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MULTITHREADED HARDWARE IS DIFFICULT BECAUSE IT INVOLVES A BALANCE BETWEEN

SINGLE-PROGRAM PERFORMANCE AND OVERALL SYSTEM PERFORMANCE. THIS ARTICLE

ARGUES FOR DEVELOPING MULTIPROGRAM PERFORMANCE METRICS IN A TOP-DOWN

FASHION STARTING FROM SYSTEM-LEVEL OBJECTIVES. THE AUTHORS PROPOSE TWO

PERFORMANCE METRICS: AVERAGE NORMALIZED TURNAROUND TIME, A USER-ORIENTED

METRIC, AND SYSTEM THROUGHPUT, A SYSTEM-ORIENTED METRIC.

e e oo e Performance metrics are the foun-
dation of experimental computer science
and engineering. Researchers and engineers
use quantitative metrics for assessing their
new ideas and engineering progress. Obvi-
ously, adequate metrics are of primary
importance to research progress, whereas
inappropriate metrics can drive research and
development in wrong or unfruitful direc-
tions.

The recent trend toward multicore and
many-core systems makes adequate perfor-
mance metrics for assessing the performance
of multithreaded computer systems running
muldple independent programs essential.
There are two key reasons for this need.
First, as the number of on-chip cores in-
creases exponentially according to Moore’s
law, more multiprogram workloads will run
Second,
programs affect each other’s performance

on the hardware. coexecuting

through sharing of resources such as
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memory, off-chip bandwidth, and (poten-
tially) on-chip caches and interconnection
networks. In addition, programs can share
resources within a single simultaneous
multithreading (SMT) core.

Quantifying single-program performance
is well wunderstood. Researchers have
reached the consensus that the performance
metric of choice for assessing a single
program’s performance is its execution
time." For single-threaded programs, execu-
tion time is proportional to CPI (cycles per
instruction) or inversely proportional to
IPC (instructions per cycle), provided that
cycle time and dynamic instruction count
are constant. However, for multithreaded
programs, IPC and CPI are poor perfor-
mance metrics. They can give a skewed
performance picture if threads spend time
in spin-lock loops (and other synchroniza-
tion mechanisms) and idle loops in system
code without making forward progress. For
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multithreaded programs, researchers should
use total execution time instead.?

Quantifying the performance of a com-
puter system executing multiple programs
concurrently, on the other hand, is more
difficult than for single-program execution
because the coexecuting programs affect
each other’s performance. Multiprogram
workload performance is the result of a
delicate balance between single-program
performance and overall system perfor-
mance. Researchers have not reached a
consensus on how to quantify multipro-
gram workload performance running on
multithreaded hardware, and the issue is
still open to debate. For example, some
researchers use throughput (the sum of
IPCs) as a performance metric; others use
the harmonic-mean (hmean) metric; others
use weighted speedup; and still others use
metrics that assess the fairness level given to
each coexecuting program.

In this article, we make the following
contributions and insights:

* We advocate developing performance
metrics for multiprogram workloads
in a top-down fashion by starting from
system-level objectives such as pro-
gram turnaround time and system
throughput.

* We identify key multiprogram perfor-
mance metrics: average normalized
turnaround time (ANTT)—a user-
oriented performance metric—and
system throughput (S§7P)—a system-
oriented performance metric. S7P
corresponds to the weighted speedup
metric proposed by Snavely and
Tullsen;? and ANTT corresponds to
the reciprocal of the hmean metric
proposed by Luo, Gummaraju, and
Franklin.* We provide a system-level
meaning for both. Another frequently
used metric, IPC throughput, has no
system-level meaning and should
therefore be disregarded.

* We make the case that a comprehen-
sive performance study should report
multiple system-level performance
metrics. For example, for a general-
purpose computer system, AN7T and
STP quantify user-perceived and sys-

tem-perceived performance, respec-
tively, and combining the two metrics
provides insight into the trade-off
between single-program performance
and overall system performance.

