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Abstract

Analytical processor performance modeling has re-
ceived increased interest over the past few years. There
are basically two approaches to constructing an analyti-
cal model: mechanistic modeling and empirical modeling.
Mechanistic modeling builds up an analytical model start-
ing from a basic understanding of the underlying system
— white-box approach — whereas empirical modeling con-
structs an analytical model through statistical inferenceand
machine learning from training data, e.g., regression mod-
eling or neural networks — black-box approach. While an
empirical model is typically easier to construct, it provides
less insight than a mechanistic model.

This paper bridges the gap between mechanistic and
empirical modeling through hybrid mechanistic-empirical
modeling (gray-box modeling). Starting from a generic,
parameterized performance model that is inspired by
mechanistic modeling, regression modeling infers the un-
known parameters, alike empirical modeling. Mechanistic-
empirical models combine the best of both worlds: they pro-
vide insight (like mechanistic models) while being easy to
construct (like empirical models).

We build mechanistic-empirical performance models for
three commercial processor cores, the Intel Pentium 4, Core
2 and Core i7, using SPEC CPU2000 and CPU2006, and
report average prediction errors between 9% and 13%. In
addition, we demonstrate that the mechanistic-empirical
model is more robust and less subject to overfitting than
purely empirical models. A key feature of the proposed
mechanistic-empirical model is that it enables constructing
CPI stacks on real hardware, which provide insight in com-
mercial processor performance and which offer opportuni-
ties for software and hardware optimization and analysis.

1 Introduction

Analytical performance modeling of contemporary com-
puter architectures has received increased interest over the

past few years. There are two major approaches to ana-
lytical performance modeling, namely mechanistic model-
ing and empirical modeling. Mechanistic modeling builds a
performance model based on first principles, i.e., the perfor-
mance model is built in a bottom-up fashion starting from
a basic understanding of the mechanics of the underlying
system [4, 10, 11, 16, 23]. Mechanistic modeling can be
viewed as white-box performance modeling and its key fea-
ture is to provide fundamental insight, and potentially gen-
erate new knowledge. Empirical modeling on the other
hand builds a performance model through a black-box ap-
proach [7, 8, 9, 12, 13, 14, 15, 18, 19, 24]. Empirical mod-
eling typically leverages statistical inference and machine
learning techniques such as regression modeling or neural
networks to automatically learn a performance model from
training data obtained through simulation. While inferring
a performance model is easier through empirical modeling
because of the complexity of the underlying system, it pro-
vides less insight than mechanistic modeling.

This paper bridges the gap between mechanistic and em-
pirical performance modeling through hybrid mechanistic-
empirical modeling or gray-box modeling. Mechanistic-
empirical modeling starts from a generic performance for-
mula that is derived from mechanistic performance mod-
eling. This generic formula contains a number of un-
known parameters that are subsequently inferred for a par-
ticular processor and set of workloads through regression,
alike empirical modeling. The key benefit of mechanistic-
empirical modeling is that it provides insight (which it in-
herits from mechanistic modeling) while easing the con-
struction of the performance model (which it inherits from
empirical modeling). In particular, mechanistic-empirical
modeling allows for constructing CPI stacks on real hard-
ware. Whereas prior work by Eyerman et al. [3] proposed
a hardware performance counter architecture for computing
CPI stacks on superscalar out-of-order architectures (which
would only be available to a user if implemented in a future
processor), this paper proposes a method for constructing
CPI stacks on existing hardware.

In this paper, we build performance models for three
Intel processors from three successive generations (Pen-



tium 4, Core 2 and Core i7) using the SPEC CPU2000
and CPU2006 benchmark suites, and we report average
performance prediction errors around 9% to 13%. We
demonstrate that mechanistic-empirical modeling is less
subject to overfitting than empirical modeling, which makes
mechanistic-empirical models more robust. The key feature
of mechanistic-empirical performance modeling is its abil-
ity to construct CPI (Cycles Per Instruction) stacks on real
hardware. Having CPI stacks for the three Intel processors
enables a comparative study to gain insight into where the
improvements come from across the three generations of
Intel processors.

