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ABSTRACT

This paper describesinitial results for an architecture called
the Shared-Thread Multipro cessor(STMP). The STMP com-
bines features of a multithreaded processorand a chip mul-
tipro cessor; speci cally , it enablesdistinct cores on a chip
multipro cessorto share thread state. This shared thread
state allows the system to schedule threads from a shared
pool onto individual cores, allowing for rapid movemert of
threads between cores.

This paper demonstrates and evaluates three bene ts of
this architecture: (1) By providing more thread state stor-
agethan available in the coresthemselves, the architecture
enjoys the ILP benets of many threads, but carries the
in-core complexity of supporting just a few. (2) Threads
can move between cores fast enough to hide long-latency
events such as memory accesses. This enables very-short-
term load balancing in response to such events. (3) The
system can redistribute threads to maximize symbiotic be-
havior and balance load much more often than traditional
operating system thread scheduling and context switching.

Categoriesand Subject Descriptors

C.1.2 [Pro cessor Arc hitectures ]: Multipro cessors; C.4
[Performance of Systems ]. Performance attributes

General Terms
Design, Performance
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1. INTRODUCTION

As more processormanufacturers move to multi-core de-
signs, the seardh for the optimal design point becomesa
dicult one. The mix of hardware coresand threading con-
texts will determine aggregate throughput and latency for
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a particular workload. However, eadh workload will achieve
the best performance with a di eren t con guration, and de-
termining the most appropriate overall con guration is not
straightforw ard.

Designs with many relatively small coreso er high peak
throughput, but provide high per-thread latencies and per-
form poorly when thread-level parallelism is low. A proces-
sor with fewer, more powerful coreswill provide lower per-
thread latencies and good few-thread performance, but will
be comparatively ine cien t when running many threads.
If we add multithreading [18, 17] to the latter design, we
achieve a better tradeo : providing both low latency when
o ered fewthreads, and high throughput when running many
threads. However, there is a limit to how far throughput
gains will scale,sincevery large coresdo not scaleeven their
peak throughput linearly with area.

The desired architecture, particularly for general-purpose
computing workloads wherein the amount of parallelism is
not constant, is an architecture with modest hardware re-
quirements that achievesgood performance on a single thread,
and with performanceimproving asthreads are added (up to
a relativ ely high number of threads). We describe an archi-
tecture which featuresrelativ ely modest coreswith only min-
imal support for on-core multithreading (i.e., simultaneous
multithreading, or SMT [18]), yet have hardware support for
more threads than allowed by the on-core SMT hardware.
Peak performance on such an architecture will scaleroughly
linearly until the number of threads reaches the number of
cores, will continue to scalewell as the number of threads
increasesto the total number of SMT contexts, and contin ue
to climb modestly as even more threads are added. We call
this architecture the Shared-Thread Multipr ocessor(STMP).

The Shared-Thread Multipro cessorenablesdistinct cores
on a chip multipro cessorto share thread state. This shared
thread state allows the system to not only mix on-core and
o -core support for multithreading { providing high ILP
with minimal design overhead { but, by scheduling threads
from a shared pool onto individual cores, also allows for
rapid movemert of threads between cores. This approach
enables,for the rst time, low-latency \m ultithreading-t ype"
context switchesbetweendistinct cores. In this way, it com-
bines the simplicity of multicore designswith the exibilit y
and high utilization of aggressiwely multithreaded designs.

This paper demonstrates and evaluates three bene ts of
this architecture: (1) By providing more thread state stor-
age than available in the coresthemselves, the architecture
enjoys the ILP benets of many threads, but carries the
in-core complexity of supporting just a few. (2) Threads



can move between cores fast enough to hide long-latency
events such as memory accesses. This enables very-short-
term load balancing in response to such events. (3) The
system can redistribute threads to maximize symbiotic be-
havior and balance load much more often than traditional
operating system thread scheduling and context switching.

The rest of the paper is organized asfollows. Section 2 dis-
cussesprior related work. Section 3 describes the baseline
architecture, while Section 4 describes the Shared-Thread
Multipro cessorimplementation. Methodology for our ex-
periments is preserted in Section 5. Our evaluations and
results are described in Section 6. We conclude with Sec-
tion 7.

2. BACKGROUND AND RELATED WORK

Tune et al. describe an architecture, Balanced Multi-
threading, (BMT) [19], which allows a single processorcore
to combine the bene ts of simultaneous multithreading and
a form of coarse-grain multithreading. In their preferred
design, the SMT core only supports two hardware threads,
keeping complexity low and the register le small. However,
this is supplemerted with o -core thread storage, which al-
lowed thread state to be brought into the core quickly when
an SMT context becameidle due to a long-latency evert.
This adds little or no complexity to the core becauseit re-
lies on injected instructions to transfer context state in and
out.

In this way, more than two threads time-share the two
SMT contexts. BMT achievesthe instruction throughput of
an SMT core with additional hardware threads, without the
full hardware costs: two SMT-scheduled threads augmerted
with two coarsely-steduled threads can exceedthe IPC of
three SMT threads.

The Shared-Thread Multipro cessoris an extension of the
BMT architecture. In STMP, the o -core thread storage
is shared among a pool of cores. This brings seweral new
capabilities not available to BMT: the ability to dynami-
cally partition the extra threads among cores, the ability to
share threads to hide latencies on multiple cores, and the
opportunit y to use the shared-thread mechanism to accel-
erate thread context switching between cores (enabling fast
rebalancing of the workload when conditions change).

Other relevant work has examined thread scheduling poli-
ciesto maximize the combined performance of threads on a
multithreaded processor[11, 10]. Previously, we also identi-
ed the importance of accourting for long-latency loads and
minimizing the negative interference betweenstalled threads
and others on the core [16]. Both BMT and STMP address
those loads, by rst removing stalled threads and then in-
jecting new threads which are not stalled.

Constantinou et al. [4] examine seweral implications of
thread migration policies on a multi-core processormigra-
tion. However, they do not examine theseissuesin the con-
text of the type of hardware support for fast switching that
our architecture provides.

