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Abstract

Dynamic performance stubs provide a framework for the simulation of the performance
behavior of software modules and functions. Stubs can be used for a cost-benefit anal-
ysis of the gain from performance optimization and therefore, for a gain oriented perfor-
mance improvement, and can be also be used to identify “hidden” bottlenecks and the
most relevant candidates for optimization. This paper evaluates memory stubs in detail
as a special subset of dynamic performance stubs to optimize memory bound modules
or functions. It describes and validates the possibility of simulating the memory and data
cache access behavior of software modules and functions. Therefore, a new foundation
for gain oriented optimization of memory behavior has been achieved.
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1 Introduction

Dynamic performance stubs have been introduced in
[TRAPO7]. They can be used for “hidden bottleneck”
detection, and, by demonstrating the level of optimiza-
tion potential, a cost-benefit analysis can be performed
as well. This leads to more gain-oriented performance
optimizations.

In the past, performance increases in many sys-
tem architectures have been achieved through higher
CPU speeds, and more recently, through using multiple
cores. Yet the memory speed, and hence the mem-
ory access times, did not increase to the same order
as the CPUs frequencies [SEAR00]. This has led to
the fact that many current systems are heavily mem-
ory bound and consequently software performance op-
timization studies are often targeting the improvement
of the memory usage. The methodology of dynamic
performance stubs can be used to optimize these mem-
ory bound systems by memory stubs.

*This paper has been presented at CMG 2009. http://www.cng.
org/conference/cmg2009/

1.1 Dynamic Performance Stubs

The idea beyond dynamic performance stubs is a
combination of performance improvements [JAIN91,
FORTO03, LILJO0, GUNT98] in already existing modules
or functions and the stubbing mechanism from software
testing [BERT05, SOMMO01]. The performance behav-
ior of the component under study (CUS) will be de-
termined and replaced by a software stub. This stub
can be used to simulate different performance behav-
iors which can be parameterized, and the optimization
expert can use these to analyze the performance of
the system under test (SUT). This procedure relates
to stubbing a single software unit and hence it will be
called “local”. Therefore a “local stub” has to be built.
The performance simulation functions (PSF) can also
be used to change the behavior of the complete sys-
tem. A software module has to be created which in-
teracts “globally” in the sense of influencing the whole
system instead of only a single software component.
This stub will be called a “global stub”.

Figure 1 sketches the design and the interaction be-
tween a real system on the left and the dynamic per-
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Figure 1: Interactions of “Dynamic Performance Stubs”

formance stubs on the right side. The lined arrows in-
dicates replacements. Filled arrowheads describe the
extension of a unit by this feature and the dashed block
provides an additional functionality to the dynamic per-
formance stub and will not really stub a software unit.

The framework of the dynamic performance stub
consists of the following parts which are presented in
Figure 1:

» Simulated Software Functionality (SSF)
The simulated software functionality is used to
simulate the functional behavior of the CUS in or-
der to provide proper system behavior.

* Performance Simulation Functions (PSF)
Performance simulation functions provide the abil-
ity to simulate the performance behavior of the re-
placed CUS, and are divided into four categories:

- CPU

— Memory
- /0

— Network

+ Performance Measurement Functions (PMF)
To provide a basic set of evaluation possibilities
the performance measurement functions can be
used. They are mainly glue/wrapper functions for
the measurement functions already provided by
the system.

+ Calibration Functions (CF)
In order to provide trustworthy results, the stubs
have to be adjusted to a dedicated system. This
can be done using the calibration functions.

For more detailed information on dynamic perfor-
mance stubs the reader is referred to [TRAPOQ7].

1.2 CPU Stubs

CPU stubs have been targeting to handle CPU bound
systems. Therefore, a general approach to parame-
terize the runtime behavior and CPU usage has been

achieved as well as a possible realization has been de-
fined. In order to create these CPU Stubs a methodol-
ogy for evaluating and creating these stubs is provided
in [TRAPO8].

1.3 Memory Stubs

Memory stubs are a special case of dynamic perfor-
mance stubs regarding the memory usage. They can
be used to simulate the memory performance behavior
of a suspected software bottleneck. Hence, they com-
bine the simulated software functionality and the mem-
ory performance simulation functions.

This paper describes the concept of memory stubs
in more detail. It mainly discusses a possible imple-
mentation of the performance simulation functions and
evaluates the impact on the data caching and mem-
ory behavior to the system. Furthermore, it explains a
methodology to create cache misses and hits in a deter-
ministic way at the desired level and granularity. Addi-
tionally, first steps towards a methodology are given. To
conclude, a case study of simulating the performance
behavior of a memory bottleneck is included.

The memory stubs will be used to improve the LTE'
telecommunication software from Nokia Siemens Net-
works (NSN). The system under test consists of an Intel
Pentium 4 CPU where the hyperthreading functionality
has been disabled.