2 Prior work

Before describing our approach to mechanistic-empirical
modeling, we first describe prior work in analytical perfor-
mance modeling. Although we make a distinction between
empirical and mechanistic modeling, there is no purely em-
pirical or mechanistic model [17]. A mechanistic model
always includes a form of empiricism, for example in the
modeling assumptions and approximations. Likewise, an
empirical model always includes a mechanistic component,
for example in the list of inputs to the model — the list of
model inputs is constructed based on some understanding
of the underlying system. As a result, the distinction be-
tween empirical and mechanistic models is relative, and we
base our classification on the predominance of the empirical
versus mechanistic component in the model.

2.1 Empirical modeling

Empirical modeling requires little or no prior knowledge
about the system being modeled, and seems to be the most
widely used modeling technique today. Joseph et al. [8]
build linear regression models from simulation data that re-
late micro-architectural parameters and their mutual inter-
actions to overall processor performance. In their follow-on
work, Joseph et al. [9] explore non-linear regression mod-
eling. Similarly, Lee and Brooks [12] propose regression
models for both performance and power using splines, and
leverage spline-based regression modeling to build multi-
processor performance models [15] and explore the huge
design space of adaptive processors [13]. Likewise, Ipek et
al. [7] and Dubach et al. [2] build performance models using
artificial neural networks. Lee et al. [14] compare spline-
based regression modeling against artificial neural networks
and conclude that both approaches are equally accurate; re-
gression modeling provides better statistical understanding
while neural networks offer greater automation. Vaswani
et al. [24] incorporate the interaction between the com-
piler and the architecture, and build empirical application-
specific performance models that capture the effect of com-
piler optimization flags and micro-architecture parameters.

Ould-Ahmed-Vall et al. [18, 19] build tree-based empirical
models: the model chooses a path at each node in the tree
and finds a linear regression model in the leaves.

2.2 Mechanistic modeling

Michaud et al. [16] build a mechanistic model of the
instruction window and issue mechanism in out-of-order
processors for gaining insight in the impact of instruc-
tion fetch bandwidth on overall performance. Karkhanis
and Smith [10, 11] extend this simple mechanistic model
to build a complete performance model that assumes sus-
tained steady-state issue performance punctuated by miss
events. Taha and Wills [23] propose a mechanistic model
that breaks up the execution into so called macro blocks,
separated by miss events. Eyerman et al. [4] propose mech-
anistic interval modeling, similar to the Karkhanis/Smith
and Taha/Wills approaches, but focus on dispatch rather
than issue which makes the model more elegant. In addi-
tion, the interval model includes an ILP model which elim-
inates the need for extensive micro-architecture simulations
during model construction.

2.3 Hybrid mechanistic-empirical modeling

Hartstein and Puzak [6] propose a hybrid mechanistic-
empirical model for studying optimum pipeline depth. The
model is parameterized with a number of parameters that
are fit through detailed, cycle-accurate micro-architecture
simulations. The Hartstein/Puzak model is tied to mod-
eling pipeline depth and is not as generally applicable as
the model developed in this paper. In addition, the Hart-
stein/Puzak model cannot break up the total execution time
into CPI components, in contrast to the model presented in
this paper.

3 Mechanistic-empirical performance model

The mechanistic-empirical model estimates the total ex-
ecution time or the number of clock cyclesC as follows:

C =
N

D
+ mL1 I$ · cL2 + mL2 I$ · cmem + mITLB · cTLB

+ mbr · (cbr + cfe) + mL2 D$ ·
cmem

MLP

+ mDTLB ·

cTLB

MLP
+ cstall.

(1)

This parameterized model is a derivation from the mech-
anistic models presented in [4, 10, 11, 23]. (We will dis-
cuss specific differences later.) The first term is the base
cycle component and equals the minimum number of cy-
cles needed to dispatch1 N useful micro-operations on a

1We refer to dispatch when instructions leave the front-end pipeline and
enter the reorder buffer and issue queue(s).