® We generalize a previously proposed
fairness metric that assumes equal
priority levels for all coexecuting
programs in multiprogram workloads
by including system-level priorities
used by system software.

The multiprogram performance metrics
described here will be useful in evaluating
design alternatives in system software and
architecture in the multicore era.

System-level performance criteria

The criteria for evaluating multiprogram
computer systems are based on the user’s
perspective and the system’s perspective.” A
user-oriented metric quantifies how fast a
single program is executed. For example,
turnaround time quantifies the time between
submitting a job and its completion.
Response time measures the time between
submitting a job and receiving its first
response; this metric is important for
interactive applications. Other user-oriented
criteria can quantify whether deadlines are
met for soft real-time applications or
whether performance isolation or perfor-
mance predictability can be guaranteed.

A system-oriented metric quantifies how
efficiently the system uses resources. For
example, throughput quantifies the number
of programs completed per unit of time.
Other system-oriented metrics quantify the
processor’s busy time, whether fairness is
guaranteed among coexecuting programs,
how well priorities are enforced, and how
well resources are balanced.

A metric’s appropriateness depends on
the evaluation criterion and the system
under evaluation. For example, for systems
in a real-time environment, throughput is a
lesser concern than whether deadlines are
met. But in an interactive environment,
response time might be as important as
turnaround time and system throughput.
Also,

system performance typically involves a

assessing multiprogram computer

delicate and complex balance between
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multiple metrics. For example, favoring
short-running programs can maximize sys-
tem throughput, but this would increase the
turnaround time of long-running programs
and could even starve long-running pro-
grams. Instead, a designer might want to
optimize system throughput while guaran-
teeing some maximum dilation of program
turnaround time.

We advocate that system software devel-
opers and computer architects should derive
performance metrics from system-level cri-
teria in a top-down fashion. In particular,
we are concerned with performance metrics
for general-purpose computer systems that
execute multiprogram workloads. The pri-
mary performance criteria for a general-
purpose system are program turnaround
time and system throughput. That is, the
design aim of a general-purpose computer
system is to complete individual jobs as
soon as possible while maximizing overall
system throughput. The other performance
objectives mentioned can be quantified
easily. For example, engineers can quantify
soft real-time performance by counting the
number of missed deadlines. Likewise, they
can evaluate performance isolation by
determining whether a program meets a
preset performance target irrespective of its
coexecuting programs.

System-level performance metrics

Before discussing the user-oriented and
system-oriented metrics, we will introduce
some terminology and notation.

Terminology and notation

Single-program mode means that a single
program has exclusive access to the com-
puter system. It has all system resources at
its disposal and is never interrupted or
preempted during its execution. Multipro-
gram mode means that multiple programs
are coexecuting on the computer system.
One example of multiprogram mode is time
sharing in a single-threaded computer
system. Another example is multiple pro-
grams coexecuting on a multicore processor
in which each core executes a single
program or multiple programs through
time sharing. Yet another example is

multiple programs coexecuting on an
SMT processor.

Because a program’s execution time is the
primary performance metric for both single-
threaded and multithreaded workloads, we
use it as the foundation of our performance
metrics. We denote the number of clock
cycles to execute a program 7 under single-
and multiprogram mode as CF and CM7,
respectively. A program’s C/” depends on
its coexecuting program(s).

Turnaround time

The primary user-oriented performance
metric is program turnaround time. We
define the normalized turnaround time of
program 7 as

chr

NTT; = 5
1

Normalized turnaround time is a value
larger than or equal to 1 and quantifies the
user-perceived turnaround time slowdown
due to multiprogram execution. Multipro-
gram execution in which z programs are
coexecuting results in an NT7T that varies
between 1 and z. For example, on single-
threaded hardware, N77 equals 1 when
executing instructions completely hide the
I/O latency of one program from other
coexecuting programs. N7 equals 7» when
the coexecuting programs are computation-
intensive (no I/O) with fair access to
computation resources. In idealized muld-
threading (no interprogram interference
through resource sharing) with 7 programs
running concurrently on n-threaded hard-
ware, NTT equals 1; in practice, however,
there is interprogram interference, which
results in an N77T greater than 1.