2 Caching Concepts

Most designers of architectures try to avoid an access
of the main memory because of the time needed to load
data from there to the CPU, e.g. about 240 cycles for
an Intel Pentium M processor [DREPOQ7]. Therefore, the
developers of CPUs implement several strategies of us-
ing caches to decrease the need to access the main
memory and to increase the speed of execution, e.g.
instruction- and data-prefetching [vdPA02, SEAROOQ] or
branch predictions.

2.1 Overview

Much research work in the area of caching has been
done, and this section summarizes different research
scopes. The overall caching structure has been ex-
plained in [GENU04, DREPQ7, HILL89, vdPA02]. In
[BEYLO1] a classification of different cache misses is
described as the “Three Cs”: “compulsory”, “conflict”
and “capacity”.

Compulsory Misses. Compulsory misses, also often
referred as “cold” misses, can be seen if no data has
been referenced to the specific cache line. Therefore,
they occur only at the very first access to the cache line.

TLTE: Long term evolution is the successor of UMTS.



These misses normally do not strongly influence the
system behavior [LEBE95], except in the initial phase.

Conflict Misses. These misses occur when a still
valid cache line will be replaced by a cache fill (see also
[INTEO6]) despite the the existence of empty or invalid
data in the cache. These misses depend on the cache
structure as discussed below.

Capacity Misses. The last category capacity misses
can be seen if a valid cache line will be replaced be-
cause neither an empty nor a non-valid cache line can
be replaced.

Cache Hierarchy To reduce the cost of accessing
the memory, caches have been introduced in the hard-
ware architecture. Additionally, to improve the access
times, further different types of caches, e.g. data- and
instruction-caches, as well as cache hierarchies are in-
cluded in modern CPUs (see also [GENUO04]).

Application Behavior Predictions Cache behav-
ior predictions for applications have been done in
[FERD99]. In [MANEQ9] a tool for evaluating cache ar-
chitecture has been introduced. This tool is based on
techniques as described in [MANEOQ2].

Metrics To improve data locality and to evaluate
memory reference, several metrics have been intro-
duced. In [WU97] “unit strides” have been used to study
the caching optimizations for scientific programs. The
“stack distance” as proposed in [BEYL01] measures the
distance between references to the same data location
and has been applied to compiler optimization tech-
niques. Another metric is called “reference distance”
and is described in [PYO97, RIVA98]. This metric can
be split further into “address distance” and “block dis-
tance”.

Loading Strategies In [SEARO00] several different as-
pects of caching have been described, e.g. cache
line prefetching and cache alignments. Additionally,
in [SEARO00] and [LEE99] “colored bits” are explained.
These determine the cache set where the data will be
stored, as well as enforcing that complete cache lines
will always be fetched.

Replacement Policies The architecture uses re-
placement policies to determine the cache line which
will be overwritten if a conflict exists. Different policies
are explained in [AL-Z04, REINOG6], while [INTEO6] de-
scribes the policy used in some Intel Architectures.

Write Policies Different strategies exist to write mod-
ified data stored in cache back into the main memory.
Commonly used write policies are “write-through” and
“write back” [GENUO4].

Compiler Optimization Last but not least, the
caching behavior of applications can be improved
during compile time. There are many optimization
flags for the GCC (GNU Compiler Collection) available
[BEYLO1]. Some of the optimizations techniques are
described in [RIVA98, PYO97, LEE99].

Cache Design Data consistency throughout the dif-
ferent cache levels can be realized by different cache
designs. There are three basic design: “exclusive”, “in-
clusive” and “non-inclusive”. Please refer to [JACOOQ7]
for more information.

2.2 Related Work

In [MANEOZ2] an approach for creating data cache hits
and misses has been described. The algorithm con-
stantly access data and evaluates the amount of cache
hits and misses by evaluating the timing behavior of
the application. It aims at measuring the caching ar-
chitecture of a system and provides information about
the cache levels, cache line size, associativity and ac-
cess times. The tool determines information about data
or unified caches as well as TLB caches.

The approach used in [MANEOQZ2] differs from our ap-
proach in the way that it constantly accesses data and
the hit or miss rate is evaluated by timing measure-
ments afterwards. In contrast to that, we want to sim-
ulate a desired amount of cache hits and misses, e.g.
1000 level two misses, 20 level two hits and 5000 level
one hits, in a deterministic way.

3 Introduction of Memory Stubs

To achieve a deterministic cache behavior by a memory
stub, methods for forcing cache misses have to be stud-
ied. There are many different approaches to changing
the caching behavior of a system. Some global ap-
proaches to disable caching are:

* during start up:
Some operating systems provide the possibility of
disabling the caching in the start up phase of the
system. This can be used to simulate the worst
case scenario which forces the access to the main
memory.

* Via processor registers:

Another possibility is to modify some CPU regis-
ters, e.g. the CRO register of the Intel P4 CPU
[INTEO3]. This approach can be used to deacti-
vate the cache, e.g. for test case runs. But it can
also be used for periodically enabling and disabling
the cache. Additionally it can be used to disable
caching during the runtime of a dedicated software
module or function.



These are more general approaches because the
whole caching architecture will be deactivated which in-
fluences the complete system.

