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Abstract—Evaluating cache performance is becoming critically im-
portant to predict the overall performance of out-of-order processors.
Non-blocking caches, which are very common in out-of-order CPUs,
can reduce the average cache miss penalty by overlapping multiple
outstanding memory requests and merging different cache misses with
the same cacheline address into one memory request. Normally, memory-
level-parallelism (MLP) has been used as a metric to describe the
concurrency of memory access. Unfortunately, due to the extremely
dynamic dependences among the program memory references, it is very
difficult to quantify MLP without time-consuming simulations. Moreover,
the merging of multiple cache misses, which makes the average cache
miss service time less than the physical DDR access latency, is seldom
considered in the existing researches. In this paper, we propose a cache
performance evaluation framework based on program trace analysis and
analytical models to fast estimate MLP and the effective cache miss
service time without simulations.

Comparing with the results by Gem5 simulations of MobyBench 2.0,
Mibench 1.0 and Mediabench II, the average accuracy of the modeled
MLP and the average cache miss service time is higher than 91% and
92%, respectively. Combined with cache misses calculated by the stack
distance theory, the average absolute error of CPU stall time (due to
cache misses) is lower than 10%, while the evaluation time can be sped
up by 35 times relative to the GemS5 full simulations.

I. INTRODUCTION

Undoubtedly, cache performance influences the performance of
CPUs significantly. How to evaluate the impacts of different cache
architectures on the system performance, precisely and quickly, has
become an attractive topic. While simulations, either in RTL or
cycle-accurate ones, can give relatively accurate and detailed results,
they are normally unacceptably time consuming when used as the
design space exploration tools, especially in the era of complexity
explosion of software and hardware. On the other hand, analytical
models generally use the information collected from trace profiling
as an input, and calculate the performance metrics from equations
based on mechanism analysis or empirical fittings [1] [2]. Unfortu-
nately, due to the extremely dynamic and complex nature of out-
of-order processors, it is very difficult to precisely model the cache
behaviour analytically in these architectures. This paper proposes a
fast and precise framework based on analytical models to evaluate
the memory-level-parallelism (MLP) and effective cache miss service
time, when considering the influences of overlapping outstanding
memory requests and the request merging mechanism in out-of-order
processors [3].

Because the services of cache misses are never overlapped
within in-order processors [4], the cache miss penalties in
these architectures can be simply described as Cache_Misses *
DDR_Access_Latency. Thus, past studies merely adopted the
stack distance theory to estimate the cost of cache misses, if the
caches are equipped with the LRU cache replacement policy [5].
However, the non-blocking cache technology, which is very com-
monly seen in out-of-order processors, makes things complicated. In
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this case, miss status handle registers, or MSHRs, are introduced
to support multiple outstanding memory requests. Unfortunately,
traditional memory metrics, such as Cache Miss Rate (MR), Average
Miss Penalty (AMP), and Average Memory Access Time (AMAT),
are all measured based on a single access activity, and cannot
reflect the reality of cache/memory concurrency [6]. That is why
the memory-level-parallelism (MLP), which means the number of
outstanding memory requests concurrently handled by the cache,
must be considered as a factor to model the non-blocking cache
performance [7]. According to recent researches, the CPU stall time
caused by cache misses could be modeled as Eq. (1) [8]. However,
the MLP is difficult to be modeled precisely without simulations [7].

Misses x Average_Service_Time
MLP

By definition, the service time for each cache miss is the duration
when the cache miss occurs until the service is completed [6].
Generally, most researches regarded the average cache miss service
time as the DDR access latency, which is often quantified as a
constant value [8]. However, we argue that the average service time
for each cache miss is not simply equal to the DDR access latency due
to the influence of some memory requests being merged by MSHRs.
To the best of our knowledge, there is hardly any previous research
considering this effect.

Our work in this paper improves upon the related works in the
following aspects:

()]

Stall_Timemisses =

1) Proposing a fast method to estimate the MLP without time-
consuming cycle-accurate simulations.

2) Revising the traditional cache miss penalty equation by intro-
ducing the effective average service time which considers the
influence of memory requests that merged by MSHRs.

The rest of this paper is structured as follows: Section II introduces
the related works. Section III describes the principle of our method
to model the MLP. Section IV gives the effective service time model.
Section V shows the experimentation setup and evaluations. Section
VI concludes this paper.

