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Abstract—Technology scaling in integrated circuits has consistently provided dramatic performance improvements in modern microprocessors.
However, increasing device counts and decreasing
on-chip voltage levels have made transient errors a
first-order design constraint that can no longer be
ignored. Several proposals have provided fault detection and tolerance through redundantly executing a
program on an additional hardware thread or core.
While such techniques can provide high fault coverage, they at best provide equivalent performance to
the original execution and at worst incur a slowdown
due to error checking, contention for shared
resources, and synchronization overheads. This
work achieves a similar goal of detecting transient
errors by redundantly executing a program on additional processor cores; however, by sacrificing a
small degree of fault coverage, it speeds up (rather
than slows down) program execution compared to
the unprotected baseline case. This scheme exploits
the fact that a small number of instructions are detrimental to overall performance, and selectively skipping them enables some cores to advance far ahead
of others and obtain prefetching and large instruction window benefits. We highlight the incremental
hardware required and show that reducing fault coverage from 100% to an average of 96%/81% can
result in a speedup of 15%/150% for a collection of
integer/floating
point
benchmarks.
I.INTRODUCTION

Prior work has shown that redundant execution on
chip multiprocessors is an attractive approach for
improving a processor’s capabilities for fault detection
and fault tolerance, with only a minor impact on performance. However, additional processor cores can also be
used to improve the performance of a single thread of
execution, by using the resources of the additional cores
to buffer slices of miss-dependent instructions and
allowing a lead processor to continue running ahead,
prefetching cache misses and resolving branch mispredictions. This paper describes a design that integrates
these two benefits, providing substantial performance
improvements for applications that experience frequent
cache misses, while providing nearly the same level of
fault coverage as fully redundant execution. In effect,

redundant execution is used to achieve two goals that
prior work has pursued: improved performance and
improved fault tolerance. In order to achieve these
goals, a baseline CMP must be augmented with several
structures that are used to maintain correct sequential
execution semantics while also detecting faults that may
occur. This paper provides a brief description of these
structures and their operation, and reports the measured
fault coverage and performance achieved by the proposed approach.
II.PRIOR

WORK ON SRT/CRT

Simultaneous and redundantly threaded (AR-SMT
or SRT) processors execute an identical copy of a program on an unused hardware thread or processor core
[14],[13]. Errors can be detected by buffering retired
stores in a store comparator queue where they are compared to identical stores executed on a second thread. If
a mismatch is detected in either a store’s data or address,
an error is signaled to the processor so that it can
respond appropriately. Combining different instances of
the same dynamic store presents the appearance to the
memory system that a single thread is running and
maintains uniprocessor program semantics. Chip-level
redundant threading (CRT) [11] extends this concept to
run multiple instances of the same thread on different
cores in a chip multiprocessor (CMP) rather than on
separate thread contexts in a simultaneous multithreaded processor (SMT). Depending on the degree of
hardware replication in an SMT, CRT is able to provide
better performance than SRT by removing contention
for resources shared among threads (such as the physical register file, issue window, ROB, load and store
queues, fetch unit, execution units, etc.). However
CRT’s performance is still limited to that of the original
unreplicated thread, and in the worst case it incurs a
slowdown due to the additional checking overhead and
synchronization between cores.
III.PROFLIGATE

EXECUTION

SRT and CRT check all memory system updates
and can therefore provide 100% transient error coverage
within the sphere of replication. However, while all
instructions may be equally likely to produce an error,
they do not contribute equally to overall performance. In
particular, L2 data cache misses are inordinately expen-