Torrellas et al. [14] is one of sewral papers that exam-
ine the importance of considering processoranit y when
scheduling threads on a multipro cessor. In their work, they
endeavor to reschedule threads where they last executed, to
minimize cold cache e ects. We nd that processoranit y
e ects are also extremely important in the STMP.

Spracklen et al. [12] argue for the combination of multiple
SMT coreswithin a CMP for e cien t resourceutilization in

the face of high-TLP, low-ILP server workloads. Their fo-
cus is primarily on such workloads, sacri cing single-thread
performance for a design tailored to maximize throughput,

without paying particular attention to the movemert of threads.

The STMP exploits high ILP when it's available, and o ers
fast context-switc hing to other threads to boost throughput
when ILP is lacking.

Data o w architectures [1, 2] o er an alternativ e to tra-
ditional ILP-based designs. Stavrou et al. [13] consider the
implementation of hardware support for data-driven multi-
threaded computation on top of a conventional CMP. Their
design usesadditional per-core hardware to coordinate data
movemert and the scheduling of threads as live-in data be-
come ready; threads are explicitly compiled as slices of de-
composeddata o w and synchronization graphs. Prefetching
and cadhe conict tracking are used to avoid long-latency
memory stalls during a thread's execution. The STMP,
in contrast, usestraditional functional unit scheduling and
control-driv eninstruction streams, detecting and reacting to
long-latency memory events as they occur.

3. THE BASELINE MULTITHREADED
MULTICORE ARCHITECTURE

The next two sections describe the processorarchitecture
that we usefor this study. This section describesa conven-
tional architecture which is the base upon which we build
the Shared-Thread Multipro cessordescribed in Section 4.
Our baselineis a multithreaded, multi-core architecture (re-
ferred to sometimes as chip multithreading [12]). Sewral
examples of this architecture already exist in industry [3, 5,
8, 6].

3.1 Chip multipr ocessor

We study a chip multipro cessor(CMP) design consisting
of four homogeneouscores. Each core has an out-of-order
execution engine and contains private rst-lev el instruction
and data caches;the four coressharea common second-leel
unied cade.

The corescommunicate with eac other and with the L2
cache over a sharedbus; data cachesare kept coherert with a
snoop-based coherenceproto col [7]. O -c hip main memory
is accessedvia a memory controller that is shared among
cores. While this relatively simple interconnect does not
scaleup to many cores, it su ces for four cores,and still fea-
tures the essetial property that inter-core communication
is much faster than memory accesswith latency comparable
to that of a L2 cache hit. Our STMP extensions can apply
to more scalable interconnects, such as point-to-p oint mesh
networks, but we utilize this simpler symmetric interconnect
in order to focus on the STMP implementation itself.

3.2 Simultaneous-Multithr eadedcores

Each core of our chip multipro cessorfeatures Simultane-
ous Multithreading [18, 17] (SMT) execution, with two hard-
ware execution contexts per core, similar to seweral recert
processordesigns[3, 9].

Two-way SMT allows for two threads to sharea core's exe-
cution resourceswithin any cycle, enabling e cien t resource
utilization in the face of stalls. SMT has been shown to ef-
fectively hide short-term latencies in a thread by executing
instructions from other threads. It provides signi cant gains
in instruction throughput with small increasesin hardware



complexity. We evaluate our Shared-Thread Multipro cessor
designson top of SMT in order to demonstrate that there is
additional potential for performance gain beyond what SMT

is able to capture. SMT is lesssuccessfulat hiding very long
latencies, where at best the stalled thread becomesunavail-

able to contribute to available ILP, and at worst stalls other

threads by occupying resources.

The inclusion of SMT support is not essetial in the de-
sign of the STMP; single-threaded corescould apply coarse-
grain multithreading by switching in threads from the shared
o -core thread pool. Such an architecture would still oer
signi cant advantages over a single-threaded CMP without
inactiv e-thread storage, but we nd the SMT-based archi-
tecture more attractiv e, becausethe secondthread on each
core allows the processorto hide the latency of the thread
swap operations themselves.

3.3 Long-latency memory operations

A typical memory hierarchy features successiely larger
and slower memory units (caches) at eac level. In such a
system, individual memory instructions may vary widely in
response times, ranging from a few cycles for a rst-lev el
cache hit, to hundreds of cycles for a main-memory access,
to essetially unbounded latencies in the event of a page
fault.

While out-of-order execution is able to make progressin
the face of memory operations taking tens of cycles, those
which takelonger rapidly starvethe processorof useful work:
once the memory instruction becomesthe oldest from that
thread, there is a nite dynamic-execution distance follow-
ing it beyond which the processoris unable to operate, due
to resourcelimitations. Previous work [16] has explored this
phenomenon, in particular the impact of long-latency loads
on SMT processors,along with seweral mechanisms for de-
tecting these situations and mitigating the impact on co-
scheduled threads.

Our baselineSMT processordnclude a similar long-latency-
load detection and ushing mecdhanism: when a hardware
execution context is unable to commit any instructions in
a given cycle, and the next instruction to commit from the
residert thread is an outstanding memory operation which is
older than atime threshold, it is classi ed as\long-latency" ,
and action is taken. In the baseline system, instructions
younger than the load are ushed while the load remains;
the experimental STMP systems described below also use
this signal as an input to scheduling decisions.

4. SHARED-THREAD STORAGE:
MECHANISMS AND POLICIES

In our Shared-Thread Multipr ocessorarchitecture, we aug-
ment the CMP-of-SMTs described in Section 3 with seweral
relativ ely inexpensive storage and control elemerts. Some
of these architectural assumptions are similar to that used
in the BMT researd [19].