In order to simulate the memory behavior of mod-
ules or functions the memory stubs have to be able to
describe the different memory access types in greater
detail. In particular, the stubs should simulate cache
references into each of the cache levels, e.g. level one
data cache. The following list provides an overview of
events which can occur: cache read and write hits and
misses to specified cache levels. The events can be
applied to non- and unified cache architectures. How-
ever, some of the items may not be applicable to ev-
ery caching architecture, e.g. there are no write misses
for the instruction cache. If a write miss to the instruc-
tion cache happens, e.g. using self-modifying code, the
complete instruction cache will be flushed by the sys-
tem [INTEO08].

This paper elaborates a possibility to simulate data
cache events for the different cache levels in detail.
Therefore, an approach for creating data cache read-
/write hits and misses on the desired cache level is de-
scribed and validated through a case study.

4 A Method for Creating Data
Cache Events

This section describes a method for producing ad-
justable amounts of data cache events. The idea for
building a memory stub for data cache misses is to ac-
cess data, e.g. a variable inside a program that is not
stored in the data cache on the target level and there-
fore has to be read from higher levels or main mem-
ory. This will cause a cache miss on the target level.
A cache miss on a dedicated level will cause either a
cache hit on the next level if the data is available on the
next cache level or a cache miss if the data is not avail-
able on the next cache level. This is only applicable to
inclusive caches.

There are different caching architectures, which aim
to avoid cache misses as far as possible. Implemented
in our testing system (see Section 6) is a n-way set as-
sociative cache where every location of the main mem-
ory can be loaded to n different locations in the cache
[INTEO8]. The physical address inside the main mem-
ory is used to determine into which cache set the data
is stored. Therefore, it is possible to access data from
memory which will be stored into a dedicated cache set
(see also [BEYLO1, RIVA98]).

These cache sets consist of n different cache lines
per cache set (ASSOC). To permanently create conflict
or capacity cache misses the minimum amount of se-
quential data (SIZE) can be calculated as described by
Equation 1.

CACHESIZE
SIZE = CACHESIZE + —— <o (1)

Any value of SIZE greater than the cache size
(CACHESIZE) can be used to write into each cache
line, so the cache has been completely filled. This ap-
plies to most of the cache replacement policies as will
be discussed below. A SIZE smaller or equal to cache
size will only produce compulsory misses at the first ac-
cess and every following accesses are a cache hits in
an otherwise isolated environment. In order to repro-
ducible overwrite a cache set, ASSOC + 1 accesses to
different data referencing the same cache set has to be
done. Therefore, the size of the array has to exceed the
size of the cache by the amount of cache size divided
by the associativity bytes. This can be achieved by
adding CACHESIZE/ASSOC bytes to the array. Hence,
ASSOC+1 different data references for any cache set
are possible.

SIZE is the optimum size for constantly overwriting
cache lines. Any smaller value will not lead to overwrite
any cache line periodically. Values greater than SIZE
can add additional trashing in other cache levels be-
cause the data sub sequentially has to be loaded into
the higher levels as well. The SIZE value provides fur-
ther advantages such as:

+ A smaller amount of memory will be used.

* Runtime improvement of the application, because
only data which has to be referenced has to be al-
located or loaded into higher cache levels. Other-
wise, it would lead to a reduction of performance.

However, in some cases an array size greater than
SIZE might be the best choice because of some side
effects, e.g. to create different amounts of cache hits
or misses in different cache levels at the same time,
to reduce the applications overhead, or to improve the
scalability of the amount of created cache events. This
strongly depends on the needs of simulating the cache
behavior for memory stubs and can be easily realized.

If less than n different data elements which are be
stored to the same cache set are accessed in se-
quence, no more cache misses other than the first
reference, which always generates a miss, will occur.
Hence, it is necessary to access at least n+1 different
data elements in sequence which are to be loaded into
the same set of cache lines in order to consistently get
cache misses during the runtime of the memory stub.
The approach is intended to work for read misses as
well as for write misses.

4.1 Realization

This behavior can be used to create a desired amount
of cache misses or hits in the dedicated cache level.



1| #include <string.h>
2| #define BLOCKS 256
3| #define CACHELINE 64
4| #define ASSOC 8
5/#define ADD_ASSOC 1
6| #define USED ASSOC (ASSOC+ADD_ASSOC)
7| #define CACHESIZE (BLOCKS+CACHELINE)
g|#define STRIDE (CACHESIZE /ASSOC)
o|#define ARRAYSIZE (CACHESIZE
USED_ASSOC/ASSOC)
10| #define SETS 1
11| #define ITERATIONS 10000
12
13| char myAr[ARRAYSIZE];
14
15| void createMisses ()
16| {
17| for(i=0; i<ITERATIONS; i++){
18 for(j = ARRAYSIZE-STRIDE; j >= 0;
j —= STRIDE) {
19 for(k = (SETS—1)+«CACHELINE;
k >= 0; k —= CACHELINE) {
20 myAr[j + k] = a;
21
22 }
23|}
24| }
25| ...
26 memset(myAr, 0, ARRAYSIZE/sizeof(int));

Listing 1: Algorithm to Specifically Access Different
Cache Sets

Listing 1, called dedicated memory access, de-
scribes a possible realization of an algorithm to write
into dedicated sets of the cache using the program-
ming language C. The constants BLOCKS, CACHE-
LINE and ASSOC? describe the cache architecture ac-
cording to [MARIO7]. The total cache size (CACHE-
SIZE) can be calculated using the number of cache
blocks (BLOCKS) multiplied by the cache line size in
bytes (CACHELINE). The amount of different cache
sets (SETS) is the number of cache blocks divided by
ASSOC.