II. RELATED WORKS

The increasing complexities of embedded systems make the meth-
ods based on simulations less appropriate in forecasting the cache
performance due to their long running time [9]. In early stages,
most researches combined binary instrumentation tools with constant
timing information to imitate cycle-accurate simulators with faster
speed [10]. However, the changes of timing information in out-of-
order (O0o0) CPUs render these methods less accurate [11] .

Reducing simulation times is another optimization direction in
design space explorations (DSE) [12]. James E. Smith and Eyerman
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proposed a framework based on an empirical MLP to fast calculate
cache misses penalties, in which the MLP was measured by a
simulation running a special benchmark [2]. Roeland J. Douma gave
a fast cache performance estimation method based on the simulation
result of a “perfect cache” [11]. Although the framework considered
the influences by OoO processors, the hypothesis that “if two memory
requests overlap, the overlapping has to finish before another request
can start” is not completely tenable [13]. Moreover, the framework
still did not achieve the goal of being decoupled from simulations.

Analytical models, which are frequently employed in DSEs most
recently [14], have the feature of fast speed but relatively low
accuracy [9]. By estimating MLP as the total number of memory in-
structions in the current instruction window divided by the maximum
number of memory instructions in a dependency chain, Jian Chen put
forward an analytical model [15]. However, he did not consider the
fact that each load/store may have more than one dependence path,
which influences the MLP estimation. As our experiments in Section
V show, their estimation results are often higher than the simulated
MLP. In this paper, we propose a faster and more accurate framework
based on analytical models to evaluate the cache performance in out-
of-order processors.

III. MLP MODELING

With the purpose to simplify the model’s complexity, we assume
that the cache organization in this paper has independent instruction
and data caches that are connected to the main memory (DDR
SDRAM) via a crossbar. The caches are configured with the Least
Recently Used (LRU) replacement policy. Meanwhile, the CPU is an
ARMv7-a ISA single-core at 1.7 GHz with the traditional 7-stage
out-of-order pipeline.

After being decoded and renamed, instructions will be dispatched
into the instruction queue (for out-of-order scheduling) and the
reorder buffer (for orderly committing). The reorder buffer (ROB)
has an alias named “instruction window” in previous works [9].
Once back-end long latency miss events detected, such as D-Cache
misses in this paper, the instruction window will be fully filled with
following instructions immediately. Only the cache misses caused by
load/store instructions in the same instruction window can be serviced
concurrently. Based on these two facts, we construct an instruction
window tracer, which is proposed by Eyerman in [16], to analyze
instruction information and evaluate cache performance,. Interested
readers can find the implementation details of instruction window
tracer in that paper.

Essentially, the tracer can be implementated based on a binary
instrumentation tool, such as PIN [17] or QEMU [18], which merely
emulates software functions without hardware simulations. PIN is
designed for x86 instruction set architecture while QEMU only does
one-time decoding for each instruction which cannot reflect the
behaviors of an instruction stream [18]. In this paper, we revise the
Gem5 [19] source code and utilize its AtomicSimpleCPU mode to
play the role of a binary instrumentation tool. The AtomicSimpleCPU
mode simulates hardware behaviors without timing information so its
speed is much faster than that of cycle-accurate full simulations.

A. Structure of the Framework

Fig. 1 gives the framework for cache performance modeling
in this paper. In summary, the framework contains three abstract
layers. The “Instruction Window Tracer and Analyzer” layer focuses
on tracing and analyzing software information such as load/store
accessing addresses, source-destination registers’ index numbers and
the number of cachelines that loads/stores would visit. Utilizing the
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Fig. 1. Cache Performance Evaluation Framework in This Paper

information collected in the upper layer, the number of cache misses,
memory-level-parallelism and the effective cache miss service time
could be calculated by the “Analytical Modeling” layer. Lastly, based
on Eq. (1), the whole cache performance can be completely estimated
in the “Cache Performance Estimation” layer.

B. Stack Distance Theory and Cache Misses

Equipped with the fully-associative LRU caches, the number of
conflict cache misses in a single-core CPU can be calculated by using
the stack distance theory [4]. Meanwhile, it can be easily extended to
evaluate cache misses in set-associative caches by filtering addresses
with the cache set domain [20], which is utilized in this paper. Fur-
thermore, cold misses are estimated by recording memory footprints
[1]. In a word, the whole cache misses can be described as Eq. (2).