processor of widthD. (A CISC processor breaks up CISC
instructions into RISC-like micro-operations; for a RISC
processor,N would be the number of instructions.) The
next three terms represent miss event cycle components due
to I-cache misses and I-TLB misses. The L1 I-cache miss
term equals the number of L1 I-cache misses (mL1 I$) times
the access time for the L2 cache (cL2). We define the L2 I-
cache miss term and the I-TLB miss term similarly. The
branch misprediction term is the number of branch mispre-
dictions (mbr) multiplied by the penalty per branch mispre-
diction, which equals the branch resolution time (cbr) plus
the front-end pipeline depth (cfe) [5]. The long-latency load
term multiplies the number of last-level cache load misses
(mL2 D$) with the average penalty per memory access; the
average memory access latency is the average memory ac-
cess latency for an individual memory access divided by a
memory-level parallelism (MLP) correction factor (i.e., the
number of simultaneously outstanding memory accesses if
at least one is outstanding). The D-TLB miss term is de-
fined similarly. The last term represents the number of cy-
cles lost due to resource stalls as a result of dispatch stalling
on a full reorder buffer or issue queue (due to long chains
of dependent instructions).

As mentioned before, the mechanistic-empirical model
shows some similarity with the mechanistic models de-
scribed in [4, 10, 11, 23]. The key difference though is
in how we compute the model parameters. In the previ-
ously proposed mechanistic models, the model parameters
are approximated based on assumptions or require exten-
sive application profiling and/or micro-architecture simula-
tion. Examples are to assume that memory access time is
constant (see [4, 10, 11, 23]); or to assume that the pro-
cessor is balanced and ignore the resource stall compo-
nent (see [4, 11]). Also, the model may involve exten-
sive simulations to estimate the resource stall component
(see [10, 23]); or may involve profiling the application to de-
rive an estimate for the branch resolution time and the num-
ber of non-overlapping long-latency load misses for com-
puting the amount of MLP (see [4, 11]). These assump-
tions and the need for profiling make mechanistic modeling
a viable approach for design-stage performance predictions,
however, it cannot be readily used for building performance
models for real processors, i.e., the assumptions may not
hold true, and profiling and simulation tools are required
that are validated against real hardware. This is also our
primary motivation for the proposed mechanistic-empirical
model.

A key feature of mechanistic-empirical modeling is that
it allows for constructing a CPI stack. A CPI stack vi-
sualizes the individual CPI components stacked on top of
each other. The bottom CPI component typically represents
time for doing useful work; the other CPI components then
represent the fractions of the total execution time lost due
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Figure 1. Inferring a performance model
through mechanistic-empirical modeling.

to miss events such as I-cache misses, long-latency load
misses, branch mispredictions, etc. A CPI stack is easily
obtained from the mechanistic-empirical model by dividing
the individual terms in Equation 1 with the number of dy-
namically executed (micro-)operationsN .

3.1 Inferring the model

The mechanistic-empirical model contains two parame-
ter types. The first type is a function of the microarchitec-
ture only, e.g., processor widthD, front-end pipeline depth
cfe, the L2 cache access timecL2, TLB miss latencycTLB,
and main memory access timecmem. These parameters
can be obtained from processor specifications, or, in case
of cache, TLB and memory access latencies, they can be
derived from running microbenchmarks. The second type
is a function of the application and the microarchitecture,
see all the other parameters in the model. Some of these
parameters can be readily obtained using hardware perfor-
mance counters (if hardware is available) or through sim-
ulation (if hardware is not yet available), e.g., the number
of I-cache misses, last-level cache load misses and branch
mispredictions. The three remaining parameters, the branch
resolution time, the MLP correction factor, and the number
of cycles lost due to resource stalls, cannot be readily ob-
tained through hardware performance counters, and are not
trivially obtained through simulation. These are the regres-
sion parameters, and are inferred through non-linear regres-
sion.

The whole process of inferring a performance model
through mechanistic-empirical modeling is illustrated in
Figure 1. We run a number of benchmarks on the tar-
get platform, and we track hardware performance counters
during these runs, i.e., we collect a number of events us-
ing the hardware performance counters, such as the num-
ber of cache misses (I-cache, D-cache, last-level cache),
TLB misses, branch mispredictions, and floating-point op-
erations. We then feed that data into the regression along
with the known microarchitecture parameters. Regression
then fits the unknown regression parameters with the data.
The end result is a performance model for the target hard-



ware, with its parameters tweaked for the target hardware
and the set of workloads that were used while inferring the
performance model.

The following three subsections describe the structure of
the three regression parameters: the branch resolution time,
MLP, and the resource stall component.