Using per-program normalized turnaround
time, we define the average normalized
turnaround time across 7 independent coex-
ecuting programs in multiprogram mode as

1 n
;ZNTT,»

i=1

ANTT
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ANTT is a lower-is-better metric and is
computed as the arithmetic average across
the individual NTTs, following John, who
provides a comprehensive discussion on when
to use the arithmetic or the harmonic average.®
For ANTT, single-threaded execution time is
the baseline we compare against—consistent
with a user-oriented view—and thus the
appropriate average is the arithmetic average.
If appropriate, we can define related
performance metrics such as the maximum
normalized turnaround time (MNTT) ob-
served across the coexecuting programs as

MNTT = m”alx"—
i

System throughput

System throughput is the number of
programs completed per unit of time. In
other words, when optimizing for STP, we
aim to maximize per-program progress
when coexecuting multiple programs in
multiprogram mode. We therefore define
a program’s normalized progress as

csr
NP; = Cip

NP is the reciprocal of NTT and ranges
between 1/7 and 1, with 7 the number of
coexecuting programs in the multiprogram
workload. The intuitive understanding is
that VP quantifies the fraction of single-
threaded program execution time reached
during multiprogram execution. For exam-
ple, an NP of 0.5 means that a program
during a 10-ms time slice in multiprogram
mode effectively makes 5 ms of single-
program progress, equivalent to executing
the program in single-program mode for
5 ms.

The system throughput of a multpro-
gram execution with » programs is

n n CSP
STP = NP; = cirr (2)

i=1 i=1 "1

That is, STP is the sum of all NPs and is a
value in the range of 1 to 7; STP is a higher-
is-better metric. Intuitively speaking, S7P

quantifies accumulated single-program pro-
gress under multiprogram execution. For
example, in a time-shared multiprogram
environment running on single-threaded
hardware with # coexecuting programs,
STP varies between 1 and 7. In a single-
threaded time-shared multiprogram envi-
ronment, a program’s normalized progress
decreases by a factor 7 with 7 coexecuting
computation-intensive programs without
I/O, and STP equals 1. I/O-intensive pro-
grams, on the other hand, can achieve an
STP larger than 1. Idealized multithreading
in which there is no interaction between 7
coexecuting programs yields an S7P of 7; in
other words, all coexecuting programs make
the same progress as under single-program
mode. In general, though, multithreading is
not ideal, and S7P is lower than 7.

In practice

So far, we have assumed that C*” and

CMP are givens. In practice, however,
computing them is not simple. We make
a distinction between real hardware and
simulation-based experiments.
Hardware experiments. The problem in
computing C;*” and C/" arises from two
sources. First, a program can exhibit
nonhomogeneous behavior during the
course of its execution; that is, it can go
through execution phases exhibiting differ-
ent behavioral characteristics.” Second, mul-
tiprogram execution can lead to different
relative program progress rates across dif-
ferent systems.® For example, on one
processor architecture, program x might
make twice as much relative progress as its
coexecuting program y, whereas on another
processor architecture, both programs might
make equal relative progress. The end result
is that a different workload executes on each
processor architecture. This can skew overall
performance results unpredictably and lead
to incorrect conclusions.

A solution proposed by Tuck and Tullsen
is to reiterate the multiprogram workload
until convergence.” The basic idea is as
follows: Assume that program x runs twice
as fast as program y; thus, by the time
program x terminates its execution, pro-
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gram y will have reached half its execution.
Restarting program x and coexecuting it
with the second half of y will ensure that
program y executes to completion. In
addition, Tuck and Tullsen propose using
multiple relative starting offsets to exercise
multiple interleavings of coexecuting pro-
grams.