There are three more constants which have to be de-
fined:

« ADD_ASSOC
Despite of the optimal array size as described in
Equation 1, the evaluations done on the target
hardware have shown that the size of the array
often has to be increased to reduce further influ-
ences of the hardware, e.g. prefetching mecha-
nisms. Therefore, the constant ADD_ASSOC has

2ASSOC is the order of associativity in a n-way set associative
cache, e.g. ASSOC = 4 in a 4-way set associative cache.

been introduced. It specifies the amount of addi-
tional “cache size divided by assoc” bytes, which
will be added to the cache size. The constant
USED_ASSOC simply adds the values ASSOC
and ADD_ASSOC. The total array size (ARRAY-
SIZE) can be calculated as shown in Listing 1 in
Line 9.

« SETS

The integer constant SETS is used to denote the
amount of different cache sets which will be used.
The minimum value is set to “1”, which means that
only a single cache set will be used. The maxi-
mum value in this algorithm for the SETS is the
amount of blocks (BLOCKS) divided by the asso-
ciativity (ASSOC). In this case the complete cache
will be used for the evaluation.

» ITERATIONS
The ITERATIONS constant is defined to increase
and to adjust the total number of cache access.

The constant STRIDE determines the minimum dis-
tance in bytes of two different memory locations which
will be stored into the same cache set.

The realization of the dedicated memory access ap-
proach is done through accessing data inside an array.
The array is initialized using the memset function as de-
picted in Line 26 of Listing 1. The access is performed
inside two loops, providing the possibility to control the
amount of cache misses through the amount of itera-
tions.

The “inner loop” (Listing 1 Line 19) is used to write
into more than a single cache set. The “outer loop”
(Listing 1 Line 18) shifts the position in the array by
cachesize divided by the associativity bytes. This has
been coded as a loop to provide the possibility to ac-
cesses the array with a distance of STRIDE bytes.
Therefore, the next access to the same cache set uses
data which have not been since USED_ASSOC ac-
cesses. The array has the size of ARRAYSIZE as de-
scribed above and can therefore be used to repeatedly
access a complete cache level. The value for ARRAY-
SIZE will always be an integer because the value of
CACHESIZE is always a decimal multiple of ASSOC.
The algorithm walks backwards through the array to
prevent the application from prefetching functions of the
CPU [MANEO2]. A value will be written into the array
(myAr), therefore a write miss will be created. In order
to create read events, the line “myAr[j+k]=a;” can be
replaced by “a = myAr[j+k];”.

When using the described method for data cache
misses on a cache level, it produces cache hits in the
upper level automatically as long as the amount of con-
stantly referenced data can be contained in the upper
level. Otherwise the upper level will also been overwrit-
ten. The upper level cache typically has more capacity
than the dedicated level, so after the unavoidable first



time misses for each accessed data element, the ded-
icated data cache misses are automatically hits for the
higher level data cache.

It is not possible to get hits on the cache level with-
out getting misses on lower cache levels because data
found in the upper cache level is brought into the lower
cache levels. This is the normal behavior for any inclu-
sive cache architecture.

The approach described here can additionally be
used to create level one data cache hits, but it has to
be modified slightly. Every access to an element of the
array has to be inside a single cache line (ARRAYSIZE
= CACHELINE), and the number of sets (SETS) has
to be set to one. Additionally, the loop of Listing 1 in
Line 19 has to be adjusted to access only bytes within
the same cache line. Due to the access to different lo-
cations within the same cache line the data cannot be
stored in a register. Therefore it accesses the level one
cache where the data is already available. Referencing
a simple variable in a loop will not be usable since this
variable will be stored in the registers of the CPU due
to computer optimization.

To summarize the possibilities of the dedicated mem-
ory access approach. It is able to simulate, in a deter-
ministic way, the memory performance behavior of a
software component and therefore can be used by ad-
justing the parameters for memory stubs. Particularly,
it can simulate the following data cache behavior:

 Level one hits
» Level one misses / level two hits
* Level two misses / memory hits

The approach as described above creates write
misses. It can be easily changed to create read misses
and, as well, to simulate further caching levels, e.g.
level three.

The validation has been done in a simulated environ-
ment to receive detailed information about single cache
hits and misses. Additionally, to ensure the usability of
the approach the test has been evaluated on the target
hardware. The results are discussed in the Section 6.

4.2 Discussion

This section discusses the amount of cache hits or
misses occurring during the execution of the dedicated
memory access approach more in detail.