3.2 Branch resolution time

The branch resolution time is defined as the number of
cycles between dispatching the mispredicted branch and its
resolution. This is the time needed to execute the critical
path of dependent instructions leading to the mispredicted
branch. According to the interval analysis by Eyerman et
al. [5], the branch resolution time depends on: (1)Inter-
val length, or the number of instructions since the previ-
ous miss event. The longer the interval, the more instruc-
tions will be in the instruction window by the time the
mispredicted branch enters the instruction window (ROB
and issue queue), and thus the longer the dependence path
to the branch will be. The length of the interval depends
on the number of miss events: the more miss events, the
shorter the interval and the shorter the branch resolution
time. (2) Instruction-level parallelism (ILP): more ILP
implies shorter dependence paths to the branch and thus
shorter branch resolution times. The amount of ILP is tied
to the average instruction execution latency. The branch res-
olution time will be larger if there are many long-latency
instructions (e.g., floating-point operations as well as L1D-
cache load misses) on the critical dependence path to the
branch. We therefore take the number of floating-point op-
erations and the number of L1 D-cache load misses as input
to the model.

Given these insights, we impose the following model for
the branch resolution time:

cbr = b1

(

max

(

128,
1

mpµbr

))b2

· (1 + b3 · fp)

· (1 + b4 · mpµDL1) .

(2)

In this formula,mpµbr stands for the number of branch mis-
predictions per micro-operation,fp stands for the fraction
floating-point operations, andmpµDL1 stands for the num-
ber of L1 D-cache misses per micro-operation that hit in the
L2 cache. Thebi parameters are unknown and are to be fit-
ted through non-linear regression. The first factor (b1) is a
constant factor and captures the importance of the branch
resolution time in the overall model. The second factor
captures the dependence of the branch resolution time on
the number of instructions between mispredicted branches,
which follows a power law according to [5]: i.e., the more
instructions prior to the mispredicted branch since the pre-
vious miss event, the more instructions in the instruction
window by the time the mispredicted branch enters the win-
dow, and thus the longer it will take for the branch to be

resolved. We cap this factor (using themax operator) to
prevent the factor to grow indefinitely for workloads that
have very few mispredicted branches and a very large num-
ber of instructions between two mispredicted branches, i.e.,
the dependence path to the branch is limited by the size of
the instruction window. The third and fourth factor model
the dependence of the branch resolution time on the number
of floating-point and L1 D-cache misses, respectively. We
assume a multiplicative model instead of an additive model
for two reasons. First, the different factors are multiplica-
tive in nature, e.g., L1 D-cache misses on a long dependent
chain of floating-point operations result in a yet longer de-
pendence chain. Second, an additive model requires more
regression parameters than a multiplicative model if one
wants to capture interaction effects.

3.3 MLP correction factor

The MLP correction factor is introduced in the
mechanistic-empirical model to reflect that memory access
time is not constant (in contrast to what mechanistic mod-
els typically assume). There are many reasons for a non-
constant memory access time, such as memory bank par-
allelism, open versus closed page accesses, memory con-
troller scheduling, memory bus contention, non-blocking
caches sending multiple memory requests to memory si-
multaneously, etc. The most prominent factor is the amount
of memory-level parallelism (MLP), or the number of out-
standing memory accesses if at least one is outstanding [1];
e.g., an MLP of 2 means that the penalty per memory access
equals half the memory access time. Hence we divide the
memory access timecmem by the MLP correction factor in
the overall model, see Equation 1.

The amount of MLP depends on the number of long-
latency load misses, i.e., the more long-latency load misses,
the more likely they will be independent, and thus the more
likely they will reside in the reorder buffer simultaneously
and they will expose MLP. We model the MLP correction
factor’s dependence on the number of misses as follows:

MLP = b5(mpµDL2)
b6(mpµDTLB)b7 . (3)

There are two independent variables in this formula, namely
the number of L2 (or last-level) cache misses and the num-
ber of D-TLB misses per micro-operation. We assume a
power law relationship; the motivation for doing so goes
back to the observation that the amount parallelism that can
be extracted from a dynamic instruction stream is a power
law relationship with the size of the window of instruc-
tions from which parallelism is extracted [16, 21]. Further,
we make a distinction between last-level cache misses and
D-TLB misses because they incur a different penalty and
hence a different impact on the effective MLP.