sive, as even aggressive dynamically scheduled
microarchitectures are not able to sufficiently cope with
increasing relative memory latency. Therefore when an
L2 cache miss occurs in a CRT processor, both cores
stall and fail to perform any useful work while waiting
for the memory access to return the data.
This work builds on the CRT philosophy of detecting faults through redundant program execution on
unused CMP processor cores, but addresses CRT’s overhead of increased execution time. It proposes to force
only a single core in a CMP to stall and wait for L2
cache miss to complete, and allows the second processor
to advance ahead by dropping the miss and its forward
slice of dependent instructions. Those instructions executed by a single core cannot be checked for correctness; however, because they are not inhibiting forward
progress, the processor that dropped them can continue
and prefetch data into the shared L2. It operates as follows:
When an L2 cache miss occurs one core stalls and
becomes responsible for waiting for the miss to complete. The second core immediately marks the miss as
completed and sets an INV bit associated with its result
registers. Any instructions that consume the result of the
miss inherit the INV bit are also immediately marked
completed and set the INV bit associated with their
result register. This mechanism of identifying the forward slice of cache misses has been used extensively in
a variety of other microarchitectural optimizations
[5],[12],[17],[7],[20],[2]. Eventually a second L2 cache
miss is uncovered and again a core is assigned to wait
for it. This partitions cache misses between the cores
and has the dual benefit of reducing the total number of
stalls experienced by each, as well as allowing one to
prefetch data for the other.

A. Register Communication
Aside from error checking by the store comparator,
CRT requires no communication between cores since
both cores execute all instructions. This is not true in
profligate execution, as register values that depend upon
L2 cache misses are not available in all cores. Although
executing most instructions everywhere drastically
reduces communication requirements, there are several
situations that require register transfers.
•Slice Joins: If an instruction’s source operands
depend on different slices executed by different cores,
operands need to be communicated such that at least one
core has all source registers and can execute the instruction.
•Control Flow: Branches with a target or direction
that depends on a miss need to be resolved before committing. Therefore any miss-dependent registers that
directly feed a branch must be communicated to all

other processors.
•Precise Exceptions: Because no processor executes every instruction, architected state is distributed
across multiple cores. When an exception occurs, we
must ensure that precise state can be reconstructed and
execution can be restarted at the excepting instruction.
This requires buffering and transferring miss-dependent
register values between cores prior to branching to operating system exception exception handling routines.
Reorder buffers (ROBs) have long been used by
dynamically-scheduled microarchitectures as a mechanism for buffering and communicating values, and we
adopt a similar approach here. As processors commit
miss-dependent instructions they insert their results into
a Global Reorder Buffer (GROB), which other cores can
retrieve values from. The GROB is implemented as a
RAM, and each core maintains a tail pointer that corresponds to the insertion point for its oldest slice instruction. Each core also maintains a Global Register Alias
Table (GRAT) that indicates the GROB index of the
most recent miss-dependent producer of every architected register value. When an instruction needs to
retrieve a value due to one of the above conditions, it
waits until it becomes the oldest in its respective core,
then indexes the GRAT to determine the GROB entry
that will contain the source register value. Finally, it
uses that index to read the missing operand from the
GROB and executes the instruction. When all cores
have advanced beyond a slice instruction the output
value is no longer required and the GROB entry is deallocated. This results in efficient and infrequent communication of values between cores.
GROB accesses are efficient because each core privately maintains a set of indexes into it. This avoids
costly associative searches or centralized lookup tables.
However it requires that each core has a consistent view
of how slice instructions map to GROB entries. Specifically, cores need to agree on which instructions are
miss-dependent so that they can increment their GROB
tails at exactly the same points in the dynamic instruction stream. Here we detail one such method to accomplish this.
The first processor to execute an L2 load miss allocates a miss status handling register (MSHR), marks the
load destination register INV, and discards that instruction. As long as the miss is still outstanding when the
second core executes the same load, that core will also
correctly identify the load as an L2 miss. However if the
second processor reaches the same load much later, the
miss could have already completed and updated the L2
cache. In this case the second core would identify the
load as a hit, and will not increment its GROB tail when
it commits the load. This will cause each core’s GROB
indexes to shift by one entry, and will result in incorrect

TABLE I.MACHINE CONFIGURATION
Parameter
Out-of-order execution
Functional Units
Branch
Prediction
Memory System (latency)