Cache_Misses = Z H,(d) + footprints 2)

assoc+1

H,(d) is the histogram of stack distances, while the footprints
mean the number of requests whose cacheline addresses are never
accessed in the cache before. The assoc gives the associativity of
the cache.

C. Dependences and MLP Modeling

In cache performance evaluations, MLP means the number of cache
misses that can be serviced concurrently in the system [6]. Hardware
hazards, such as those caused by the limited MSHR capacity (entries
or targets) or cache ports, influence MLP significantly. In order
to simplify analytical model derivations, we do not consider the
hardware effects by assuming infinite hardware resources within
Section III and Section IV. The hardware limitation influences will
be considered in Section V.

Fig. 2 gives an instance of dependences among different cache
misses within an instruction window. Each circle represents a cache
miss (CM), while the arrows express dependence directions. For
example, the memory instruction of cache miss A relies on the
execution result of another instruction that causes the cache miss
B (indirectly or directly). In this case, the intruction of cache miss
A cannot be serviced until B is completed. In summary, all cache
misses along the same dependence path are non-overlapped, or in
other words, must be processed in serial. Although MSHRs make
cache misses be processed in parallel, the existence of non-overlapped
cache misses separates this process into several phases. In this
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Fig. 2. MLP Intervals and Average MLP

paper, we define these non-overlapped phases as “MLP intervals”.
Previous works pointed out that the number of MLP intervals in an
instruction window is equal to the maxium of non-overlapped cache
misses among all dependence paths [15]. The average MLP should
be estimated by using the total number of cache misses within an
instruction window divided by the number of MLP intervals. In this
case, the average MLP within a given instruction window is estimated
as Eq. (3).

Cache_Missesper_window

MLPa'ug_pe'r_window = (3)

MLP_Intervalsper_window

Assuming that each load/store along any dependence path has the
same possibility to be a cache miss [15], the MLP intervals can be
approximately calculated as Ry, * Kmqz. For each instruction window
w, Ry, represents the cache miss rate in this window, while K, q, is
the number of loads/stores along the dependence path that contains
the maximum loads/stores. Consequently, Eq. (3) can be manipulated
as Eq. (4). Nis—., means the total number of memory instructions in
the current instruction window.

lefw * Rw _ lefw
K’maz * Rw o Kmaa:

MLPavg_per_window = (4)

Extra Dependence Path

e Dependence Path 1

! (Contains Maximum Loads/Stores)
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Fig. 3. Instances of Dependences and MLP
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However, the number of MLP intervals is not always equal to
Ry * Kpae. In fact, a load/store instruction may have one or two
source registers [21] and can be executed merely when all registers
are ready. In Fig. 3, the memory instruction B would cause a cache
miss and is supposed to be serviced with another memory miss G
concurrently. Formally, the number of MLP intervals should be equal
to the cache misses along the dependence path 1, which contains the
maximum loads/stores. However, one of B’s source registers is not
ready due to cache misses on the extra dependence path. In this case,
instruction B is very likely delayed into the next MLP interval. For
each load/store on the dependence path 1, we consider that each extra

dependence path will increase the number of MLP intervals by one.
Consequently, Eq. (4) should be revised into Eq. (5), while P._ge), is
the possibility of having an extra dependence path for each load/store
along the dependence path 1.

lefw
K’maz + Kmaa: * Pe—dep
5
le—w ( )
Kmaa: * (1 + Pefdep)

MLPa’Ug_per_window =

Fig. 4. Dependence Path Splitting

To achieve the value of 1 + P._g4.p, we allocate a dependence
path for each of the instruction’s dependent source registers. Such as
the instruction B in Fig. 3, which has an extra dependence path, is
allocated two dependence paths as shown in Fig. 4. Same as previous
researches [15], the trace analyzer in this paper uses comparisons
between destination and source registers among different instructions
to establish dependence relationships. Ultimately, for each instruction
window, we maintain a dependence graph to express the memory
dependence paths.

It is not difficult to find out that the physical meaning of
(1 + Pe_gep) is actually the average number of dependence paths
that each load/store instruction is on. We define the total number of
load/store nodes in all dependence paths of an instruction window as
>~ Kaep. The average dependence paths for a load/store instruction
is calculated as R Based on Eq. (5), the final formula for
estimating MLP should be shown as Eq. (6).

le—w

2 Kaey
K7na:v * P
V2 Nis—w (6)
ls—w

Km,am * Z Kdep

dep

MLPavg_per_window =

IV. EFFECTIVE SERVICE TIME
A. MSHR Technology

Most current MSHR implementations support multiple address
targets in one MSHR entry [19], [22], which merges memory requests
with the same target address into one request. As a result, the average
cache miss service time in this architecture is less than a single DDR
access latency.