Pentium 4 Core 2 Core i7
microarchitecture Netburst Core Nehalem
family/model/step 15/4/1 6/15/6 6/26/4
chip name Prescott Conroe Bloomfield
frequency 3.4GHz 2.4GHz 2.67GHz
L1 I-cache 12K µops 32KB 32KB
L1 D-cache 16KB 32KB 32KB
L2 cache 1MB 4MB 256KB
L3 cache — — 8MB

Table 1. The three Intel processors used for
validating the model.

3.4 Resource stalls

Resource stalls occur when dispatch stalls, or when the
processor back-end cannot keep up with the front-end in the
absence of other miss events. The reason for a dispatch stall
could be a full reorder buffer or issue queue, and is caused
by lack of ILP, or long chains of dependent long-latency
instructions. We model the resource stall component as:

cstall = max

(

0; 1 −

cmiss

N/D + c′stall

)

c′stall, (4)

with

c′stall = b8(1 + b9 · fp)(1 + b10 · mpiDL1), (5)

and
cmiss =

∑

mi · ci. (6)

Equation 5 models the dependence of the resource stall
component on the number of long-latency instructions
(floating-point and L1 D-cache misses) in the dynamic in-
struction flow. Equation 4 captures the trend that there are
fewer resource stalls if there are more miss events. In other
words, if there are fewer instructions between consecutive
miss events, the likelihood for the reorder buffer or issue
queue to fill up, and eventually dispatch to stall, is smaller.
The intuition behind Equation 4 is that the likelihood for
a resource stall scales inverse linearly with the fraction of
the time handling miss events (cmiss is the total estimated
time spent handling miss events, see Equation 6, or the sum
across all the miss events). Themax operator in Equation 4
ensures that the resource stall component is positive.

4 Experimental setup

We use both the SPEC CPU2000 and CPU2006 bench-
mark suites for validating the model. We consider all
benchmarks and all of their reference inputs (48 and 55
benchmark-input pairs for CPU2000 and CPU2006, respec-
tively); in addition, all benchmarks are run to completion.

platform width depth L2 L3 mem TLB
Pentium 4 3 31 31 — 313 70
Core 2 4 14 19 — 169 30
Core i7 4 14 14 30 160 40

Table 2. Micro-architecture parameters: dis-
patch width, pipeline depth, and cache/TLB
miss latencies (in cycles).

All benchmarks were compiled statically using the GNU C
gcc compiler version 4.1.2 and-O2 optimization flag.

We consider three Intel processor systems, namely Pen-
tium 4, Core 2 and Core i7, see Table 1. The micro-
architecture parameters that serve as input for the model
are shown in Table 2. The dispatch width and front-end
pipeline depth were easy to determine from reading the pro-
cessor specifications; the Pentium 4 has a very deep pipeline
with 31 stages, whereas the Core 2 and Core i7 (which is
based on the Pentium M) have a shallower pipeline with 14
stages. The cache miss and TLB miss latencies are not as
easily obtained. We therefore use a tool called Calibrator2

which estimates these latencies by running parameterized
micro-benchmarks. It is unclear how accurate this tool is
for advanced high-performance micro-architectures, how-
ever, this is the best we could do.

The other model parameters are obtained through hard-
ware performance counters for which we use theperfex
andperfmon tools. We collect the following performance
counters: number of cycles, number of committed micro-
operations, number of committed x86 (macro-)instructions,
number of committed branch mispredictions, L1 I-cache
misses, L2 misses, L3 misses (only for Core i7), D-TLB
misses and I-TLB misses, and the number of floating-point
operations.

We use SPSS, a commercial statistical software pack-
age, for performing the non-linear regression. The predicted
value is the number of cycles per micro-operation (CPI),
i.e., the number of cycles as estimated through Equation 1
divided by the number of micro-operations. The optimiza-
tion criterion is the minimization of the sum of relative
squared errors, i.e.,

∑n

i=1
(ŷi−yi)

2

yi

, which minimizes the
average absolute value of the relative error, as suggested by
Tofallis [22].

