XMSIM: EXtensible Memory SIMulator for Early
Memory Hierarchy Evaluation

Abstract—This paper presents a memory hierarchy evaluation
framework for multimedia applications. It takes asinput a high
level C code application description and a memory ibrarchy
specification and provides statistics characterizig the memory
operation. Essentially the tool is a specialized C+#ata type
library which is used to replace the application’sdata types with
others that monitor memory access activity. XMSIM’soperation
is event driven which means that every access tospecific data
structure is converted to a message towards the memny model
which subsequently emulates memory hierarchy operain. The
memory model is highly parametric allowing a largenumber of
alternatives to be modeled. XMSIM’s main advantageis its
modularity allowing the designer to alter specificaspects of the
memory operation beyond the predefined ones. The rma
features are the capability to: 1) simulate any sufet of the
application’s data types, 2) user defined mapping fodata to
memories, 3) simultaneously simulate multiple memgr
hierarchy scenarios, 4) immediate feedback to code
transformations effect on memory hierarchy behavior 5)
verification utilities for the validation of code transformations.
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. INTRODUCTION

Microprocessor speeds have risen dramatically duttire
last years in discrepancy to current memory opmtagpeeds.
This fact indicates a major bottleneck in the pssoe-memory
intercommunication, deteriorating system perfornearand
increasing time delay. Moreover, applications ia émbedded
system domain require drastic reduction of powesamption
for long life battery operation. The use of cachenmaries has
long provided a way to hide such latencies and aecower
consumption [1]. For the above reasons, it is igldceptable
today that memory hierarchy design is one of th@masues
in modern embedded processors’ implementation.

used that is, arrays and scalars which are deted@hcompile
time. Although there has been an extensive reseamncthe
automation of the optimization, it is still an ardeat human
interaction is required. In most cases the desigheuld have a
minimum knowledge about how the application works t
perform optimizing decisions. Additional designaetfcan be
saved if the algorithm's designer has an insigbugbow its
decisions affect the performance of the memoryesystOur
work provides the designer with the ability to esdk his
decisions on the back-end of the hardware design fl

In this paper, a memory hierarchy evaluation fraomws
proposed that unifies the algorithmic developmet memory
hierarchy optimization phase. It is an event-drieemironment
where the application's arrays ands scalars arstisubd by
objects with the same behavior, providing profiling
capabilities. Profiling is accomplished by means exent
generation when memory accesses take place tlat &;cess
to a data structure. These messages bear infometimut data
structure accesses and are forwarded to a memodglrtoat
records and translates them to memory accessesufpet of
the tool is a series of profiling data, characiagzhe memory
hierarchy performance.

The advantages of the tool are: 1) The memory mixdel
highly parametric and models a large number of mgmo
hierarchy scenarios, 2) The overall algorithmic elegment,
debugging and optimization take place under a singl
environment which is the Microsoft Visual StudioBD2]. 3)
Verifying the program's integrity after code traorsfiation's is
made easy by verification routines developed f@& phurpose.
4) Multiple memory hierarchy scenarios can be exawohi
simultaneously, 5) The designer can fully contratiadmapping
to memories and the subset of data structureshthatants to
simulate, 6) The tool is extensible that is, theigleer can built
new classes inheriting the default ones providiagr uefined
analysis as well as configure the memory's operdiiomeans

Nowadays system design flow is a two phase procesg.f callback functions and 7) It can be extendeddoperate

Initially the application is developed in a higtvéé language

with existing tools (CACTI [3],[4]) that provide pe@r

(such as C/C++) by designers bearing an algorithmi€stimation.

background. More or less they provide a functiaoale which
is by far not optimized. In the second phase thppimgy of the
application to a specific embedded processor ideémented
and optimized. Today's mainstream practice
collecting results of the application first anddewy the results
to a separate profiling/optimization program aftares. Our
work facilitates the completion of the optimizatiprocess in
the following ways: 1) application's code developmand
profiling are performed on the same developmennéwork
and 2) instant verification of the code transforioat

Usual practice is to develop algorithms in C lamgua
which is more close to hardware implementation. éMor

specifically, a small subset of the C languagets tigpes are

The paper is organized as follows: Section 2 inefuthe
related work while Section 3 explains the simulator
architecture. Section 4 describes the developmantaanment

request8ection 5 presents the experimental results, aradlyfiSection

6 concludes the paper.