Simulation experiments. In the preceding
discussion, we’ve assumed that all programs
run to completion—that the metrics are
based on a program’s total execution cycles
CT and CM. However, in practice, it
might not be feasible to run benchmarks to
completion, especially in a simulation setup.
Simulating an entire benchmark execution
easily takes several weeks, even on today’s
fastest simulators running on today’s fastest
hardware. Researchers and designers there-
fore typically simulate only representative
units. Such sampled simulation uses a small
number of simulation points or even a
single simulation point per benchmark.”1%-12
A simulation point has a starting point and
an end point to define a unit of work. For
example, the SimPoint tool selects fairly
large simulation points containing on the
order of millions of instructions to represent
an entire program execution.” Alameldeen
and Wood describe ways of defining units
of work for multithreaded workloads, such
as transactions completed.?

For sampled simulation, we must adjust
the way we compute the ANTT and STP
performance metrics. We must compute the
metrics in terms of the number of cycles to
complete a representative unit of work
instead of the entire program. In the
following equations, we assume a single
simulation point per benchmark and single-
threaded benchmarks for which CP/ is an
accurate performance metric for assessing
the performance of a unit of work.
However, we can easily extend the compu-
tation to multiple simulation points and
multithreaded workloads.

We compute the adjusted ANTT as

1 &s CPIMT
Y o (3)

ANTT = -y —L_
CPIS?

i3

and the adjusted STP as

" CPIS”

STP =y ——
CPIMP

4)

i=1

with CPI” and CPIM” the cycles per
instruction achieved for program 7 during
single-program and multiprogram execu-
tion, respectively.

The problem of nonhomogeneous be-
havior as described for entire program
executions also applies to simulation points.
Vera et al. advocate reiterating over the
simulation points until convergence is
reached, a methodology similar to that of
Tuck and Tullsen for entire program
executions.” The downside of this approach
is that it increases the simulation time
requirements on an already tight simulation
budget. An alternative, simulation-friendly
approach proposed by Van Biesbrouck,
Eeckhout, and Calder is to make sure that
the simulation points exhibit homogeneous
behavior."" Homogeneous behavior allows
stopping the simulation at any point and
yields accurate performance numbers.

Prevalent performance metrics

Computer architecture researchers use
various performance metrics for evaluating
multiprogram performance, including IPC
throughput, average weighted speedup, and
hmean. Researchers frequently use the same
metrics for multithreaded processor archi-
SMT and multicore
processors running multiprogram work-
loads composed of single-threaded pro-
grams. We now revisit these prevalent

tectures such as

metrics and discuss whether and how they
relate to system-level performance.

IPC throughput
IPC throughput is defined as the sum of
IPCs of the coexecuting programs:

n
throughput = ZIPCi

i=1

IPC throughput used to be a frequently
used performance metric for evaluating
multithreaded hardware executing muld-
program workloads. However, the metric



reflects a computer architect’s view of
throughput, inasmuch as it doesn’t have a
physical meaning at the system level in
terms of program turnaround time or
system throughput. Optimizing a system
for IPC throughput can lead to unexpected
performance numbers at the system level.
Researchers have used the IPC throughput
metric less frequently in the past few years.
The reason is that they understand that IPC
throughput doesn’t include any notion of
fairness, so performance (as quantified by
IPC throughput) can be maximized by
favoring high-IPC programs. In addition,
as Alameldeen and Wood point out, IPC
throughput is a false performance metric for
multithreaded workloads because it doesn’t
represent a unit of work completed.? This
article provides yet another reason not to
use IPC throughput: it doesn’t have a
system-level meaning.