ICSR(a1,a2) =
CACHESIZE
ASSOC

We define A as a set of main memory addresses, e.qg.
a1, az, of memory references. Equation 2 can be used
to determine if two memory accesses referencing the

In e N°: |ag — a1 =n x

(@)

same cache set (identical cache set references, ICSR).
Two data elements will be stored in the same cache
set if their main memory addresses (a1, as) differ by the
amount of CASHESIZE Therefore, all multiples n € N°
of the distance of two references will be stored to the
same cache set.

CSR=|{a € A|Fay € A:a+# axs NICSR(a,a2)}| (3)

We define the number of cache set references (CSR)
as the number of independent memory accesses in the
inner loop body to the same cache set. In Equation
3 a formal definition is given. CSR?® is the number of
elements of the set A with different addresses (a, az)
satisfying the constraints of Equation 2.

To describe the possible range of cache events
created by the dedicated memory access approach
with arbitrary replacement policies* different types of
misses according to [BEYLO01] have to be considered:
compulsory (MISS®™) and conflict/capacity misses
(MISSe°™). The cache will be treated as empty at the
start of the application. Therefore, compulsory misses
will occur if the application has not used the cache line
before. Every first access of data will always create a
cache miss. This happens during the first iteration of
the inner loop described in Listing 1. If more than a sin-
gle cache set has been referenced the values given in
the equations from this section have to be multiplied by
the number of used cache sets. Due to the fact that the
outer loop will call the inner loop it has to be called at
least one time (ITERATIONS > 1). The following cases
have to be distinguished:

* 1< CSR<ASSOC:

MISS™ = CSR (4)
MISS<™ =0 )
HITS = ITERATIONS x CSR— CSR  (6)

* CSR > ASSOC:

MISSm™? = ASSOC 7)

MISS®" = ITERATIONS x CSR — ASSOC
(8)

HITS =0 9)

For CSR < ASSOC the independent cache refer-
ences in the first iteration of the dedicated memory ac-
cess loop will produce compulsory cache misses (so
Equation 4 holds). After this iteration the data which
will be referenced are stored inside the cache because

3We use CSR as counter for different elements of A. We neglect
the parameter for convenience.

4Except of the random replacement strategy as discussed in Sec-
tion 4.3



there are enough different cache lines (ASSOC) avail-
able in the same cache set. All other occurring ac-
cesses, therefore, will result in a cache hit on the de-
sired level (so Equations 5 and 6 hold). This is only
partly true for the level one cache. Here the indepen-
dent cache set references can also be served from
registers, depending on the available registers in the
CPU and on the amount of CSR. A slightly modified
dedicated memory access approach is additionally de-
scribed at the end of Section 4.1 for level one cache
hits. In this case the amount of compulsory misses is
15 and the amount of hits is the total amount of refer-
ences minus the compulsory miss (CACHELINE * IT-
ERATIONS - 1).

In the case of CSR > ASSOC, more independent
data references will be used than can be stored in a
cache set. Therefore, every access to the data ele-
ment will result in a cache miss (so Equation 9 holds).
The number of compulsory misses is ASSOC since ev-
ery cache line in the set will be written (so Equation 7
holds). Hence all other references will be conflict/ca-
pacity misses (so Equation 8 holds).

The amount of cache hits as described in this ap-
proach can be less than the adjusted value in real en-
vironments. This is expected as other processes run-
ning on the CPU will influence the amount of data in
the cache. As this is an expected behavior it does not
influence the usability of the dedicated memory access
approach for the memory stubs. Moreover, the behav-
ior can be used to spot memory problems of the ap-
plication (see Section 7). The evaluations done in this
sections cover a single cache set. In order to get the
total amount of cache references the results from the
equations have to be multiplied by the number of refer-
enced cache sets.

4.3 Replacement Policies

The deterministic behavior of the approach depends on
the replacement policy of the caching algorithm. The
following replacement policies will be discussed (see
also [REINO6, AL-Z04]):

* First in first out (FIFO), least recently used (LRU),
least frequently used (LFU)

» Pseudo least recently used (PLRU)

+ Random Replacement

The amount of cache hits or misses will only be dis-
cussed in the following subsections, if they differ from
the values described in Section 4.2.

4.3.1 FIFO, LRU, LFU

The replacement policy FIFO always overwrites the
cache line which has the longest stay in the cache.

5Assuming that the cache line is aligned.

Due to the nature of the algorithm there will always be
cache misses when data elements which are not in the
cache are accessed when there are no empty cache
lines available. Therefore, the algorithm in Listing 1 can
be used to deterministically create cache misses with
every access because it references more cache lines
per cache set than can be stored in the cache set.

The LRU always overwrites the cache line which has
not been used for the longest time. If every cache line
is sequentially used every cache line will be accessed
by the amount of references. Therefore, there is no dif-
ference between the FIFO and the LRU policy in Listing
1. The dedicated memory access approach shows the
same behavior for the LRU as for the FIFO strategy and
can easily be used for memory stubs.