We also compare mechanistic-empirical modeling
against purely empirical modeling, namely linear regression
and artificial neural networks (ANNs). Both linear regres-
sion and ANNs use the exact same input as mechanistic-
empirical modeling. The ANN is a multi-layer perceptron
with a hidden layer that is connected to the input layer and
output layer. Each hidden node is connected to each input,
and the output node is connected to each hidden node. A

2http://homepages.cwi.nl/∼manegold/Calibrator/



hidden node computes thetanh function of the weighted
sum of its inputs; the output node computes a weighted sum
across the hidden nodes.

5 Evaluation

The model evaluation is done in a number of steps. We
evaluate the model’s accuracy and robustness, and compare
it against purely empirical models, namely linear regres-
sion and ANNs. We do not compare against mechanistic
modeling because, as mentioned before, this would require
building profiling and simulation tools that are validated
against real hardware; also, running these profiling and sim-
ulation experiments would be (very) time-consuming. This
is far from trivial, or at least impractical, which is why we
propose hybrid mechanistic-empirical modeling in the first
place.

5.1 Model accuracy

For evaluating the model’s accuracy, we compare the
‘measured CPI’ against the ‘predicted CPI’. The measured
CPI is computed by dividing the number of cycles with the
number of committed instructions; both the number of cy-
cles and committed micro-instructions are measured using
hardware performance counters while running the bench-
mark on the processor. The predicted CPI is computed
using the mechanistic-empirical model. Figure 2 shows
the measured CPI versus the predicted CPI as a scatter
plot; there are separate graphs for CPU2000 (top row) and
CPU2006 (bottom row), for all three processors, Pentium
4, Core 2 and Core i7. Each benchmark is represented
as a point. An accurate model results in all points to be
around the bisector. We observe this to be the case for
both benchmark suites and all three machines. There are
only a few benchmarks that are off the bisector. The aver-
age absolute prediction error on Core i7 is 9.7% and 10.5%
for CPU2000 and CPU2006, respectively; the max error is
35%; and 90% of all benchmarks have a prediction error be-
low 20%. The highest errors are observed for benchmarks
that are somewhat outliers compared to the other bench-
marks, e.g., CPU2006’scalculix andgromacs have very
low branch misprediction rates, very low I-cache and last-
level cache miss rates. Outlier benchmarks are more dif-
ficult to capture accurately by the model because they are
dissimilar from the benchmarks from which the model is
inferred.

5.2 Model robustness

The previous section assumes that we build a perfor-
mance model for a given benchmark suite, say CPU2006,
and then evaluate the model’s accuracy with that same
benchmark suite — no cross-validation. This gives an idea

about how accurate the model is for predicting the perfor-
mance of the given benchmark, but it does not quantify
how good the model is at generalizing performance trends
outside the benchmark suite. In other words, it is unclear
whether the model is subject to overfitting. In order to eval-
uate the model’s robustness, we set up the following ex-
periment. We build two performance models: the first one
is inferred using the CPU2000 benchmark suite — this is
called the ‘CPU2000 model’ — and the second one is in-
ferred using the CPU2006 benchmark suite and is called
the ‘CPU2006 model’. We then evaluate the accuracy for
both models on CPU2006. If the model is not subject to
overfitting, then the prediction error should be compara-
ble for the CPU2000 and CPU2006 models. This is found
to be the case, see Figure 3, which shows the prediction
error for the three processors. The prediction errors are
sorted, and a point(x, y) says thatx% of the benchmarks
have a prediction error belowy%. These graphs show that
the CPU2000 model is only slightly less accurate than the
CPU2006 model when evaluated on the CPU2006 bench-
marks, which supports our statement that the model is not
subject to overfitting and is indeed capable of capturing gen-
eral performance trends. Only for a handful benchmarks
we observe that the CPU2000 model is less accurate. For
example, on the Core 2, we observe relatively high errors
for milc, namd andsoplex when applied to the CPU2000
model. Again, this is due to a lack of similarity between
these benchmarks and the CPU2000 benchmark suite, i.e.,
for milc andsoplex, this is due to a high last-level cache
and D-TLB miss rate compared to any of the CPU2000
benchmarks; likewise,soplex has a relatively high fraction
floating-point operations compared to most of the CPU2000
benchmarks.