Weighted speedup

In their work on symbiotic job schedul-
ing, Snavely and Tullsen use weighted
speedup as a measure of the goodness or
speedup of a coschedule’> They define
weighted speedup as

N IPCMP
Speedup = E W
i

i=1

with /PCS" and IPCM” the number of
useful instructions executed per cycle of
program i under single-program and multi-
program execution, respectively. The intu-
itive motivation for using IPC as the basis
for the speedup metric is that if one job
schedule executes more instructions than
another in the same time interval, it is more
symbiotic and therefore yields better per-
formance. The weighted speedup metric
equalizes the contribution of each program
in the job mix by normalizing its muld-
program IPC with its single-program IPC.
Because IPC is the reciprocal of CPI, it
follows that weighted speedup is nothing
other than system throughput (S7P) as we
have defined it (Equation 4). Weighted
speedup thus also has a physical meaning
at the system level; namely, it quantifies the
number of jobs completed per unit of time.

Hmean

Luo, Gummaraju, and Franklin propose
taking the harmonic average of the per-
program IPC speedup numbers IPC/""/
IPC, not the arithmetic average as for
weighted speedup.* They propose the so-
called hmean metric:

n
, IPCST
Z i=lpcmr

They base their reasoning not on any
system-level performance consideration but

hmean =

on the observation that the harmonic mean
tends to result in lower values than the
arithmetic average if one or more programs
have a lower IPC speedup. They argue that
hmean better captures the notion of fairness
than weighted speedup.

From the arguments made in this article,
it follows that the hmean metric is the
reciprocal of the average normalized turn-
around time (ANTT) metric (Equation 3).
In other words, the hmean metric by itself
has no system-level meaning but is inversely
proportional to the average program turn-
around time.

Priorities and fairness

A performance objective that is com-
pletely orthogonal to program turnaround
time and system throughput is to preserve
priorities set by system software. System
software uses priorities to discern high-
priority from low-priority tasks, to guaran-
tee soft real-time constraints, and to
guarantee maximum response times. The
intuitive understanding of priorities is that a
program should have computation cycles
proportional to its relative priority level. For
example, for a workload consisting of two
programs with priority levels of P; = 4 and
P, = 6, respectively, the programs should
get 4/(4 + 6) = 40 percent and 6/(4 + 6) =
60 percent of the computation cycles,
respectively. System software typically uses
time multiplexing to enforce priorities by
assigning more time slices to programs with
a higher priority level.

Computer architects typically don’t deal
with system-level priorities. Instead, they
use the notion of fairness. A system is fair if
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Table 1. SMT processor configuration.

Instruction queues
Rename registers
Processor width
Functional units

Branch misprediction penalty
Branch predictor

Branch target buffer
Write buffer

L1 instruction cache

L1 data cache

Unified L2 cache

Unified L3 cache
Instruction/data TLB
Cache hierarchy latencies

Parameter Value
Fetch policy Icount 2.4

Pipeline depth 14 stages

Shared reorder buffer size 256 entries

64 entries in integer queue and floating-point queue
100 integer and 100 floating-point

4 instructions per cycle

4 integer ALUs, 2 load/store units, and 2 floating-point units
11 cycles

2,048-entry gshare

256 entries, 4-way set associative

8 entries

64-Kbyte, 2-way, 64-byte lines

64-Kbyte, 2-way, 64-byte lines

512-Kbyte, 8-way, 64-byte lines

4-Mbyte, 16-way, 64-byte lines

128/512 entries, fully-associative, 8-Kbyte pages

L2: 11 cycles

L3: 35 cycles

Main memory: 350 cycles

Hardware prefetcher

Stride predictor, 8 stream buffers, 8 entries per stream buffer

the coexecuting programs in multiprogram
mode experience equal relative progress
with respect to single-program mode."”
Gabor, Weiss, and Mendelson provide a
formal definition of fairness as the mini-
mum ratio of relative normalized progress
rates of any two programs running on the

system'¢:

fairness = min

Fairness as defined here is a value that ranges
between 0 (no fairness, at least one program
starves) and 1 (perfect fairness, all programs
make equal single-program progress). Fair-
ness thus is a higher-is-better metric.