The same behavior as described for LRU can be ap-
plied to LFU because of equidistant data access. There
will be no cache line which has more often been refer-
enced by the application.

4.3.2 PRLU

The tree-based Pseudo-LRU (PLRU) as described in
[REINO6] approximates the least recently used data.
This is realized using tree-bits to point to the (approx-
imated) oldest data stored in the cache set. On se-
quential accesses to independent data (CSR) this ap-
proximation gives the same results as the LRU. After
ASSOC sequential accesses, the used tree bits point
to the cache line which will be replaced next exactly as
the LRU does. Therefore, the dedicated memory ac-
cess approach can be used with the PLRU.

4.3.3 Random Replacement

Random replacement strategies, e.g. implemented via
a linear feedback shift register (LFSR) [AL-Z04] will in-
fluence the amount of produced cache misses. Due to
the fact that a random replacement policy is in place,
no exact value can be given.

5 Towards a Methodology

So far only the content of a toolbox has been presented,
but now the first steps towards a methodology on us-
ing memory stubs for performance improvement will be
given. So this chapter can be seen as first version of a
how to use memory stubs for optimizing memory bound
systems.

1. Determine CUS: As a first step of any optimization
the timing behavior of the system in total has to
be examined. Then one component of the system
(CUS) has to be chosen, which seems to be a bot-
tleneck [TRAPO7, JAIN91]. Several performance
measurements have to be done until the results



seem to be deterministic within a given confidence
interval. The following values, as discussed at the
end of Section 4.1, shall be deterministic:

t€US the time which will be used in the CUS

t5UT a performance indicator of the module or
function. This value will be measured to vali-
date the systems performance in total. Often
it is the time used for the completion of a ser-
vice.

L1€Y5, .. a counter where the number of L1 cache

read hits caused by the CUS has been mea-
sured.

cUS
L1y > ... a counter where the number of L1

cache write hits caused by the CUS has been
measured.

L1¢Us . . a counter where the number of L1

cache read misses caused by the CUS has
been measured.

Lgus ... a counter where the number of L1

cache write misses caused by the CUS has
been measured.

L2605 . . a counter where the number of L2

cache read misses caused by the CUS has
been measured.

L20Us ... a counter where the number of L2

cache write misses caused by the CUS has
been measured.

Please note that the way to determine the values
of L1 and L2 parameters strongly depends on the
available tool set. As an example the OProfile
tool set can be chosen. Additionally, further cache
events, e.g. level three read hits, can be used if
applicable. This step has to be repeated a couple
of times in order to get some statistical distribution
of the required values. If there is only a small vari-
ation we can go further.

. Create Memory Stub. After creation of the func-
tional stub, which covers the functional behavior, a
performance stubs has to be created, according to
Section 4.1.

So the above listed values will be simulated by the
component. Please note that some values can
only be approximated because of the construction
of the cache, e.g. the cache line size. As a last
step, the runtime behavior of the CUS has to be
simulated by an loop of NOPs to simulate the exe-
cution time t“US. For further details see [TRAPO0S].

. The measurement results have to be validated.
The value of +°UT with or without memory stub has
to be equal. Whenever there is a significant differ-
ence, further analysis of the memory stub has to
be done. E.g. it might be possible that the CUS is
too big and has to be decomposed.

4. Now, a first estimation of the CUSs optimization
has to be validated. Normally, the developer of
this component has rough estimations of the per-
formance improvements which will be used for fur-
ther studies. If not, he will simply reduce the value
of cache usage by e.g. 10% and start a mea-
surement. Therefore, he simply reduces the num-
ber of L2 accesses and furthermore the number of
L1 accesses. The determined time will be called
to T weq- This measurement is an approximation
for the improved system behavior after optimiza-
tion. It should be repeated with further reductions
of the number of access operations.

Based on the measurement results, an ideal target
value for memory optimization can be determined
and a cost estimation of the improvement function
can be done. Now, a detailed cost-benefit analysis
is possible to determine the ideal optimization fac-
tor. This will lead to a solid basis for a performance
optimization.

5. Based on the measurement results of Step 4 the
optimization of the SW module can be started.
The proper working can be validated by measur-
ing YT afterwards.

If the values are equal, then the optimization has
had the desired effect and the next optimization
can be done (Step 6). If not than either the op-
timization environment or the memory stub does
not behave correctly and has to be modified (Step
2).

6. After the optimization, determine whether the ap-
plication will reach the desired performance tar-
gets. If the applications has to be optimized further,
determine a new CUS and go to Step 1.

In some HW environment the determination of some
values of Step 1 is not possible. In this case a differ-
ent approach can be chosen by simply adding addi-
tional memory needs. Instead of replacing the CUS
by a SSF the original code will be kept. Only a PSF
will be included. With this setup measurements can
be achieved, where any additional need of memory
can be checked. Whenever t5UT afterwards increases,
then the system is at least memory bound. So in-
creasing the memory or optimization of memory needs
will be required. However, with that approach no cost
benefit analysis or a hidden bottleneck detection can
be achieved, which is the case if the before proposed
method can be chosen.