4.1 Inactive-threadstore

We add an o -core inactive-thr ead store { storage for the
architected state of numerousthreads; this storageis usedto
hold additional threads beyond those supported by the hard-
ware execution contexts. Per-thread state consistsprimarily
of logical register values, the program counter, and a system-
wide unique thread ID. This state occupiesa xed-size store
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Figure 1. The Shared-thread Multipro cessor

of a few hundred bytes per thread, which is accessednon-
speculatively in a regular fashion; it can be implemented
e cien tly with a small amount of SRAM. This is shown in
Figure 1.

4.2 Shared-threadcontrol unit

We intro duce additional control logic which coordinates
the movemen, activation, and deactivation of threads. The
shared-thread control unit resides with the inactiv e-thread
store and implements the various scheduling policies we ex-
plore. This control unit communicates with execution cores
over the processorinterconnect, receiving occasional noti -
cation messagesrom corescontaining recert thread perfor-
mance or status-change noti cations, and sending messages
which signal coresto trigger thread migration. This unit
may be implemented in various ways, from a simple au-
tomaton to perhaps a small in-order processor(with some
assciated working memory), depending on the complexity
of the scheduling policy desired.

As an alternativ e to using a discrete shared-thread control
unit, its functionalit y may be implemented within the cores
themselvesin a scalable peer-to-peer fashion, which would
be particularly bene cial asthe number of coresis increased.
We focus on a discrete implementation for this study.

4.3 Thread-transfersupport

To eadch execution core, we add a mechanism to rapidly
transfer thread state betweenthe execution core with its in-
ternal data structures, and the simpler inactive-thr ead store.

Communication with the shared-thread control unit and
its assaiated storage takesplace acrossthe processorinter-
connect, which is optimized for the transfer of cache blocks.
To maximize communication e ciency , we add a small cache-
block sized spill/l | buer to eac core, which is used for
assenbling thread-transfer data into cache-block sized mes-
sages.The spill/ Il buers are xed-sized SRAM structures,
which are accessedsequertially from beginning to end.

The primary concerns when removing a thread from a
core are stabilizing a consistert, non-speculative view of the
thread state, and then extracting that state from the on-
core data structures into a concise form suitable for bulk
transfers. We re-use mechanisms presert on typical out-
of-order processorsto perform most of the detailed work
involved with thread movemert. We introduce two new
micro-instructions, spill and | I, which eadc transfer a sin-
gle register value to or from the next location in the spill/ Il
buer. These new micro-instructions ead specify a single
logical register operand; they are injected into an execution
core in a pre-decaded form just before the register-rename



stage, where they re-usethe renaming and dependencelogic
to locate the appropriate values.

Each spill instruction extracts onearchitected register value,
utilizing existing register-read ports and honoring any in-
igh t data dependences. When the spill completes execu-
tion, it appends the value to the spill/ll buer. Each |1
instruction reads one value from the spill/ll buer asit
executes,and writes to an architected register when it com-
pletes execution. When the buer is lled by a write from
a spill instruction, the entire buer is bulk-transferred to
the inactiv e-thread store, much like the delivery of a cache
write-back. When the buer is emptied by a read from a
I | instruction, a o w-control indication is sert indicating
that the core is ready for another block. (There is a small
amount of ancillary data in these messages.)

In addition to the existing logic usedto accessregisters, a
new data pathway is necessarybetween the spill/l | bu er
and whichever functional units it's most convenient to map
spill and | | instructions to. Since spill and | | instructions
are never intro duced speculatively, are never usedwith over-
lapping register numbers, and always accessthe spill/| |
buer in order, adding this new data pathway is unlik ely
to intro duce signi cant complexity to the processor.

Finally, eac processorcore is augmernted with a small
amount of spill/ | | control logic, responsible for sending peri-
odic performance counter samplesto the shared-thread con-
trol unit, and for reacting to thread-swap requests. When a
thread-swap request is received from the shared-thread con-
trol unit, the spill/ Il control logic initiates a ush of the
indicated hardware thread context { e ectiv ely causing an
asyndhronous trap { and then begins injecting spill or |1
instructions (as appropriate), instead of vectoring to a con-
vertional operating-system trap handler. This logic is also
responsible for stalling fetch on the corresponding hardware
context until the thread swap is complete. Note that, since
ead core supports two-way SMT execution, normal execu-
tion of a separateworkload may proceedin one context while
another is performing a swap.

Processorawvithout explicit register renaming may still im-
plement these spill and | | instructions, through whatever
mechanism the processorusesto map between architected
register numbersand run-time storage. We expect thesenew
instructions to betrivial to represert in the existing internal
instruction represertation of most microarchitectures.

In summary, then, the bulk of the support for the STMP is
in the thread storage and control, which is at about the same
level (e.g., in distance and latency) from the coresasthe L2
cache, but is much smaller. Other support that needsto be
addedto ead coreis relativ ely minor, and none of this func-
tionalit y a ects potential critical timing paths (such as re-
naming, instruction scheduling, register access,etc.) within
a core.

4.4 Scalingthe Shared-Thread
Multipr ocessor

In this researd, we focus on a single implementation fea-
turing four cores sharing thread state. As the number of
coresincreases,we could scalethis architecture in two ways.
We could increasethe number of coressharing a single cen-
tralized thread store, or we could increase the number of
STMP instances. It is unclear that much would be gained
by sharing thread storage directly among more than four
cores, due to increasesin latency and contention. Instead,

we ervision \islands" of STMPs, eacd a small set of cores
clustered around their own inactiv e-thread store. A 64-core
CMP, then, might have 16 thread storage units, ead ser-
vicing four cores. Movemert between thread stores would
be supported, but with much lessfrequent movemen, and
need not be as fast. Future work is necessaryto fully an-
alyze these options. However, if we assumethe approach
which clusters STMP cores, then our results, which focus
on four cores, are indicativ e of not just that con guration,

but alsothe characteristics of eadh cluster of coresin a larger
con guration.

The mechanisms preserted are focusedon the migration of
registers and assciated state, and incorporate fairly general
assumptions about memory and interconnect layout. The
underlying system described in Section 3.1 o ers a shared
L2 cade, with relatively low accesslatency; an architec-
ture with private L2 caches, for example, would still support
e cien t register migration, but would experience more per-
formance degradation due to cache e ects subsequern to mi-
gration. We are currently performing related researd which
speci cally addressescache e ects due to migration.