The

programs have

fairness metric assumes that all
equal priority levels. To
generalize this metric to systems with

different priority levels, we define a pro-
gram’s proportional progress as
( CPIST )
NP; CPIMP
PP; = = :

P, pP;

POV

POV

The PP metric quantifies how proportional
a program’s normalized progress (IVP)) is to
its relative priority level (Pi/Z;’:le),
with P; the priority level for program i.
Overall system fairness as defined by Gabor,
Weiss, and Mendelson can then be gener-
alized to a fairness metric that includes the
notion of system-level priorities:

fairness = min
ij PP j

This fairness metric is 0 if at least one
program starves and 1 if all programs
achieve normalized progress rates propor-
tional to their respective relative priority



levels. Obviously, if all programs have the

same priority level, this fairness definition LSS
degenerates to the aforementioned fairness E ", —
definition (Equation 5). = I —
This definition of fairness assumes that the 3 13 | ) I I (R P
multiprogram performance of the program é
1 1 1011 ] RPN [ TR R A
vx.nth the highest priority does not equal 212
single-program performance (which is true %)
for most practical situations). Otherwise, any 1| R (R R I R
other program (with a lower priority level) .
. . . T T QJ T T T Q)
Fhat ach.leves l.)etFer normalized progress than & @@\ 55 \@Q)é‘ \\}gob &
its relative priority level, (that is, PP; > 1) & N oy & be\é,\ < o N
. . " @ S
rest?lts' in a falr'ness value s'm:illler than 1. () S T N4
Artificially slowing lower-priority programs
to adhere to their priority levels (and to 0
achieve a fairness of 1), doesn’t make sense = Bl
from a user or a system perspective. S PSS I T IR IS I S
o 1.
© —
. . .. o
Case study: Evaluating SMT fetch policies S 16
On the basis of the arguments made in 3
. . N
this article, we advocate that researchers use = 14t e e
multiple metrics for characterizing multi- g
program system performance. In particular, = LR T e R B I
the combination of ANTT and S7TP g 10
provides a clear picture of overall system o & & Lo & & RS
< 9 @ O 5O N0,0 & N8
performance as a balance between user- © N @b\\\‘b Q,‘lf\\@ QIR
. . AN
oriented program turnaround time and b) & T P N4
system-oriented throughput. To illustrate
this, we present a case study in which we
compare SMT processor fetch policies This gis
study illustrates the general insights that a 0.7
combined ANTT-STP performance charac- 0.6
terization can provide. 2 0.5 | e el fee
Although the case study involves user- 'g 04 |- |l el e
level single-threaded workloads, it does not FE oG ) R (S5 R |5 B || e
affect the general applicability of the multi- 02 |- SN I I I S
program performance metrics proposed in 0 |od ] o] o :
this article. In fact, an ANTT-STP charac- 00
terization is applicable to evaluation studies o§ q}g’\\ c’)‘\g;é\ 4@@5 \‘\’é\ A@QJ‘}\
involving multithreaded and full-system © N 5@ 2@ < TR
. N k‘Z){Z}\ VN 8
workloads as well. In this study, we © @ T NP N

compute the ANTT and STP metrics using
the CPI-based equations 3 and 4; for
multithreaded full-system workloads we
would simply use the cycle-count-based

Figure 1. Results for two-program workloads with six SMT processor fetch
policies: system throughput (a), average normalized turnaround time (b),

equations 1 and 2. and fairiceSEEy

Setup
In this case study, we compare six SMT programs in the front-end pipeline and
fetch policies: instruction queues.'” The following
fetch policies extend the Icount policy.
® Jcount strives to have an equal number o Stall fetch stalls the fetch of a program
of instructions from all coexecuting that experiences a long-latency load
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Figure 2. Results for four-program workloads with six SMT processor fetch
policies: system throughput (a), average normalized turnaround time (b),

and fairness (c).
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until the data returns from memory.'
The idea behind this policy (and the
following policies) is to prevent a
program experiencing a long-latency
load from clogging resources without
making forward progress.

*  Predictive stall ferch extends the stall
fetch policy by predicting long-latency
loads in the front-end pipeline.”
Predicted long-latency loads trigger
the fetch stalling of a program.