As shown in Fig. 5, the modern MSHR system is composed of
several MSHR entries and in each MSHR entry, there are several
request targets. Each MSHR entry accesses the DDR with the
cacheline aligned address. Once a cache miss occurs, the generated
memory request address will be compared with those in all valid
MSHR entries. A new MSHR entry will be assigned if no existing
MSHR entry stores the same cacheline aligned address as that of the
cache miss. Otherwise, the request will be a target that can be merged
into the matched MSHR entry.

B. Effective Service Time Modeling

Fig. 6 shows a normal case for merging cache misses merging. 75,
represents the arrival time of the n, cache miss within a DDR access
interval (time from the initialization of the MSHR entry to service
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completion). Once the DDR access has been completely serviced,
all merged cache misses will be satisfied simultaneously. Thus, the
average service time (S7q.4) for each cache miss can be described
as Eq. (7), in which Lppr is the single DDR access latency.

STavg ={LppR + [LDDR — (T2 — T1)| + [LDDR — (T3 — T1)]

~++[Lopr — (Tn —T1)|}/n
)

Qualitatively, in each DDR access interval, we assume all merged
cache misses are evenly distributed and the duration between two
successive misses could be estimated as Lppr / n (n is the number of
merged cache misses in one MSHR entry, n > 1. T»>-T1=Lppr/n,
T5-Th'=2Lppr/n---). Thus, we can re-write Eq. (7) as Eq. (8).

L wm— =l  Lppr
n
Lppr 1
= 1+ — 8
5 L+ ) ®)

We define N,,p as the average memory access times to each
cacheline as shown in Eq. (9), in which N.; denotes the number
of different cachelines accessed in this instruction window. Hence,
the average cache misses on every cacheline can be described as
Nmpe * Ry. In each MLP interval, the number of cache misses
per cacheline address is described as Eq. (10), which is the average
number of targets per MSHR entry named as N¢argets-

lefw
Nm c = Tr 9
p N )
N7IL c * Rw N-Sf’w
Ntargcts = L = ! (10)

K’maz * Rw N K’maw * Ncl

Considering the calculation of MLP intervals in Eq. (6), Eq. (10)
should be revised as shown in Eq. (11).

lefw
Ntaﬂ‘gets -
Kmaa; * Ncl * %
- NE - (n
N Kmaa: * Ncl * Z Kdep
Combined with Eq. (8), Eq. (11) can be written as Eq. (12).
LDDR Kmaz * Ncl * Z Kdep
STavg 2 1+ Nit )
LDDR Ncl
= 1 12
5 1+ 57 p) (12)

V. EVALUATIONS
A. Experiments Setup

In this paper, 9 benchmarks from MobyBench 2.0 [23] and 7
benchmarks from Mibench 1.0 [24] along with Mediabench II [25]
are adopted in our model evaluations. The GemS5 in arm_detailed
mode (cycle-accurate) works as the validation hardware platform
while hardware configurations are shown in Table I. All evaluations
are compared with Gem5 simulation results every 100,000 cycles.
Taking the impacts of hardware MSHR entries (HME) and hardware
targets per MSHR entry (HTPE) into account, the analytical models
in Eq. (6) and Eq. (12) should be revised as Eq. (13) and Eq. (14),
respectively.

TABLE I

HARDWARE CONFIGURATIONS
Parameters CONF-1 | CONF-2 [ CONF-3
Instruction
Set Architecture ARMV7-a
Instruction
Window Size 40 80 120
Cache
Replacement Least Recently Used
Policy
Cache
Organization 16KB-2Way | 32KB-4Way | 64KB-4Way
MSHR Entries: 8 Entries: 12 Entries: 16
Organization Targets: 4 Targets: 8 Targets: 8
DDR Latency 235 Cycles
CPU Frequency 1.7 GHz
Statistic
Dump Cycles 100,000 Cycles

B. Cache Misses Evaluation

Fig. 7 gives the cache misses evaluation results for all the bench-
marks we have tested, while the hardware configuration is marked on
the top of the figure. According to the results from our experiments,
the average error of the cache misses model based on the stack
distance theory in OoO processors is about 13%. These relatively
large errors could be caused by the changes of memory access locality
due to the non-blocking issues, out-of-order executions and other
technologies [26] used in the modern out-of-order processors.