4.5 Threadcontrol policies—
Hiding long latencies

We consider a variety of policies for coordinating the mo-
tion of threads within the processor. The shared-thread con-
trol unit implements these policies, relying on status mes-
sagesfrom individual coresfor samplesof performance data
as well as noti cation of long-memory stall detection. For
the sake of simplicity, these policies are certrally managed;
more advanced implementations could coordinate peer-to-
peerdirectly between cores.

We consider two distinct classesof policies, intended to
exploit dierent opportunities enabled by the STMP. One
opportunit y is the ability to move threads quickly enough
to react to very short-term thread imbalancesresulting from
long-latency operations; the other is the opportunit y to per-
form coarser-grainedload-balancing, but at time scalesmuch
shorter than possiblein an operating system.

The rst group of policies focuseson caseswhere threads
are more numerous than cores, and sudch that some of the
(multithreaded) coreswill be more heavily loaded than oth-
ers. When a thread on a less-loadedcore stalls for a long-
latency memory access{ as characterized in Section 3.3 {
it leavesthe execution resourceson that core under-utilized
relative to the more heavily-loaded cores; in e ect, hard-
ware contexts on a core experiencing a stall will becomerel-
ativ ely \faster" while the stall is outstanding. These policies
seekto exploit the decreasedcontention on coresexperienc-
ing memory stalls. This can happen when thread load is
balanced evenly, but requires two threads to be stalled on
the samecore to create a signi cant opportunit y for thread
movemert. Therefore, the load-imbalance phenomenon ex-
ploited in this section is best illustrated when there are 5{
7 threads on the (eight-thread) processor. In such scenar-
ios, some cores will have one thread scheduled, and others
two threads. If a thread scheduled by itself experiencesa
full-memory-latency stall, its parent core essetially sits idle
for hundreds of cycles, while other cores are executing two
threads. Becausea four-wide superscalar processorrunning
two threads typically achieveslessthan twice the through-
put as when running a single thread, this imbalanced load
is likely ine cien t. If we can quickly move a co-sdeduled



thread to the temporarily-idle core, these two threads exe-
cuting on separatecoresmay executefaster than they would
when co-sdeduled on a single core.

It should be noted in this section and the next, that we
only show a subset of the policies considered. Typically, the
shown policy is a tuned, e ectiv e represenativ e of a classof
similar policies.

The speci ¢ policies evaluated in this paper are:

Conict -the conict policy migrates threads away from
coreswith execution-resourcecontention, towards thosewhich
are experiencing many memory stalls. It consenativ ely prefers
to leave threads in-place, minimizing interference with nor-
mal execution. When the system detects that a thread
has stalled for a long-latency memory access,it considers
the amount of execution-resourcecontention that the corre-
sponding core has experienced recertly (in the last 10,000
cycles; this is a parameter). If the conict rate { the mean
number of ready instructions unable to issue per cycle due
to resource exhaustion { exceedsa threshold, the already-
stalled thread is evicted and sert to wait at the inactive-
thread store. When the corresponding memory accesscom-
pletes, the thread is sert for execution on the core whose
threads have experienced the highest rate of long-memory
stalls in recert history.

In order to decreasespurious thread movemert, additional
conditions apply: threads are returned to their previous core
if the stall-rate of the candidate core does not exceedthat
of the previous core by a threshold (5%); the initial thread
swap-out is suppressedif a pre-evaluation of the core se-
lection criteria indicates that it's already scheduled on the
\b est" core; and, stalled threads are never moved away from
an otherwise-empty core.

Runner - under the runner policy, one or a subset of
threads are designated as \runners", which will be oppor-
tunistically migrated toward stall-heavy cores; non-runner
threads do not move, except in and out of inactiv e-thread
storage, and back to the samecore. This policy recognizes
the high importance of processora nit y: most threads will
run bestwhen returning to the samecoreand nding awarm
cache. The \runner" designation is used in the hope that
someapplications will inherently su er lessperformanceloss
from frequent migrations than others.

This policy attempts to negotiate some of the more dif-
cult tradeos facing these policies. If we seldom move
threads between cores, then when we do move them, they
tend to experience many L1 cache missesimmediately as
they enter a cold cache. If we move threads often enough
that cold caches are not a problem, we are then asking all
L1 cachesto hold the working set of all threads, which puts
excessie pressureon the L1 cadches. By designating only a
few threads as runners, we allow those threads to build up
sucien t L1 cache state on the coresthey visit frequently,
decreasing the cost of individual migrations; additionally,
each core's L1 cache now need hold the working set of only
a few threads.

When a non-runner thread is detected as having stalled
for a long-memory operation, the shared-thread scheduler
decideswhether to move the runner from its current location
to the stalling core. Experimentally, interrupting the runner
in order to migrate it whenewer a long stall is detected on
another core proved too disruptiv e to its forward progress;
the results we presert usea more relaxed policy, wherein the
shared-thread scheduler records long-stall detection everts,

and when the runner itself stalls for a memory access,it is
opportunistically migrated to the core with the most recert
non-runner stalls. This decreasesthe amount of idle time
which a runner may exploit for any one memory stall, but
mitigates the performance impact on the runner itself. Over
time, the runner gravitates towards those applications which
stall for main memory most often.

While this policy is unfair over the short term to the run-
ner threads { which su er more than the threads pinned to
particular cores{ this unfairness can be mitigated by rotat-
ing which threads serve asrunners over larger time intervals.

Stall-c hase - the stall-chase policy aggressiwely targets
individual memory stalls. When a thread is detected as
having stalled for a miss to memory, active threads on other
cores are considered for immediate migration to the site of
the stall. The results preserted use a policy which selects
the thread with the lowest recent sampled IPC for migra-
tion; other selection policies we've evaluated include choos-
ing the thread with the smallest L1 cache footprint, the
thread which has has beenrunning the longest sinceits last
migration, and choosingathread at random. The stall-chase
policy is similar to the runner policy in that long-memory
stalls \attract" other threads; they dier in the selection of
the thread to be migrated.