Value
4-wide fetch/issue/commit, 10-cycle pipeline, 64 ROB, 32 LSQ, 64 rename registers
4 integer ALU, 2 FP ALU, 2 integer MULT/DIV, 2 FP MULT/DIV, 2 memory ports
Combined bimodal (16k entry) / gshare (16k entry) with selector (16k entry), 16 RAS, 1k entry 4-way BTB
32KB 2-way 32B line IL1 (2), 8KB 4-way 16B line DL1 (2), 512 KB 4-way 64B line unified L2 (15), main
memory (500), hardware prefetcher

communication of register values between cores.
To deal with this problem we must maintain the
invariant that all cores identify the same instructions as
falling within the miss slice regardless of whether they
miss the L2 cache or not. When an L2 miss completes,
the L2 MSHR is marked with the GROB index of the
youngest miss in program order to that line and de-allocating the MSHR and updating the L2 is delayed until
all cores have reached that instruction. Conceptually,
any loads older than the marked index should be identified as a miss, and any loads younger than that index
should be identified as a hit. Delaying updating the L2
cache forces subsequent L2 accesses to that address to
access the MSHR and perform this age comparison. L1
MSHRs need to be similarly marked so that subsequent
L1 hits can know when GROB tail increments are
required. Note that this scheme does not prevent intervening references to the block from being satisfied as
hits; they are, but the GROB tail pointer is incremented
in order to maintain a consistent view of slice instructions across the whole machine.

B. Memory Dependences
Even though individual cores execute instructions
out of program order, memory instructions must still
appear to complete in order and adhere to uniprocessor
program semantics. Specifically, loads must receive the
value written by the most recent store to their address,
and stores must update the memory hierarchy in program order. These requirements are fulfilled in a traditional uniprocessor via a FIFO store queue. Stores exit
the store queue and update the L1 at retirement, and
loads search the store queue to identify older in-flight
stores to the same address from which they need to
receive data. Profligate execution adopts a similar
approach to enforce in-order updates of the shared L2
and correct disambiguation of memory addresses
between cores. All store addresses must be available at
all cores, and are communicated through the GROB if
necessary. Most store values are available locally and
can be forwarded either through the local store queue or
local data cache. Whenever values are not available, the
local block is invalidated (write-invalidate policy), forcing subsequent dependent loads to fetch their values
from the second-level cache or the global store queue, if
necessary. More details regarding the implementation

and complexity of the memory interface are in [4].
IV.RESULTS

A. Methodology
This section presents data indicating the increase in
performance and corresponding decrease in error coverage measured in a detailed cycle-counting simulator that
models profligate execution, including all associated
hardware structures detailed in [4].
SPEC2000 integer and floating point benchmarks
were compiled for the Alpha instruction set with peak
optimization by the DEC OSF optimizing compiler, and
executed with the reference input sets. Benchmarks
were fast forwarded 1 billion instructions before timing
simulation was collected on the following 10 billion
instructions using the SMARTS sampling methodology
[19]. All no-ops are removed from execution and consume no processor resources. Table 1 presents the
machine model configuration used to collect data.

B. Speedup
Figure 1 shows the average number of instructions
committed per cycle for three machine configurations.
The first bar corresponds to the baseline case of a single
core. The second bar shows the IPC when independent
copies of the program are run on two cores in a profligate execution system. Executing a program on two
cores and partitioning the L2 cache misses between
them results in an average speedup of 15% and 150%
for the integer and floating point benchmarks, respectively. Applications with low baseline IPCs due to high
L2 miss rates, such as several of the floating point
benchmarks, can achieve considerable speedup by
enabling an additional core to overlap subsequent
misses.
The final bar shows performance if four cores execute the program instead of two. Partitioning cache
misses among more cores can achieve additional
speedup because it allows each core to discard more
misses and stall less frequently. While two cores are
generally sufficient to expose additional memory-level
parallelism, some benchmarks with a large number of
L2 misses can benefit from additional cores. For example, increasing the number of cores from two to four
results in an average speedup from 150% to 211% in the
floating point benchmarks.
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Figure 1. Profligate Execution Speedup. The three bars for each benchmark indicate the instructions committed
per cycle for the base configuration and two and four core profligate execution.