5.3 Comparison to empirical modeling

We now compare mechanistic-empirical modeling
against purely empirical modeling. The empirical models
that we compare against are linear regression and artifi-
cial neural networks (ANNs), as detailed before. Figure 4
provides experimental evidence. The top graphs show the
average prediction error for all three models in a setup in
which we use the same benchmark suite for model construc-
tion and evaluation, i.e., no cross-validation. The bottom
graphs assumes a cross-validation setup in which we con-
struct a CPU2006 model and evaluate on CPU2000 (bottom
left graph), and, vice versa, construct a CPU2000 model
and evaluate on CPU2006 (bottom right graph). All three
models seem to yield comparable accuracy in the no cross-
validation setup, however, the mechanistic-empirical model
is a clear winner in the cross-validation setup. The end con-
clusion is that purely empirical models are subject to over-
fitting while the mechanistic-empirical model is not.
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Figure 2. Prediction error scatter plots for CPU2000 (top ro w) and CPU2006 (bottom row) for Pentium
4, Core 2 and Core i7.
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Figure 3. Evaluating model robustness: Comparison of the CP U2000 and CPU2006 models for the
CPU2006 benchmark suite.
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Figure 4. Comparison of mechanistic-empirical modeling ag ainst purely empirical modeling (linear
regression and ANN).
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Figure 5. Evaluating the accuracy of the CPI
components.

5.4 Validating the CPI components

So far, we evaluated the model’s accuracy for predicting
total execution time. We now focus on the model’s abil-
ity to accurately predict individual CPI components. Be-
cause individual CPI components cannot be obtained from
real hardware, we have to resort to simulation. We there-
fore employ SimpleScalar’s out-of-order processor simula-

tor and we compare the estimated CPI components by the
mechanistic-empirical model against the method proposed
by Eyerman et al. [3]; the latter proposed a novel hardware
performance counter architecture for constructing accurate
CPI stacks for superscalar out-of-order architectures. Fig-
ure 5 shows the accuracy for predicting each of the individ-
ual CPI components. The prediction error is fairly low, with
the highest error observed for the L2 D-cache component
(9.2% error). The reason is that it is impossible to measure
MLP on current hardware, and hence our MLP correction
factor is rather crude. The second hardest to predict CPI
component is the resource stall component. The main diffi-
culty there is to estimate the impact of chains of dependent
instructions on resource stalls.

As a summary of the validation, we find mechanistic-
empirical modeling to be accurate compared to real hard-
ware, and, in addition, we find it to be accurate for comput-
ing CPI components and stacks.

6 CPI Stacks

CPI stacks are extremely useful for a wide variety of
applications, ranging from software optimization and per-
formance analysis to workload characterization and var-
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Figure 6. CPI-delta stacks for CPU2000 (left column) and CPU 2006 (right column).



ious runtime optimizations. Constructing CPI stacks on
out-of-order processors is challenging because of over-
lap and latency hiding effects [3]. As mentioned be-
fore, mechanistic-empirical modeling however enables con-
structing CPI stacks on existing hardware. Being able to
construct CPI stacks, one can derive CPI-delta stacks that
provide insight in where the performance differences come
from when comparing designs. Basically, a CPI-delta stack
visualizes the deltas in the various CPI components when
comparing two CPI stacks. In addition, it breaks up each
CPI component in a number of factors that collectively de-
termine the CPI component. This is possible given how the
mechanistic-empirical model computes these components.
For example, the branch misprediction component con-
sists of three major factors, namely the number of mispre-
dicted branches, the branch resolution time and the front-
end pipeline depth; CPI-delta stacks visualize each factor.

Different sources of improvement for CPU2000 vs.
CPU2006. Figure 6 shows CPI-delta stacks when com-
paring Core 2 versus Pentium 4, and Core i7 versus Core
2, for both CPU2000 and CPU2006. The top row shows
overall CPI-delta stacks. Each CPI-delta component shows
the delta due to a particular CPI component; we make a
distinction between improvements due to wider dispatch,
micro-op fusion, I-cache which includes I-TLB, memory
which includes D-cache and D-TLB performance, branch
prediction, and finally the resource stall component — the
sum of all components equals the total improvement. It
shows that the overall performance improvement from Pen-
tium 4 to Core 2 comes from a number of sources, the pri-
mary sources being smaller branch misprediction and last-
level cache CPI components as well as wider dispatch (base
component) and micro-operation fusion, for both CPU2000
and CPU2006. The performance improvement from Core 2
to Core i7 comes from different sources depending on the
benchmark suite. For CPU2000, the performance differ-
ence mainly comes from a reduced resource stall CPI com-
ponent; for CPU2006, the performance difference comes
primarily from improvements in last-level cache perfor-
mance. Improvements in the memory hierarchy and micro-
architecture between Core 2 and Core i7 (i.e., an additional
level of cache and increased size of the last-level cache)
have a different effect on CPU2000 versus CPU2006. For
CPU2006, which is more memory-intensive, this results in
fewer last-level cache misses. For CPU2000, this results in
reduced average latency of on-chip cache misses and better
latency hiding because of larger-sized ROB and other buffer
resources.