For this set of policies we do not demonstrate the cases
where the number of threads is less than the number of
cores (this becomessimply multi-core execution) or where
the number of threads is greater than the number of SMT
contexts. In the latter case,the STMP architecture clearly
provides gains over a convertional architecture, but we do
not show those results becausethey mirror prior results
obtained by BMT [19]. Consider the case where we have
12 threads; a reasonablesetup would have eac core execut-
ing a set of three threads over time, in round-robin fashion,
using the BMT mecdhanisms to swap an active thread for
an o -core thread when an L2 miss is encourtered. There
would be no immediate advantage in re-assigningthreads to
dierent coreswhen a thread stalls for a miss, becauseead
core already has threads available to tolerate that miss.

On the other hand, we may want to re-balance those
threads occasionally, to ensurethat we are running a com-
plementary set of applications on ead core; those rebalanc-
ings are best done at a much coarser granularity than the
polices described above, which target the covering of indi-
vidual misses. Such rebalancing mechanisms are described
in the next section.

4.6 Threadcontrol policies— Rapid
rebalancing

As stated previously, one advantage of the STMP over
prior architectures, including BMT, is its ability to redis-
tribute threads quickly between cores. Other architectures
would rely on the operating system to make such changes;
however, the operating system is not necessarily the best
place to make such load balancing decisions. We advocate
making some of these decisionsin hardware, becausein this
architecture the hardware (1) has performance data indi-
cating the progressof ead thread, (2) hasthe mechanisms
to context switch without software intervention, and (3) the
cost of context switchesis solow that it's economicalto make
them far more often than system software can consider. This
rapid rescheduling allows systemto (1) nd a good schedule



more quickly initially , and (2) react very quickly to phase
changes.

This group of policies considers,in particular, caseswhere
there are more overall software threads than there are hard-
ware execution contexts. These policies would also be ef-
fective when there are fewer threads than total contexts, as
there would still be a needto consider which threads are co-
scheduled and which run with a core all to themselves. We
focus on the over-subscribed case,which combines stall-by-
stall round-robin movemert of threads to and from a core,
with occasional re-shuing among cores at a higher level.
We evaluate seweral thread re-scheduling policies for this
over-subscribed execution mode.

Our baselinefor performance comparisonis a model where
the coresstill sharethread state, enabling hardware-assisted
thread swapping, but the threads are partitioned exclusively
among cores,and this partitioning rarely changes(i.e., at the
scale of OS time-slice intervals).

The re-balancing policies considered are:

Sym biotic  scheduler - this policy alternates through
two phases, a \sampling” phase and a \run" phase, evalu-
ating random schedules for short intervals and then using
the best of the group for much longer execution intervals.
Prior work [11] has found this style of policy e ectiv e for
single-core SMT execution.

In a sampling phase, a sequenceof random schedules {
in our experiments, 19 random scedules as well as an in-
stance of the best schedule from the previous run phase {
are evaluated for performance. Each schedule is applied in
turn; rst, threads are migrated to the coresindicated by
the schedule. Next, the threads are left undisturb ed (i.e. no
cross-core migrations are scheduled) for one sampling pe-
riod in order to \warm up" execution resources. (Threads
may still be rotated through a single core, as in Balanced
Multithreading [19], during this time.) After the warm-up
time has expired, the threads are left undisturb ed for an-
other sampling period, during which performance counters
are collected. The counters are evaluated, then sampling
continues at the next candidate schedule. The ertire se-
guenceof scheduling, warming up, and measuring eac can-
didate in turn, makesup one sampling phase.

After the sequenceof candidate schedulesis exhausted, a
\run" phasebegins. The shared-thread control unit chooses
the schedule from the sampling phasewith the bestobsered
performance, applies it, and then leaves that sdhedule to
run undisturb ed for much longer than the duration of an
entire sampling phase (20 times longer, in our experiments).
Afterw ard, the next sampling phase begins.

Medium-range predictor - this policy incorporates per-
formance obsenations collected over many sampling peri-
ods, considering the correlation of overall performance with
the pairs of applications that are co-scheduledin each. These
obsenations are summarized in a compact data structure, a
table from which predictions can be generated about arbi-
trary future schedules.

Simplied, the sdedule performance predictor operates
by maintaining a matrix that, with application IDs as coor-
dinates, indicates the mean performance measuredacrossall
sampleswhen those applications were residert on the same
core. The predictor takesas input (schelule; performance)
tuples of performance obsenations; the overall performance
is added to the matrix cells corresponding to eac pair of co-
scheduled applications. A secondmatrix is maintained with

sample counts to allow for proper scaling. Any candidate
schedule can be evaluated against these matrices to yield a
performance estimate. The matrices may also be contin u-
ously agedover time, sothat more recert obsenations carry
more signi cance than older ones.

To utilize this data, we've developed a straightforw ard
greedy algorithm which can synthesize a new schedule that,
when evaluated in the context of past measuremerts, yields
a forecast performance that tends toward optimal. (Opti-
mality bounds are not established.) Note that this sced-
uler doesn't guarantee near-optimal performance;in a sense,
it runs the performance predictor in reverse, directly con-
structing a new schedule which the predictor considers to
be good, tying the overall resulting performance to the ac-
curacy of the predictor. The greedy schedule synthesizer
constructs a schedule from the matrix of aggregated per-
formance measuremerns by starting with an empty sched-
ule, then successiely co-sdeduling the pair of applications
which corresponds to the next-highest performance point
in the matrix. (Seweral additional conditions apply, to en-
sure reasonableschedulesresult, to accourt for applications
scheduled solo, etc.)