C. Error Coverage
The previous section showed that significant performance gains are possible by preventing all cores
from stalling on all L2 cache misses. However, forcing a
subset of a program’s instructions to execute on a single
core sacrifices some degree of redundancy and soft error
coverage. If a miss slice instruction handled by a single
core executes incorrectly, its dependant stores will not
be compared to those of the remaining core and any
errors may go undetected. This section quantifies the
reduction in error coverage.
Figure 2 graphs the fraction of all dynamic instructions executed by both cores. Single-bit errors in this
subset of instructions will be detected in the store comparator queue similar to SRT/CRT. The remaining
instructions are not executed redundantly because they
depend on L2 misses and are therefore vulnerable to
transient faults.
Despite their high cost, L2 cache misses occur relatively infrequently, and most instructions do not depend
on them and execute redundantly. On average, 96% of
all dynamic instruction in the integer benchmarks are
executed by both cores and are therefore protected from
soft errors. If mcf is not considered, over 99% of all
instructions are covered. The higher L2 miss rates
exhibited by the floating point benchmarks result in
fewer globally-executed instructions. While this can
enable dramatic speedups, it also decreases effective
error coverage. On average, 81% of all instructions in
the FP benchmarks are redundantly executed. One particular benchmark, galgel, has an unusually high fraction of miss-dependant instructions; if it is eliminated,
the FP average jumps to nearly 90%. The fact that galgel has relatively few L2 cache misses indicates that at
least some misses have long chains of dependent
instructions. Periodic synchronization of miss-depen-

dant registers between cores can force redundant execution, however this increased error coverage may come at
the expense of slower execution time. We point out that
this data corresponds to a design that partitions all L2
cache misses, and therefore indicates upper and lower
bounds on performance and error coverage, respectively. However, a continuum of design options exist
that balance these variables against each another. While
we leave a quantitative evaluation of such designs to
future work, we believe this flexibility increases the
attractiveness of this technique.

D. Additional Cores
SRT/CRT is able to achieve 100% error detection
coverage by executing an additional copy of a program
on one other core. Profligate execution, on the other
hand, provides less than 100% coverage but can
decrease execution time. Figure 1 showed that additional available cores in a CMP can be used to further
reduce execution time. However, we point out here that
they could alternately be used to increase error coverage. For example, if three cores are available to run a
single program thread, always assigning two of them to
wait for every L2 cache miss will obtain all the speedup
of two cores, as well as provide 100% error detection
coverage. Furthermore, such a design not only provides
error detection, but can provide forward error recovery
as well. Because the majority of instructions are missindependent and execute on all three cores, triple modular redundancy can correct the error to the value computed by the majority of cores. This offers a significant
improvement over SRT’s ability to only detect errors, as
the presence of an error is not known until it propagates
to a store. At that point it may have been delayed so long
that the program cannot gracefully recover.
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Figure 2. Profligate Execution Error Coverage. Fraction of all instructions executed by multiple cores.
V.RELATED

WORK

Several papers have proposed using additional
cores in CMPs to provide transient fault coverage
[14][13],[11],[8],[15],[1], often at the expense of
increased execution time. Others have focused on using
additional CMP cores to increase single-thread performance [16],[9],[10],[18],[20],[7]. However by spreading program computation across more transistors, these
techniques effectively increase an application’s vulnerability to transient errors. The notion of adding microarchitectural support for selectively skipping missdependant instructions was first proposed by Dundas
[5], and later elaborated on by several others
[12],[3],[17],[6]. Such designs tend to require significant changes to established baseline microarchitecture,
and thereby complicate validation effort in addition to
consuming additional chip real estate that could otherwise be used for additional CMP cores.
This work combines many of these ideas to simultaneously provide both fault tolerance and decreased execution time by utilizing mostly unmodified processor
cores. To our knowledge, it is the first proposal to provide a solution for both of these barriers to high performance processor design.
VI.CONCLUSION

This work extends prior research of executing identical programs on multiple cores to detect transient
errors. It makes the observation that not all instructions
have the same impact on system performance and selectively discarding them can realize significant performance gains while giving up disproportionately small
degrees of error coverage. Two system design trends
accentuate this point: larger L2 (and L3) caches will
decrease the fraction of miss-dependent non-redundant
instructions. At the same time, increasing relative memory latency will make these misses more expensive in

terms of performance, and skipping them more attractive. While several proposals have attacked the problems of soft errors and increasing relative memory
latency in isolation (and often at the expense of each
other), this is the first to simultaneously achieve the benefits of both.
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