the operation of both the reorder
buffer with future file and thehistory buffer schemes
since eachbuffer has similar operation mechanisms.
TheDIV operation in Mop2 is assumed to causeap,
so it will not be re-executed afteeturn from the
interrupt handler. Thexecution stepsre shown in
Figure 2.3.



ALU Unit DIV Unit
Mopl ADD (R2) N OP
Mop2 ADD (R1) DIV (R 3)
Mop3 ADD (R4) NOP
M op4 SuUB (R1) N O P
Mop5 SUB (R 4) NOP
Figure 2.2 A sample code for a 2-issue VLIW

processor.

In cycle 0, Mop1 idgssued. Incycle 1, Mop2 is issued
and theADD operation in Mopl is completed. aycle

2, Mop3 is issue@nd theADD operation in Mop2 is
completed. Ircycle 3, Mop4 isssuedand theADD in
Mop3 is completed buhe DIV in Mop2 excepted. It
sets its Excpt bit but not its Exe bit. Afterwards, the
trap handler isinvoked. After return from the trap
handler whichconsume® cycles, Mop2 is re-issued in
cycle (4+n). Notehat theexcepted operation no longer
exists in thebuffer due tothe fact that theexception
was atrap. Incycle (5+n), Mop3 is re-issuedand the
ADD operation in Mop2 completed. laycle (6+n),
Mop4 is re-issue@dnd theADD operation in Mop3 is
completed. In cycle (7+n), Mop5 is issued andShiB

in Mop4 completedThe SUB in Mop5 completes in
cycle (8+n).
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Figure 2.3 Execution steps in the reorder and the
history buffers.

Ill. CURRENT-STATE BUFFER

The current-statébuffer is a newinterrupt
handling scheme for a VLIW processdhat signals
interrupts immediately using amodest buffer. It
supports both the Less-than-or-Equalad Equals
scheduling models. It detecisid signals interrupts as
soon as they occufhe current-statéuffer does not
re-executehe operationshat have already completed
before the interrupt is taken when the program
resumes. It relies on compiler scheduling support but

requiresonly simplehardware. The hardwaiensists
of a buffer, called current-state buffeand amask
register that ishown in Figure 3.1. Eadbuffer entry
consists of &C field for each MultiOp, arExe bit and
Excpt bits for each operation.

The PCvalue of a MultiOp to be issued next
is put into thePC field of thebuffer entry pointed to by
the tail pointer. Then the tail pointer is incremented.
Each operation in the MultiOp isssued with an
attachedbuffer address, an operation identifier, and
exceptiontag. When an operation isxecuted, the
associated buffer entry is accessedhsytags attached
to each operation. Then itbmputed result is written
into the register file,and its Exe bit is set in the
current-statebuffer if there is no exception. On each
cycle,the entry at the head of thmiffer is examined.
The entry will be discarded by incrementing the head
pointer if all Exe bits of nonempty operation fields are
set. An exception will be signhaled immediately to the
exception logic if an operation causes an exception.
First, the excepting operation’s exception bitssatin
the buffer, the issue is stoppednd all pipelines are
flushed.Then, theprocessor state¢he relevant portion
of memory and the current-statéouffer contents
between the head and tail pointers are saved. The saved
buffer contents identifythe source ofthe excepted
operation.

After return from the interrupt handling
routine, previously executednd completed operations
are not re-executed.The interrupt handler routine
returns by a speciakturn instruction whictswitches
to a special mode. Ithe speciaimode,the processor,
the memory stateand the current-stateuffer contents
are resumed,except the PC register. Thebuffer
contents are examined startirgm the head pointer.

If all operations in a MultiOp completed execution,
thatMultiOp is not fetchedHowever, pipahe bubbles
are inserted in order to hondependence latencies of
scheduled operations if theage MultiOpspreviously
issued fromthe current-statébuffer and being still
executed inthe pipelines. Otherwise, no pipeline
bubblesare needed. Ibne or more operations in a
MultiOp are still incomplete, the P@lue ofthe entry

is loaded intothe PC register and thassociated
MultiOp is fetchedandbrought into thassue register.
The mask register is loaded withthe Exe bits of the
entry, masking thdssue register saéhat previously
executed operationare not re-issued. Thisodified
MultiOp is thenissued tothe functional units. This
process continuasntil the head pointepasseghe tail
pointer. (This isdetected bythe buffer control logic.)
As soon as this happens, the buffer control logic pops
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Figure 3.1 The current-state buffer and mask register.

up the PC register, either from the stack hadow

PC register, and thgrocessor resumes execution from
the PC. In Figure 3.2, the operation of the current-state
buffer isillustrated forthe same sampleode used in
Figure 2.2.