One additional use for the greedy schedule synthesizer is
to generatescheduleswhich represert the least-sampledpor-
tions of the schedule space. This is accomplished by creat-
ing a performance-sample matrix with eac elemert set to
the negative of the corresponding elemert in the sample-
count matrix, and running the algorithm on that; since
the greedy algorithm attempts to maximize the resulting

expected-performance sum, it selectsthe near-minimal (negated)

sample counts.

The medium-range predictor operates by using the greedy
schedule synthesizer to construct a good schedule. This
schedule is run for seweral sampling periods { 20, in our
experiments { followed by an alternate schedule to ensure
diversity in the measuremen space. We generate alternate
schedules either at random (mrp-random), or specically
targeting the least-sampled portion of the schedule space
(mrp-balance).

5. METHODOLOGY

We evaluate the Shared-Thread Multipro cessorand a vari-
ety of scheduling policies through simulation, using a mod-
ied version of SMTSIM [15], an execution-driven out-of-
order processorand memory hierarchy simulator. Starting
with a multi-core version of SMTSIM implementing a system
as described in Section 3, we have implemented the STMP
medhanisms and policies described in Section 4.

We do not simulate the computation neededto implement
the on-line thread control policies; however, these policies
utilize very simple operations on small numbers of perfor-
mance samples, which we expect could be performed with
negligible overhead.

5.1 Simulator con guration

We assumea four-core multipro cessor,with the execution
coresclocked at 2.0 GHz; for easeof accourting, all timing
is calculated in terms of this clock rate. Table 1 lists the
most signi cant of the baselinessystem parameters used in
our experiments. While the 500 cycle main-memory access
latency we specify would be high for a single-core system
with two levels of caching, it's not unreasonablefor a more
complex system: in separate work, we've measured best-



Parameter | Value

Pip eline Tength 8 stagesmin.
Fetch width 4

Fetch threads 2

Fetch policy ICOUNT
Sdheduling out-of-order
Reorder bu er 128 entries
Integer window 64 insts

FP window 64 insts

Max issuewidth 4

Integer ALUs 4

FP ALUs 2

Load/store units 2

Branch predictor 8 KB gshare
BTB 256-ertry, 4-way
Cache block size 64B

Pagesize 8 KB

Cache replacemert LRU, write-back
L1 I-cache size/asscc. 64 KB/4-w ay
L1 D-cache size/asscc. 64 KB/4-w ay
L1 D-cache ports 2 read/write

L2 cache size/asscc. 8MB/8-w ay

L2 cache ports 8 banks, 1 port ea.
ITLB entries 48

DTLB erntries 128
Load-uselatency, L1 hit 2cyc

Load-use latency, L2 hit 13cyc

Load-use latency, memory | 500cyc

TLB miss penalty +500cyc

Table 1. Arc hitecture Details

casememory accesslatencies of over 300 cycleson four-way
multipro cessorhardware, with coresclocked at 1.8 GHz.

5.2 Workloads

We construct multithreaded workloads of competing threads
by selecting subsetsof the SPEC2000benchmark suite. Start-
ing with a selection of the 16 bendhmarks as detailed in Ta-
ble 2, we construct workloads for a given thread count by
selecting subsetsof the suite such that ead subset contains
the desired number of threads, and sothat all subsetswith a
given thread count, when taken together, yield roughly the
samenumber of instancesof eacdh benchmark. The 16 bench-
marks were chosen arbitrarily to allow for this conveniert
partitioning, without requiring an excessie number of sim-
ulations to evenly represen individual benchmarks.

Table 3 details the composition of the workloads used
in this study. We simulate each multithreaded suite until

Name | Input Fast-forward ( 10°)

ammp 1700
art c756hel,al0, hc | 200
crafty 1000
eon rushmeier 1000
galgel 391
gap 200
gcc 166 500
gzip graphic 100
mcf 1300
mesa | -frames 1000 763
mgrid 375
parser 650
perl perfect 100
twolf 1000
vortex | 2 500
vpr route 500

Table 2: Comp onent Benc hmarks

ID ] Components

5a [ ammp,art,craft y,eon,galgel

5b | gap,gcc,gzip,mcf,mesa

5c mgrid,parser,perl,twolf,vortex

5d | ammp,crafty,galgel,gcc,mcf

5e mgrid,p erl,twolf,vortex,vpr

5f art,eon,gap,gzip,mesa

6a | ammp,art,craft y,eon,galgel,gap

6b | gcc,gzip,mcf,mesa,mgrid,parser

6¢c mgrid,parser,perl,twolf,vortex,vpr

6d | ammp,eon,gcc,mesa,ortex,vpr

6e | art,craft y,galgel,gzip,mcf,perl

7a | ammp,art,craft y,eon,galgel,gap,gcc

7b | gzip,mcf,mesa,mgrid,parser,perl,twolf

7c | art,eon,gap,gzip,mesa,\ortex,vpr

7d | ammp,crafty,galgel,gcc,parser,wolf,vpr

7e | gap,mcf,mgrid,p erl,twolf,vortex,vpr

8a | ammp,art,craft y,eon,galgel,gap,gcc,gzip
8b | mcf,mesa,mgrid,parser,perl,twolf,vortex,vpr
8c ammp,crafty,galgel,gcc,mcf,mgrid,perl,vortex
8d | art,eon,gap,gzip,mesa,parser,wolf,vpr

10a | ammp,art,craft y,eon,galgel,gap,gcc,gzip,mcf,mesa

Table 3: Comp osite W orkloads

(# threads 200 10°) overall instructions have beencom-
mitted.

This evaluation of our thread-migration system does not
make special accommaodations for di erent classesof work-
loads { e.g. soft real-time, co-stheduled shared-memory {
though sudh workloads are not intrinsically excluded. We
focus on the SPEC2000 suite as a source of diverse execu-
tion behavior largely to streamline experimental evaluation;
extending the systemto consider explicit information about
alternate workload typesis an interesting avenue for future
researd.