Il.  RELATEDWORK

Most cache simulators nowadays target more on
educational purposes than cache design. Althoughwauk
can be used on both disciplines, our main purpaseoi
facilitate code optimization towards cache effitigtesign.
Currently there are two types of cache simulatexgcution-



driven and trace driven. Execution-driven
([5],[61,[7]) display cache operation, as well @chke-processor
communication, giving a more detailed view of tlmnputer

system at the expense of simulation time and glafitace-

driven simulators [8] simulate the result on cachate and
contents of a specific memory access trace whicfedsas

input to the simulator. Moreover, execution-drivé@mulators

bind on specific processor architecture while trdideen are

architecture independent. From this point of viewt work is

categorized to the trace driven division.

One of the first attempts to build a cache simulatas the
PC-Spim [9] which was extended with the appearaote
SpimCache [10]. Unfortunately, the latter was osujtable for
one cache level simulations and could not alterheac
characteristics like the line size or different ipiels. An
extension of SpimCache was the SpimVista toolij@&nded to
represent cache hierarchy and the interaction leetveache
levels. Simplescalar [5] is another representatixemple of an
execution-driven cache simulator, as well as theaofie
simulator [7]. On the other hand, trace-driven datars are
easier to understand. Dinero IV [8] is a trace-ghisimulator
written in C where various cache design paraméligescache
associativity, write-back or write-through, cacheelsize etc)
can be configured.

Our work differentiates in many aspects. In botbety of
existing simulators it is difficult to associateethC code
statement executed and the particular action tgiace in the
cache because the input to all simulators is trserably
language. In our work the designer observes thaltsesf
every C statement in memory state and contentsedder, it
is extensible such that new measurements can togliied by
the designer. Finally, it is equipped with the dafiy to verify
correctness of the application's transformed code.

.  SIMULATOR ARCHITECTURE

The simulator engine consists of two main partsthb)
Event Generation Engine and 2) the memory moded. Hent
Generation Engine is the core of XMSIM. It is adity of two
template classes emulating the C language’s asnagyscalars.
Each array or scalar can be fully emulated fromr@pgrly
parameterized template class. The main purposeheset
classes is to record data structure access actuityproduce
events to experimental objects such as a virtuamong
hierarchy or CPU. Since, these classes can fulhgtiute the
C native types the application executes in an idehtvay
providing a trace of events able to trigger updatstate and
contents of the experimental objects. The overadtes
transition can be studied either step by step osummary
making the evaluation possible.

Fig.1 illustrates XMSIM architecture. The tool eggaent
to the application involves two steps: 1) subsbtwtof the
application's arrays and scalars with the toolta tges and 2)

mapping of these data types to Memory Model. As the

application is executed, events originating frontadéype
accesses are directed to the Memory Model, whispamrds
with data flowing to and from the application. Thehole
simulation/analysis process is based on a wellbksted
development IDE, the Microsoft Visual Studio whidh

simulator exploited to extended the tool's capabilities. Eaghulation

context consists of the application and XMSIM litea. Both
are compiled and linked as one C/C++ project ang th
execution provides the experimental results.

Microsoft Visual Studio IDE

Eve nta

Memory System

Event Generation
Engine

Application

&

Figure 1. XMSIM architecture

The Event Generation Engine includes two classesfan
arrays (called CArrayWrapper) and one for scalars
(CcalarWrapper). It uses operator overloading [11] to
emulate all native C language’s operators by uséned ones
functionally equivalent but with the ability to pile and
driving experimental objects through the use ofnesieor this
reason, each template class includes an array iofep® to
objects corresponding to an abstract class [11¢a&Context
representing the interface of experimental objeztthe Event
Generation Engine. Th€Context class consists of a set of
member functions each corresponding to a type ehtevio
support event capture and service each class esyiieg an
experimental object should be derived from thesalZontext.

The Memory Model is a set of classes each correpgn
to different types of memory technology. All theagtes are
derived from theCContext class to support event handling and
interface with the Event Generation Engine. Culyeiour
framework supports parametric models for SDRAM tista
RAM, cache and scratch-pad memory. Each, memorgcobj
includes pointers to other memory objects so asntalel
memory hierarchies. In addition, for the event Hiagdeach
memory class provides specialized implementationthaf
member functions inherited frol@Context according to its
operation.