The stepsuntil the trap are identical to the
previous illustration. Aftereturn from the interrupt
handler in cycle (4+nMop2 andMop3 donot need to
be re-issued because operatiovere executedefore
the exception occurred. Sincéhe excepted DIV
operation is drap, it is notexecutedeither. Pipeline
bubblesare notnecessary since no MultiOpefore
Mop2 andMop3 fromthe buffer is re-issued. Selop4
is re-issued incycle (4+n). In cycle (5+n), Mop5 is
issued and the SUB in Mop4 completed. Incycle
(6+n), the SUB in Mop5 completes. Hence, the
current-statduffer requires lessycles to recover from
an interrupt than the previous schemes.

Cycle 4+n Cycle 5+n Cycle 6+n

H_> 4 0 0 - - H 4 1 [ - - 4 1 [
| s |o 0 - - 5 |1 0
: - wl
Figure 3.2  Execution steps in the current-state
buffer.

Compiler Support

An anti-dependence betwedwo operations
may cause a problem the current-statbuffer when
the sink operatiorof anti-dependence completasfore
the source operationof anti-dependence does. If the
source operation exceptthe interrupt handler may
read an incorrect value tfe source register on which
the anti-dependenceccurs. Such an anti-dependence
is called anunsafeanti-dependence. The compiler can
treat unsafe anti-dependendetween operations as if
they are flow dependences. It must guarantbat the
destination register of the sink operation is not
modified until the source operation completes. Only
unsafe anti-dependencase modified bythe compiler.
Safe anti-dependencesmain in thecode. Inthe post-
pass scheduling phase of the compiler, unsefgé-
dependencesare converted into flow-dependences.

However,there is a drawback itreating unsafenti-
dependences as flow-dependencé$ie scheduling
times tend to increadeecause of NOPthat have to be
inserted to increase the distanbetween twoanti-
dependent operations. Thisuld increas¢he schedule
length anddegrade the performance, particularly in
Equals scheduling moddbecause it is likelythat
Equals model produces more unsafe anti-dependences
than Less-than-or-Equals model. The impact will be
empirically studied for the Less-than-or-Equals
scheduling model in Section IV.

IV. EXPERIMENTAL RESULTS

The architecturalframework used in the
experiments is an 8-issue VLIWwhachine with the
Less-than-or-Equals scheduling model. Experiments
were performed to measurde interrupt handling
restartcyclesand interruptdetection delaycycles for
each scheme. Also, slowdowntime machine using the
current-statéuffer with no unsafe anti-dependences in
the code is measured with respect to the same machine
using the current-statébuffer with unsafe anti-
dependences. The histobuffer scheme achieves the
same performance as the reorder buffer with future file.
Therefore, onlythe reorderbuffer with future file
scheme is compareabainst the current-stabeiffer in
the experimental results. There are three integer, two
floating-point,two memoryand one branch functional
units in themodel architecture. A perfect cache is
assumed. Benchmarks from SPECInt95 [14] and
MediaBench [13] areevaluated in the experiments.
SPECIint95 contains general-purpose integer programs.
Programs from MediaBendreembedded multimedia
and communication applications. Traces are generated
by using the IMPACT compiler [24nd arefed into a
trace-driven simulator. Experiments atene for 100
million instructions. The simulator generates interrupts
on potentially excepting instructions (PEI) on a
randombasisand measures the restaryclesand the
interrupt detection delaycyclesper interruptfor each
scheme. The simulator generates a large number of
interrupts to gather more accurate statistaisout
interrupts. Arithmetic andpage fault exceptions are
analyzed separately to see heach scheme reacts to
different types of exceptionsThen the simulator
computesrestart andexception detectiorcycles for
each exceptioltlype and calculates the average restart
and exception detectiorcycles for each benchmark
program.