®  MLP-aware stall fetch predicts long-
latency loads and their associated
memory-level parallelism (MLP).%°
Specifically, the MLP predictor pre-
dicts the MLP distance—the number
of instructions in the dynamic instruc-
tion stream until the last long-latency
load in a burst of long-latency loads.
To expose MLP, the policy fetch stalls
programs when the number of in-
structions predicted has been fetched.

® Flush flushes on long-latency loads.
Our implementation flushes when a
long-latency load is detected (this is
the TM, or trigger on long-latency
miss, described by Tullsen and
Brown'®) and flushes starting from
the instruction following the long-
latency load (the “next” approach
described by Tullsen and Brown).

® MLP-aware flush extends the MLP-
aware stall fetch policy by flushing
instructions if more than = instruc-
tions have been fetched since the first
in a burst of long-latency loads (with
m the MLP distance predicted by the
MLP predictor).?

All these fetch policies also include the
continue-the-oldest-thread mechanism: If
all threads stall on a long-latency load, the
oldest thread is given priority."”

We considered 36 two-program work-
loads and 30 four-program workloads. We
composed these workloads randomly from
simulation points (with 200 million in-
structions each) chosen using SimPoint for
the SPEC CPU2000 benchmarks. We
considered a four-wide, superscalar, out-of-
order SMT processor with an aggressive
hardware data prefetcher with eight stream
buffers driven by stride predictors. Table 1
(page 48) shows the processor configuration.

Results and discussion

Figures 1 and 2 show S7P and ANITT
averaged across a collection of two-program
and four-program workloads. In addition,



they show fairness, assuming the coexecut-
ing programs have equal system-level prior-
ities. These graphs show that the MLP-
aware flush policy outperforms Icount for
both the two- and four-program workloads.
That is, it achieves a higher system
throughput and a lower average normalized
turnaround time, while achieving a compa-
rable fairness level. The same is true when
we compare MLP-aware flush against flush
for the two-program workloads; for the
four-program workloads, MLP-aware flush
achieves a much lower normalized turn-
around time than flush at a comparable
system throughput.

The comparison between predictive stall
fetch and MLP-aware stall fetch is less
obvious: MLP-aware stall fetch achieves a
smaller ANTT, whereas predictive stall fetch
achieves a higher S7P. This illustrates the
delicate balance between user-oriented and
system-oriented views of performance. If
user-perceived performance is the primary
objective, MLP-aware stall fetch is the better
fetch policy. On the other hand, if system-
perceived performance is the primary ob-
jective, predictive stall fetch is the policy of
choice.

Interestingly, making the fetch policy
MLP-aware increases the fairness of the
predictive stall fetch and flush policies up to
the fairness level of the Icount policy. (See
the MLP-aware stall fetch and MLP-aware
flush policies in Figures 1c and 2c.)

As an illustration of the pitfall in using
IPC throughput as a performance metric,
compare Figure 3, which IPC
throughput, with Figure 1a, which shows

shows

system throughput (STP) for two-program
workloads. Using IPC throughput as a
performance metric, you would conclude
that the MLP-aware flush policy is compa-
rable to the flush policy. However, it
achieves a significantly higher system
throughput (STP). Thus, IPC throughput
is a potentially misleading performance
metric.

hile this article lays the foundation
for system-level performance metrics
of multprogram workloads running on
multithreaded hardware, there are a number
of open research avenues in this area. In
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Figure 3. IPC throughput for two-program workloads with six SMT

processor fetch policies.

particular, creating multiprogram work-
loads (that is, what programs to combine
to form a muldprogram workload?) is
challenging. For one, the multiprogram
workloads should be diverse and represen-
tative—that is, they should cover the
workload space. And second, the mult-
program workloads should be simulation
friendly—that is, while the number of
potential multiprogram workloads grows
exponentially with the number of hardware
threads, one cannot include all possible
combinations of programs because of ex-
perimentation time constraints. cAo
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