To summarize, events are generated upon accessyto a
scalar or array data structure. That is in evesraior function
inside CArrayWrapper and CScalarWrapper. Events take the
form of calls to CContext member functions inside each
experimentation object. The objects handle thesesages by
altering their state and contents according toitiiermation
conveyed by each message. The carried informatioludes
the type of data access (read or write), virtuadress, etc.
Fig.2 depicts the event generation and handlinghanrg@sm.

Application CArrayWrapper Memory Object
Object
o+ AT calls . operator+ callsly,  ceang READ(
data data
WRITE|
A= . calls _ _lcallsly weimeg 0
> operator= = F
[ data datd] SpecializedREAD()
WRITE() event
handling routines
e CCONtENt

Figure 2. Event generation and handling
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Figure 3. XMSIM Extensibility options

The overall tool architecture gives prosperous gdoto
extend its functionality. Every class in both theveBt
Generation Engine and the Memory Model can be itdteby
a user defined class to widen the functionality aimulation
utilities. Hence, inheritance [11] provides everdndling
support necessary to trace data type access eamdtgives
user defined opportunities to extend memory acessdysis
and behavior. Fig.3 summarizes the extensibilityiomg of

Service lies within the four main routines of eackemory
class, which are the MAP, ADDRESS, WRITE and READ
functions. These functions can be re-written tofie's needs
(like time delays from data transfer or specificcs@f misses),
ornamented with enhanced functionality (like sphitches or
write-around policy), or even extended by callinddiéional
routines. Furthermore all the classes can be eateird order
to implement brand new concepts of memory layohtusTthe
researcher can model any memory unit and test amary
hierarchy, restricted merely by his/her programmamgitude
and his ambition.

The following example illustrates how one aspect of
XMSIM functionality can be configured by rewritinthe
callback function ADDRESS(). The default realizatimf
XMSIM assumes row-wise mapping of array data to omwm
The example shows how the row-wise mapping can
transformed to column-wise. In XMSIM the Physicaldkess
(PA) of an array data value in memory is the surthefarray's
Base Address (BA) and the Virtual Address (VA). Tatter
determines the ordering of array elements in memdhe
ADDRESS() function calculates the virtual addressd a
provides this value to the memory model to compite
physical address. The physical address is estinfabed the
following equation

be

PA=BA+VA (1)
The VA for row-wise mapping is given by the followj

XMSIM. The designer may combine one of the Eventequation

Generation Engine components (base or extendel)oni of
the Memory Model's. Totally there are 4 combinatioby

which the base and extended components can be wediBy
extending the Event Generation Engine new oppdi&snof

analysis emerge from the application’s data ty@asthe other
hand by extending the Memory Model classes, memarith

different characteristics and functions can be ohiiced.
Moreover, new analysis scenarios can be built basedhe
XMSIM event driven concept.

Moreover, having one conceived the organizatiorthef
project can alter or enhance at will the behavidche memory
models. The core of the functionality of the Memdnfpdel

VA=IH+§G_[?:MNJ)-Ii 2)
i=1

wheren is the number of array dimensions axdis the
size of thej-th dimension. On the other hand, column-wise
mapping is realized by equation (3). Fig.4 shows tio
versions of the ADDRESS() function correspondinghie row
and column-wise mapping respectively.

VA:|1+Zn:ﬂj:'ile)-|i 3)
i=2

ROW-WISE MAPPING

template <typename T>

void CArrayWrapperT<T>::ADDRESS(unsigned int &Virtua |Address) const{

unsigned int i,j;

inticoef ;

/I MACROS

/I ARRAY_DIMENSIONS : Returns the number of arra y dimensions
/I DIMENSION_SIZE(j) : Size of the ith dimension

/I ARRAY_SUBSCRIPT(j) : Value of the ith array sub script

VirtualAddress =0;
for (i= ARRAY_DIMENSIONS-1;i>= 0 ;i )
icoef=1,;
for (j=ARRAY_DIMENSIONS-1; j>=i+1; j--){
icoef *= DIMENSION_SIZE(j);

}
VirtualAddress += icoef"ARRAY_SUBSCRIPT(i);
}

return;