5.3 Metrics

Evaluating the performance of concurrent execution of dis-
parate workloads preserts somechallenges;using traditional
metrics such as total instructions-p er-cycle (IPC) tends to
favor any architecture that prefers individual bendmarks
which exhibit higher IPC, by starving lower-IPC workloads
of execution resourcesfor the duration of simulation. Such
a policy is unlikely to yield performance gain in a real sys-
tem: in a practical system, lower-IPC workloads could not
be deferred forever, but simulation involves much smaller
time-scales which do not capture this. A metric which in-
tro duces a fairness criterion is desirable; this is explored in
more detail in previous work [11, 16]. We report multi-
threaded performance in terms of weighted speedup (WSU),
as de ned in [11], and used frequertly in other studies of
SMT or multicore architectures:

X IP Ci;exper

Weighted Speedup = 1PCisng 1o
Ising le

1)

i2thr eads

Each thread's experimental IPC is derated by its single-
thread IPC, executing on a single core of the given architec-
ture, over the same dynamic instructions committed during
the experimental run.

In addition to this weighted speedup metric, which is cal-
culated after-the-fact from experimental output and high-
resolution logs of eadh component bendhmark's single-thread
execution, the policies detailed in Section 4.5 require on-line
estimates of multithreaded performance. IPC is a dangerous
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Figure 2: WSU compression function, y = comp(x)

metric on which to baseruntime optimization decisions, for
some of the same reasonsthat it is a misleading indicator
of overall performance. We've experimented with seweral al-
ternativ e runtime metrics; the results reported here perform
on-line performance evaluation using a new metric, interval
weighted speedup.

Weighted speedupasa goal function is not suitable for on-
line decision-making, sinceit requires detailed single-threaded
execution detail, | PCising 1e, Which is not available at run-
time; the challenge becomes nding a suitable basisfor IPC
samples which are available on-line, and which provide a
reasonablebaseline for the estimation of the changesin per-
formance. For our experiments, we use the aggregate IPC
of each thread over the entire previous round of scheduling
as the basis { in place of I PCising e { for evaluating the
performance of the | P Ciexper Samples taken during ead
sampleinterval. This strik esa balance, providing a measure
of stability in values{ particularly when comparing alterna-
tiv e scheduleswithin a given round { yet still adapting over
time to changescausedby earlier scheduling decisions.

We make one further modi cation to interval WSU: given
a direct application of the weighted speedup Equation (1)
over shorter time scales,it's possiblefor individual quotients
which make up the overall sum to generate very large out-
puts, e.g. when the basis IPC for a an application is ab-
normally low due to execution conditions. It's important
to prevent one such componert from dominating the overall
sum with very large values; while such a sample may cause
only a short-term degradation when used for an individual
scheduling decision, it can be disastrous when the aggre-
gating medium-range predictor scheduler is used. We guard
against this by compressing each thread's contribution to
the interval WSU sum from [0; 1 ) down to the range [0; 4],
using a smooth sigmoid function which is nearly linear in
the range near 1.0 (where samplesare most frequent):

X | F>Ci'sam le
Interval WSU = comp IPC4p )
i2thr eads i;basis
4.0
compX) = T gm0 3)

Figure 2 shows the behavior of the range-compression
function shown in Equation (3). Although usedin this study,
this function is not essettial; linear scaling with clamping of
values worked nearly as well.

Again, it is useful to distinguish the various metrics be-
causeof the closeterminology. Weighted speedup is the met-
ric we use to evaluate performance e ectiv eness. Interval
weightad speedup is an online metric used by our architec-
ture to evaluate or estimate the e ectiv enessof a schedule
and make a scheduling decision.
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Figure 3: Total core-cycles (per pro cessor cycle)
spent e ectiv ely idle due to stalled memory instruc-
tions. Means are tak en across all workloads for a
given thread-coun t. Values above O indicate poten-
tial gains.

6. ANALYSIS AND RESULTS

In this section, we evaluate the performance of a Shared-
Thread Multipr ocessor, considering several distinct modes of
operation. All results are reported for the hardware con g-
uration as described in Section 5.1, unless otherwise noted.

6.1 Potential gainsfrom memory stalls

This section demonstrates one axis of the opportunit y for
the STMP. Even a moderately-sized core with SMT sup-
port frequently experiencesidle cycles where no execution
progressis being made. We seein Figure 3 the total amount
of time in which cores are e ectiv ely idle { with all active
execution contexts unable to be used{ due to long-latency
memory operations, as described in Section 3.3. The val-
uesshown are the fraction of the overall execution time that
ead core spends completely idle, summed acrossall cores.

From this result we seethat even when the full SMT ca-
pacity of the coresis used (8T), there remains signicant
idle execution capacity. Simply applying STMP, even with-
out dynamic thread movemert policies, should signi can tly
reducethe idle cycles. Additionally , we seethat the problem
is more acute when not all of the cores are able to exploit
SMT. We seethat in many instances, the equivalent of an
entire additional \virtual core" is available, if we can nd a
way to e ectiv ely utilize the combined lost cycles.

6.2 Rapid migration to cover memory latency

This section evaluates the use of the STMP to rapidly mi-
grate individual threads between coresin responseto stalls
for memory access.

Figure 4 shows the weighted speedupsachieved by seweral
di erent thread-migration policies, with the v e-threaded
workloads described in Section 5.2. (Recall that our pro-
cessorhas four two-way SMT cores, for a total of eight ex-
ecution contexts.) We use the v e-thread caseto exercise
our policies becauseit is a region where we expect to see
frequent imbalance.

For the sake of comparison, we also evaluate each work-
load under all possible static schedules, wherein threads do
not migrate during execution. The best-static result shows
the highest weighted speedup achieved by any static sched-
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Figure 4: Performance of several stall-co vering

schemes on v e-thread workloads.

ule for each workload. mean-static shows the arithmetic
mean weighted speedup for each workload over all static
schedules;it re ects the expected performance from assign-
ing threads to coresat random, then not moving them dur-
ing execution.