The IMPACT compiler igmodified in such a
way that any unsafe anti-dependenca® treated like
flow-dependencesThe modified compiler generates



traces forthe current-statbuffer. The simulations are
performed assuming 32 integand 32floating-point
registers. Infinite storduffer is used to prevent any
instruction issue staltycles. Figure 4.1lashows the
average restadycles forpage fault exceptions in each
schemeand Figure 4.1b showshe average restart
cycles forarithmetic exceptionsAveragerestartcycles

are overheadcycles per exceptionfor re-executing
some operations after the processor resumes execution.

Average Page Fault Restart Cycl €

124.mBB8ksim

Average Arithmetic Exception Restart Cycl

1300
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124.m88ksim
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mpeg2

adpem_coder

m_decod
g721dec
g721enc
gsm

129.compress
adpem_decoder

Benchmark

(b)
Figure 4.1. Average page fault and arithmetic
exception restart cycles for the current state buffer and
the future file.

Load and store operations cause page faults
and floating-point operations causearithmetic
exceptions. The current-statuffer outperforms the
future file for both types of interrupts in all
benchmarks, particularly folarithmetic exceptions.
Since the floating-point operations are lolagency
operations, the current-statauffer doesnot re-
executdater shortlatency operationthat have already
completed. Sahe average number of restaytles for
arithmeticexceptionsarerelatively small as compared
to the future file. The benchmarks30.li, 099.go,
147 .vortex, 124.m88ksim, adpcm_coder,

adpcm_decoder, g721dec, g721emd gsm generate
almost no arithmetic exceptions as seen in Figure 4.1b.

In Figure 4.2, averagexception detection
delay cyclesare shown for the reorderbuffer with
future file. Average exception detection delay is the
delay between detecting anterrupt and signaling it
per interrupt. Since the current-stéigffer detects and
signals the interrupts immediately, its interrupt
detection delay is always zero.
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Figure 4.2 Average page fault and arithmetic
exception detection cycles for the reorder buffer with
future file.

So far, we have shown the performarmzen
by the current-statebuffer. However, the scheme
requires a different scheduling technique, treating all
unsafe anti-dependences like flow-dependentéss
makes the machinslow with respect tahe machine
allowing all unsafe anti-dependences. The scheduler
inserts NOPs to increasdhe dependence distance.
Figure 4.3 shows slowdown in percentage in the
machine for the current-statebuffer without unsafe
anti-dependences versus current-stateffer with
unsafe anti-dependences. The benchmatldd.li,
124.m88ksim, mpegZ2enc, adpcm_coderand
adpcm_decodedo not experiencslowdown. 099.go



has the highest slowdown 0.6% due to a higher number
of unsafeanti dependences. Slowdownvsry modest,
even intheworst-case. Benchmarks from MediaBench
have almost noslowdown @sm is the highest at
0.01%).

1300
099.go
gsm

°
s =
134.perl

147.vortex
124.m88ksim
132iijpey
peg2
adpem_coder
g721dec
g721enc

129.compress
adpem_decoder

Benchmark

Figure 4.3. Percentage slowdown in the machine
using the current-state buffer. No slowdown exceeds
0.6%.

V. CONCLUDING REMARKS

In this paper, we revise the reordriffer with
future file and history buffer schemes foWLIW
processorand proposethe current-statbuffer, a new
scheme fointerrupt-handlingor VLIW architectures.
The current-statebuffer monitors and records the
executionandexception status of operations. It detects
and handles interrupts immediately. Unlike many other
interrupt-handlingschemes, such as the reorder and
history buffers, the current-stataffer doesot require
history state saving or result buffering. Thecessor
does not re-execute operationthat have already
completed befor¢he interrupt occurreddowever, the
current-state buffer scheme requires compiler
intervention in thecase of unsafe anti-dependences
between operations. Anti-dependenees treated like
flow-dependences kihe compiler during thpost-pass
scheduling phase to eliminate this hazard.

Our experimental resultsshow that the
current-statebuffer incurs a small number of restart
cycles per interrupt-basis compared to the reorder
buffer with future file and thehistory buffer methods.
Furthermore, the current-stabeffer provides a zero-
cycle interrupt detection mechanis8lowdown caused
by treating anti-dependences likew-dependences is
relatively small, especially in embedded applications.
Consequently,the current-statebuffer, because of
modest hardwarand compiler support, is appropriate
for embedded VLIW processors.
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