}

COLUMN-WISE MAPPING

template <typename T>
void CArrayWrapperT<T>:ADDRESS(unsigned int &Virtua

|Address) const{

unsigned int i.j;

inticoef ;

/I MACROS

/I ARRAY_DIMENSIONS : Returns the number of arra y dimensions
/I DIMENSION_SIZE(i) : Size of the ith dimension

/I ARRAY_SUBSCRIPT(j) : Value of the ith array sub script

VirtualAddress =0;
for (i=0;i< ARRAY_DIMENSIONS-1 ;i++ X
icoef=1;
for (j=0; j>=i-1; j++){
icoef *= DIMENSION_SIZE(j);

}
VirtualAddress += icoef"ARRAY_SUBSCRIPT(i);
}

return;

Figure 4.

ADDRESS() function transformation example



IV. DEVELOPMENTENVIRONMENT

the other being the original. This option is essgrib verify
code correctness when the designer applies

In the sequel the environment supporting the desigriransformations. For this reason, XMSIM providesifigation

analysis and optimization phases will be descriée. overall
framework is based on a popular development enwigam the
Microsoft Visual Studio. It is an extensible and tume
environment used extensively in many contexts. &4oft

routines in CArrayWrapper and CScalarWrapper classes to
compare equality between the XMSIM's objects and @
language’s data types. Fig. 6 depicts how XMSIMdfarms
C language data types to XMSIM data type declanatidhe

Visual Studio provides an extensive set of debugginoutcome of this process is the application’s stetdm to

capabilities step by step execution and traceeftiplication’s
variable values.

The experimental setup requires the memory ardhitec
the application and the variables’ set to examidemory
hierarchy scenarios are described in a flat inpatif a very
simple language format. The parser instantiatesliakd the
memory objects to form memory hierarchies. The iofarms
about the memories made, or about erroneous inpdeany
memory hierarchies can be imported in a singletififgs Thus
one can simultaneously challenge a code againstnative
memory hierarchies.

Name: Main memory;
Type: SDRAM;
Banks: 4;

Rows: 1024;
Columns: 1024;
Wordsize: 32;

end: Main memory;

Main memory

Name: L2;
Type: Cache;
Upper memory level: Main memory;

Miss policy: write-through;

Associativity: 2; /* 2-way associative */
Blocks: 256;

Words per block: 64; L2
Wordsize: 32;

Energy consumption per access: 1.3 nJ;
end: big;

Name: L1;

Type: Cache;

Upper memory level: L2;
Miss policy: write-back;
Associativity: 1; /* direct mapped */ L1

Blocks: 16;

Words per block: 2;

Base level memory: Yes; /* closest to CPU */
Wordsize: 32;

Energy consumption per access: 0.5 nJ;

end: L1; ‘

CPU D

Figure 5. Memory hierarchy description file example.

The language used at the input file to depict tlenory
model is straight-forward and easy to understandenE
command must take up a single line and be delintitedhe
semicolon (;) as in C/C++ grammar. All commands afréhe
form: “parameter: value” and the command repertbiaedly
exceeds fifteen members. The script can include-lioee
comments after the hash sign (#) at the beginnfripenline.
Every memory unit is uniquely named and declarguhisgely
from the rest. The directives describe physicatattaristics of
every memory unit such as the number of blocks,dwaf
every memory block, the size of every word in hitgmber of
banks in the case of SDRAM as well as operatioicigsl like
write-back/write-through and associativity.
consumption can be defined and the way differeninarg
units are connected to form a multilevel hierardfig.5 shows
an example of memory hierarchy description file.

The second stage involves two steps. The firstemscthe
replacement of the application’s data types wite tines
provided by XMSIM. At this point the designer magcitie to
have two versions of the code the one engaged t&IXMand

remain untouched operating on XMSIM’s data types.