6 Case Study

As a test environment, the equipment of the Nokia
Siemens Networks ngRNC (next generation Radio Net-



work Controller) has been used to validate the mea-
surements. It hosts a 2.8 GHz Intel Pentium 4 central
processing unit with hyperthreading disabled. The op-
erating system is a standard Linux running on a 2.6.22
kernel. The system has separated data and trace (sim-
ilar to an instruction cache) caches on level one and an
unified cache at level two. The caching architecture of
the processor is described according to [MARI07], the
values have been derived from [INTE0O, INTE06] and
verified on the target:

MemoryArchitecture =
L1D [ 256, 64, 8, «, L2, 4],
L2U [ 16384, 64, 8, *, Mem, 18];

Listing 2: Caching Architecture

In Listing 2 the architecture of the target is described.
Each lines starts with the name and type of the avail-
able caches, e.g. L1D means a level one data cache
and L2U describes the unified level two cache. Each
level of the cache hierarchy is described using the fol-
lowing items:

1. The amount of different available cache lines
(BLOCKS).

2. Cache line size (CACHELINE).
3. Associativity of the cache (ASSOC).

4. Bandwidth between the current and the lower level
on a miss (bytes/cycles). This value has not been
used ().

5. The next level in the hierarchy.

6. The cycles needed to access this caching level.
The times are described for integer operations.

The values described in this list match the constants
as defined in Listing 1. All evaluations of this section
have been done using either the configuration for the
level one cache (see line “L1D” in Listing 2) or level two
cache (see line “L2U” in Listing 2). Only the additional
required parameters as described in section 4.1 will be
described in the following section.

To determine the necessary values as described in
Section 5 the hardware counters of the CPU have been
used and accessed through OProfile®. Some values
could not have been derived by OProfile. Callgrind’
measurements as well as binary analysis were applied
in this case.

We ran the tests with executables generated by the
GCC of version 4.2.1. In order to avoid unwanted op-
timizations by the compiler, optimization flags were not
used for compiling the stub.

80Profile - A System Profiler; http://oprofile.sourceforge.net/news/
7Callgrind is part of Valgrind. See also:
http://valgrind.org/info/tools.html

Original Function The application, which has been
used for the case study, is based on matrix multiplica-
tion as described in [SKIE9Q7]. Three two dimensional
arrays have been used for storing two input matrixes
and one output matrix. The size of a row as well as for a
column was set to a value of 1024. So each matrix has
a size of one mega byte which is the size of the second
level cache on the used testing system. The calcula-
tion inside of the algorithm has not been optimized, i.e.
no array transformations has been done. The deter-
mined values for different characteristic parameters of
the original CUS are given in Table 1.

teus 28.28s
L1CUS [ 1147703472
L1CUs T 1073741824
L1CUs | 2073486000°
ngritemiss 0
L2605 36000°
LQgg’femiss 0

Table 1: Measured Memory Performance Behavior of
the Original Function

As the used application includes only elements that
will be stubbed the times t°U7T and t“US are equal.
Therefore, the t5UT time will not be mentioned sep-
arately. The Intel Pentium 4 CPU does not provide
a write miss counter for the level one cache. Hence,
these events cannot be measured with OProfile. An
analysis of the binary of the CUS has shown that the
used algorithm performs a read access to all data just
before a write access to these data happens. As
read accesses bring data to the first level cache all
write accesses result in first level cache hits. Nei-
ther L1V . nor L2CUS . happens in the sys-
tem. Callgrind has been used to determine the level
one read and write hits as the architecture does not
provide appropriate hardware counters. The remain-
ing values, L1€V5 . and L2CU5 . . of Table 1 has
been measured with OProfile. As itis a sampling based
profiling application, the measurements has been done
ten times in order to evaluate the statistical behavior of
the application using the squared coefficient of variation
(SCV).

Dynamic Performance Stub In order to create the
stub, the algorithm of the approach has to be used
multiple times to create the different cache events.
To distinguish between the parameters a suffix has
been used, e.g. ITERATIONS_L1RH denotes the IT-
ERATIONS constant for simulating level one read hits
(“L1RH").

According to the values of Table 1, the parameters
for the stub have been adjusted. As the matrix multipli-

8The squared coefficient of variation is 0.00000353.
9The squared coefficient of variation is 0.00617284



cation uses the three two-dimensional arrays with one
mega byte each the complete cache for level one and
two will be used. Therefore, the stub will also be set
to use the complete cache by setting its SETS value to
the maximum value of the cache level.

The different parameters are determined as follows:

L1 Hit Access To create level one cache events,
a single cache line, as described, will be used. The
amount of iterations can be determined by dividing
the number of events by the amount of bytes of the
level cache line size. The determined value has to be
rounded. The parameters from Line “L1D” of Listing 2
has been used to determine the constants BLOCKS,
CACHELINE and ASSOC.