The best-static result represerts a reasonablegoal for our
policies, as it is unattainable without oracle knowledge. In

theory, we could beat best-static by exploiting dynamic changes

in the workload, but none of these results achieve that.
mean-static represens a reasonablebaseline,asit represerts
what an OS scheduler might do, given the STMP hardware
but no useful information about thread grouping. In these
results, weighted speedup is computed relative to single-
thread execution. Thus, for a v e-thread, four-core con g-
uration, a weighted speedup (WSU) of 4.0 is the minimum
expected, and a WSU of 5.0 would indicate we're achiev-
ing the performance of v e separate cores. Thus, the range
of improvemerts we are seeingin these results is de nitely

constrained by the limited range of possible WSU values.

The conict policy performs very closeto the oracle static
scheduler. This policy succeedsbecauseit inhibits switch-
ing too frequently and it targets threads known to be on
oversubscribed cores for movemert. Becauseit only moves
these threads, the instances where movemert signi can tly
degrades progress of a thread are lessened: the selected
thread was struggling anyway.

We seethat the runner policy performs signi cantly better
than stall-chase The two schemesare similar, with the pri-
mary di erence that the former requires no core's L1 cache
to support the working set of more than two threads at a
time, signi cantly mitigating the lost L1 cache performance
observed for the latter policy. Although runner provides
performance gains in all casesover the baseline, it always
su ers slightly compared to the less aggressie conict be-
causethe frequency of ine ectiv e migrations is still high.

Thus, we demonstrate two schemes that show improve-
ment over a conventionally multithreaded chip multipro ces-
sor. conict , in particular, allows the processorto match
the performance of an ideal oracle schedule: one which per-
fectly placesthreads in the optimal core assignmen, with
no overheadsassaiated with identifying the optimal assign-
ment at runtime. This result is very signi cant, becauseit
shows that it is indeed possible to support multithreaded-
style thread context-sharing betweendistinct CMP cores;in
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Figure 5: Performance impact of several dynamic-
scheduling algorithms on a ten-thread workload,
versus sampling interv al.

fact, they can share contexts quickly enough to even hide
frequent memory latencies.

6.3 Rapid migration for impr oved scheduling

This section explores the other expected benet of the
STMP architecture, the ability to do frequent re-evaluation
of the thread-to-core assignmen. These results focus on
policies which migrate threads between cores much lessfre-
quently than those of the previous section, but potentially
far more frequently than could be done by system software
alone. Figure 5 shows the performance of some of the poli-
ciesdiscussedin Section 4.6.

The baselinesoftware scheduler { which usesour best sym-
biotic scheduling mechanism, but at a timescale possiblein
software { is shown asthe horizontal line. It should be noted
that the baseline makes use of our STMP architecture, e.g.
allowing three threads to sharetwo SMT contexts an a core,
and it usesour best mechanism to re-evaluate schedules;the
baseline only lacks the ability to re-evaluate schedulesat a
rate faster than OS time-slice intervals.

We seethat the symbiotic scheduler is able to achieve some
gains over the software scheduler for intermediate levels of
rescheduling. The more often we re-sample and re-schedule
the threads, the quicker we are able to react to changesin
the workload.

However, the reasonthat the results peakin the middle is
that there are o setting coststo rescheduling too frequently .
The rst reason,which our results have shown to be lessof
a factor, is the cost of migrating threads (primarily the cold
cadche e ects).

The second, more important but less obvious factor, is
our reliance on performance predictions, which becomein-
herently lessreliable asthe sampling intervals shrink. All of
our schemesdepend on somekind of predictor to estimate
the sdchedule quality. For the symbiotic scheduler, the pre-
dictor is a direct sample of eadh schedule; for the others,
they use predictors based on somekind of history. The in-
herent advantages of rescheduling more quickly are o set by
the inaccuracy of the predictor. For example, the shorter
our sampling intervals in the symbiosis scheduler, the more
noisy and lessreliable the sample is as a predictor of the
long-term behavior of that schedule.



The medium-range predictor provided more accurate pre-
dictions of future performance. While predictions proved
relativ ely accurate, it did not outp erform the much simpler
symbiotic scheluling policy; the predictor-based scheduler
still tended to schedule more thread movemert than the
symbiosis policy, losing performanceto scheduling overhead.
Of the two predictor-based policies shown, mrp-random tended
to marginally outperform mrp-balance. This is counterin-
tuitiv e: both policies explicitly deviate from the current
\exp ected best schedule" in order to explore new ground,
with the latter explicitly targeting the least-sampledregions
of the schedule space; one would suspect that mrp-balance
would thus be more successfulat intro ducing useful diver-
sity at each step. However, as the predictor-based sched-
uler learns more about the performance correlation between
threads, it naturally beginsto avoid co-sheduling threads
which don't perform well together. Over time, then, some
of the the under-sampled regions of the sample space are
avoided speci cally due to bad performance, and the mrp-
balance scheduler can force execution back into theseregions.
The mrp-random scheduler has no such bias.

These results demonstrate that with a very simple hard-
ware re-scheduler, there is clear value to load-balancing and
re-grouping threads at rates signi cantly faster than possi-
ble in a software scheduler. These results indicate that in
this type of aggressive multithreaded, multicore processor,
an operating system is no longer the best place to make all
scheduling decisions.

7. SUMMARY AND CONCLUSIONS

This paper preserts the Shared Thread Multipro cessor,
which extends multithreading-lik einteraction to distinct pro-
cessorcoreson a chip multipro cessor. We show that, beyond
the advantagesshown in previous work, where additional ex-
ternal thread storage improvesthe performance of a single
SMT processor,the STMP can be exploited in two unique
ways.

First, when long-latency memory stall everts create tran-
sient load imbalances,we can improve overall throughput by
quickly moving a thread between coresto exploit otherwise
idle resources.

At a coarser time scale, we can repartition the mapping
of threads to coresvery quickly and e cien tly, in order to
re-evaluate scheduling decisionsand react to emerging appli-
cation behavior. While sampling too quickly tends to render
scheduling decisionsunreliable, there exists a middle ground
at which it is pro table to make decisionsmore quickly than
possible with software mechanisms alone.
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