C. MLP Evaluation

Fig. 8 gives an instance(running the BBench) of the comparisons
among the simulation results, our modeled MLP and the model
proposed by Jian Chen [15]. The y-axis represents the MLP value
and the x-axis gives the group number of the data. The hardware
configuration is shown at the bottom of this figure. According to the
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N7, MLP
bw < HME)
MLP = Kmaz X ZKdep Ntargets (13)
HME x Nta'rgets, (OtheTs)
L Kmaz X Nog X Y K,
DQDR (1 + max Ngcl Z dep)7 (1 S th,rgets < HTPE)
ls—w
STavg =% L 1 (14)
e %(1 + m): (Ntargets 2 HTPE)
LDDR: (Ntargets < 1)
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Fig. 7. Absolute Errors of Cache Misses Forecasting

results, our model can forecast the dynamic MLP accurately while
Jian Chen’s modeling results are higher than simulated ones. Fig. 9
gives all the absolute errors of our tested benchmarks in different
hardware configurations. The average absolute error of our work is
lower than 9%, while that of Jian Chen’s work is around 18%.
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Fig. 8. MLP from Gem5 Simulations, Our Model and Jian Chen’s Model
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Fig. 9. Absolute Errors of Our Modeled MLP and that of Jian Chen’s Work

D. Service Time Evaluation

Fig. 10 gives an example(running the MXPlayer) of the compar-
isons among the simulated average service time, our model’s results
and the constant DDR access latency. In most cases, our model
reflects the real effective service time. Fig. 11 gives all the absolute
errors for the benchmarks we have tested in different hardware
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configurations, and the lowest error is less than 2%, while the average
error is around 8%.
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E. Framework Evaluation
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Fig. 12. Absolute Errors of Our Framework and Roeland J. Douma’s Work
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Combined with the predicted cache misses, CPU stall time caused
by cache misses can be computed using Eq. (1). The absolute errors
of different benchmarks are shown in Fig. 12 with the average
error around 10%. In some benchmarks, such as 360Buy and Adobe
Reader, the relatively high errors are, we believe, caused by the con-
siderable errors of the stack distance cache misses model. Moreover,
we compare our work with Roeland J. Douma’s work in terms of
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accuracy. Also shown in Fig. 12, the average error of Roeland J.
Douma’s work is around 12%, which is a little higher than ours.

F. Running Time Evaluation

We make the comparison of the running time among Gem5 full
simulations, our framework, Roeland J. Doumas work [11] and Jian
Chen’s work [11]. All experiments are implementated on an Intel 17-
4790 computer. The time cost of our framework contains three parts,
instructions tracing, traces analysis and performance estimations.
Because all estimations in our framework are based on formulas,
its time cost is much lower than that of instructions tracing or traces
analysis. Hence, it is ignored in the running time comparison. As
for the time cost of instructions tracing, we evaluated it on the
AtomicSimpleCPU [19] mode of Gem5 simulator. Furthermore, each
benchmark only needs be traced once and the trace can be utilized
repeatedly for different hardware configurations. Thus, the time of
instructions tracing, in this paper, is shared by all three hardware
configurations we have tested. The comparing results are shown in
Fig. 13. Our framework evaluating time can be sped up around 35
times relative to Gem5 full simulations and 8 times compared with
Roeland J. Douma’s work on average [11]. Jian Chen’s work focuses
on design space explorations but not performance evaluations, so we
merely evaluate the running time of his work on modeling MLP,
which is slightly less than ours.

T Ge full simulation
[ Roeland J. Doumals work
I Our framework

[ Jian Chen's work

Average hours

360Buy
AdobeReader
BBench
BaiduMap
KoMail
MXPlayer
Netease
Sinaweibo
Kingsoftoffice

Fig.

13. Running Time Comparisons

VI. CONCLUSION

This paper proposed a framework to fast evaluate the whole
cache performance for out-of-order processors without cycle-accurate
simulations. The framework contains three components, cache misses
modeling, MLP modeling and effective cache miss service time
modeling. According to the results of our experiments, the average
error of CPU stall time caused by cache misses is around 10%, while
the evaluation time is x35 faster than cycle-accurate simulations. In
future, we will refine the model by considering the deviation effects
of the stack distance distribution caused by out-of-order mechanisms,
which significantly increases the error of cache misses prediction.
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