Poorer branch predictor but better branch performance
on Core 2 than Pentium 4. The middle row in Figure 6
shows the CPI-delta stacks for the branch misprediction

component. A striking result is that the number of branch
mispredictions is higher for Core 2 than for Pentium 4. The
branch predictor is more accurate in the Pentium 4 than in
the Core 2, i.e., for CPU2006, MPKI (number of branch
mispredictions per thousand instructions ) is 4.1 for Pen-
tium 4 and 5.8 for Core 2. This is compensated for though
through a shallower pipeline and shorter branch resolution
time for Core 2, resulting in a net performance gain over
Pentium 4. Comparing Core i7 against Core 2, we observe
the reverse effect: the number of branch mispredictions is
reduced, but the branch resolution time grows, resulting in
almost no performance impact. The reorder buffer is larger
in the Core i7 compared to the Core 2 which may result
in a larger branch resolution time, i.e., executing the crit-
ical path to the mispredicted branch takes longer, simply
because there are more instructions to be executed.

Eliminating hidden memory accesses does not improve
performance. The bottom row in Figure 6 shows CPI-
delta stacks for the last-level cache component. The inter-
esting result here is that improvements in the memory hi-
erarchy reduce MLP, i.e., reducing the number of last-level
cache misses reduces the opportunities for exploiting MLP.
In most cases (CPU2006 as well as CPU2000 and Core vs.
Pentium 4), the reduction in the number of misses offsets
the reduction in MLP which leads to a net performance im-
provement. However, for CPU2000 and Core i7 vs. Core
2, the reduction in the number of last-level cache misses is
completely offset by the decrease in MLP. This means that
the misses that are removed through improvements in the
memory hierarchy on Core i7, do not affect performance on
Core 2 because their penalties are hidden by other outstand-
ing misses on Core 2. This result suggests research in mem-
ory hierarchy optimizations that are MLP-aware. (Qureshi
et al. [20] already made the case for an MLP-aware cache
replacement policy.)

7 Conclusion

Mechanistic-empirical processor performance modeling
is a gray-box modeling approach that bridges the gap be-
tween mechanistic (white-box) and empirical (black-box)
modeling. Starting from a parameterized performance
model inspired by mechanistic modeling, mechanistic-
empirical modeling infers the unknown parameters through
regression, alike empirical modeling. By doing so, it com-
bines the best of both worlds: mechanistic-empirical mod-
els provide insight (like mechanistic modeling) and at the
same time are easy to construct (like empirical modeling).

We derive mechanistic-empirical models for three com-
mercial Intel processor cores, Pentium 4, Core 2 and Core
i7. Unlike prior work in analytical performance model-
ing which evaluates against simulation models, we evaluate



against real hardware and report average prediction errors
around 9% to 13% for the CPU2000 and CPU2006 bench-
marks. In addition, we compare mechanistic-empirical
modeling against purely empirical modeling in a cross-
validation setup (i.e., the evaluation is done on a differ-
ent benchmark suite than the one used to infer the model),
and conclude that empirical modeling is subject to overfit-
ting whereas mechanistic-empirical is not. In other words,
mechanistic-empirical modeling can better generalize per-
formance trends. Mechanistic-empirical modeling enables
several opportunities for software and hardware optimiza-
tion and analysis. As an illustrative case study we compare
CPI and CPI-delta stacks for the three Intel processors to
understand where the performance differences come from
and obtain several interesting conclusions. The end con-
clusion is that mechanistic-empirical modeling provides in-
sight, is easy to construct, is accurate compared to real pro-
cessor hardware, is more robust than purely empirical mod-
eling, and provides several opportunities for exploitation.
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