The following settings have been used:

* ARRAYSIZE_L1H = CACHELINE_L1

« SETS_L1=32

* L1 read hit: ITERATIONS_L1RH = 17932867
+ L1 write hit: ITERATIONS_L1WH = 16777216

L1 Read Miss / L2 Read Hit Access The parame-
ters from Line “L1D” of Listing 2 has been used to de-
termine the constants BLOCKS, CACHELINE and AS-
SOC. ADD_ASSOC_L1M is set to the minimum value
in order to use as few memory as possible for genera-
tion of the cache misses. As the used data size is big-
ger than the first level cache and every location is ac-
cessed at least once, as the number of SETS was set to
its maximum. Measurements have shown that, by us-
ing the dedicated memory approach to create level two
misses, only one miss out of four accesses happens in
the level two cache. The remaining three accesses will
be hits in level two. This is because of the out-of-order
execution possibility and the L2 hardware prefetcher. It
has to be taken into account by determining the amount
of iterations for creating level one miss accesses, which
are the same as level two hits. The following equation
can be used to determine the level two cache read hits,
which have additionally to be simulated.

ITERATIONS_L1RM =
L1605 oo — 3% L26Y 3

readmsiss readmiss

USED_ASSOC_L1RM x SETS_L1

The total amount of level two read hits created by
the approach for creating level two read misses has to
be subtracted from the total amount of level two read
hits. The total number of iterations can be calculated
by dividing the result by the number of events created
in the inner loops (Listing 1 Line 18 and 19). The result
for the iterations has to be rounded to the appropriate
value.

The different parameters are determined as follows:

+ ADD_ASSOC_L1RM =1
« SETS_L1 =32

+ ITERATIONS_L1RM = 7199230

L2 Read Miss Access The parameters from Line
“L2U” of Listing 2 has been used to determine the con-
stants BLOCKS, CACHELINE and ASSOC. The num-
ber of accessed cache lines (SETS_L2RM) was set
to its maximum as explained above. The value of
ADD_ASSOC_L2 was chosen in a way so that the al-
gorithm given in Section 4.1 generates the maximum
percentage of second level cache misses per access
but also the fewest possible amount of memory is used
by the stub.

As more cache events are created inside of the inner
loops (Listing 1 Lines 18 and 19) the value for ITERA-
TIONS_L2 was set to one as the number of generated
events are sufficient. The success rate of generation
of ongoing second level read misses is only 0.25% due
to the capability of the Pentium 4 processor to continue
execution while up to 4 read misses are outstanding at
the same time (out-of-order execution) [HINTO1].

The different parameters are determined as follows:

+ ADD_ASSOC_L2RM = 56
+ SETS_L2RM = 2048
* ITERATIONS_L2RM = 1

L1 and L2 Write Miss These events will not be sim-
ulated as these events do not occur in the original func-
tion.

Timing Behavior The timing behavior of the stub
has been adjusted according to [TRAP08]. The time
measured in the stub is 15.51 seconds. Therefore, the
remaining 12.77 seconds (t°VS" = 12.77s) has been
simulated. The values are reasonably close as the orig-
inal function is memory bound but also has to do some
CPU intensive work.

Validation The stub has been measured in the same
way as the original function. The results are provided in
Table 2.

The values have been measured in the same way as
in the original function (see Table 1). There are two
cache events which are slightly different: level one read
hit and level one read miss. The differences of these
values are rather small, therefore it does not limit the
approach. The values of the stub can be improved by

10The squared coefficient of variation SCV is 0.00003809.
"The squared coefficient of variation SCV is 0.01234568.



tSTUB 28.28s
L15TUB | 1147702488
L1STUE ~ 11073741824
LISTUE. [ 2072232000
L 1’5}3"}2{6?77.2’55 0
L2 dmiss | 36000
L2fo€i€e€niss 0

Table 2: Measured Memory Performance Behavior of
the Memory Stub

changing the number of iterations in the inner loop (List-
ing 1 Line 19) in the last iteration. This can be easily
realized but is denoted as future work.

As can be seen from the comparison of the measured
values for the original function (Table 1) and the mem-
ory stub (Table 2) the characteristic parameters of both
are quite similar. Small discrepancies that exist can be
easily improved.

7 Conclusion and Future Work

It has been proven that our dedicated memory access
approach can be used for simulating the memory ac-
cess behavior of applications in a deterministic way.
Therefore, the approach can be used for memory stubs
as a special subset of dynamic performance stubs. Es-
pecially, it simulates cache read and write hits and
misses throughout all caching levels. Unfortunately,
there are some issues with the out-of-order execution.
This behavior will be studied further but does not limit
the approach.
The following items will be evaluated in the future:

1. Improve dedicated memory access approach to re-
duce out-of-order effects.

2. Provide a methodology for calculating the sug-
gested amount of cache references depending on
the array size, the associativity and the caching
level.

3. Simulate the memory behavior of applications, e.g.
heap and stack usage.

This paper evaluates the data caching behavior for
memory stubs. The algorithm and a case study as well
as steps towards a methodology is provided in this pa-
per. Further approaches to simulate the memory ac-
cess behavior, e.g. heap and stack and to simulate
instructions- or trace caches remains to be done in the
future.
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