IIstatic unsigned char gauss_x_image[N][M];
IIstatic unsigned char gauss_xy_image[N][M];
IIstatic unsigned char comp_edge_image[N][M];
IIstatic unsigned char out_compute[N][M][NB+1];
IIstatic unsigned char max_compute[N][M];

int DIm1[2]={ N M;

int DIm2[3]={ N, M NB+1};

static  CArrayWrapperT <unsigned char
static  CArrayWrapperT <unsigned char
static  CArrayWrapperT <unsigned char
static  CArrayWrapperT <unsigned char
static CArrayWrapperT <unsigned char

> gauss_x_image (2, Diml, "gauss_x_image" );

> gauss_xy_image (2, Dim1, "gauss_xy_image" );
> comp_edge_image (2, Dim1, "comp_edge_image" );
> out_compute (3, Dim2, "out_compute” );

> max_compute (2, Dim1, "max_compute" );

Figure 6. XMSIM engagement example

In the second step the designer has the abilitydap the
XMSIM’s arrays and scalars to specific memory laoz. If
this step is overridden for any data type then XM®laces it
automatically to main memory following a sequential
placement on empty address space. Fig.7 illustrébes
assignment of a specific memory address to an amile
Fig.8 depicts the application's code layout afteM;M
engagement. As it is obvious, nothing is changethéncode
except for the data type declarations.

unsigned int base_address = OxFFA3;
ATTACH_ARRAY_TO_MEMORY (array, main_memory);

ATTACH_ARRAY_TO_MEMORY (array, main_memory, base_add ress);

Figure 7. Attachment of an array to memory example

The ultimate goal is to evaluate an applicatiormenemory
hierarchy in respect to power, area and speed eaeffor this
reason XMSIM can be used in cooperation with existi
power, time and area estimation kits developedhfedifferent
memory technologies supported by XMSIM. The CACJolt
[3] can be used for cache and scratch-pad [12] ewfor
SDRAM exist power and speed estimation models susctine
ones provided by Micron [4]. Before running the siation,
the aforementioned tools supply power, area and timatrics
for each memory. The outcome of simulation provides
operational profile of the application in termspafwer speed
and area.

Finally, there are two spots in XMSIM where theidasr
can broaden its utilities. The first involves theveht

Energy Generation Engine while the second the Memory Model

XMSIM provides default functionality that refers tthe

analysis of the data structure access patterns adsal the
memory system performance. The designer can exdetide
analysis utilities following the principles des@ibin Section 3
to record the frequency by which array elementsaamessed,
data locality etc.

code



void cav_detect(){ Original Application Code void cav_detecipplication Code after XMS IM engagement

*C declarations */
static unsigned char
static unsigned short

/*C declarations */
/* Step 1 data type substitution */
GB+2]; /Istatic unsigned char gauss_x_image [N[ M; // commented

/Istatic unsigned short gauss_x_compute [ N][ M[(2* GB+2]; // commented
int Dim1[2]={ N M;
int  Dim2[3]={ N, M2* GB+2};

static CArrayWrapperT <unsigned char > gauss_x_image (2, Diml, "gauss_x_image" );
static CArrayWrapperT <unsigned short > gauss_x_image (2, Dim2, "gauss_x_compute" );

gauss_x_image [ N[ M;
gauss_x_compute [ N[ M[(2*

/* C Statements */
for (x=GB x<=N-1- GB ++ x){
for (y=GB y<=M1- GB ++ y){
gauss_x_compute [ x][ y][0]=0;
for (k=-GB k<=GB ++ k)
gauss_x_compute [x][ y][ GBrk+1]=
gauss_x_compute [x][ y][ GB+k] +
(image_in_traf [ x+k][ y]* Gauss[ abs (k)]);
gauss_x_image [x][ y]=
gauss_x_compute [x][ y][(2* GB+1]/ tot ;
} /* C Statements */
} for (x=GB x<=N-1- GB ++ x){
. for (y=GB y<=M1- GB ++ y){
gauss_x_compute [ x][ y][0]=0;
} for (k=-GB k<=GB ++ k)
gauss_x_compute [x][ y][ GB+k+1]=
gauss_x_compute [ x][ y][ GB+k] + ( image_in_traf
gauss_x_image [ x][ y]= gauss_x_compute [x][ y][(2*

/* Step 2 (optional) map arrays to specific memory
unsigned int base_address = OXFFA3;
ATTACH_ARRAY_TO_MEMOR¥(ss_x_image , main_memory, base_address);

segments */

[ x+k][ y]* Gauss[ abs (k)]);
GB+1)/ tot ;

Figure 8. Example of code layout

V. EXPERIMENTS

Our experimental setup consists of the base XMSIM
configuration and an image processing applicatiatied
cavity detector [13]. Basically, cavity detectorasmedical
application consisting of three loop kernels. Thestf
performs lowpass filtering to blur the input imagie
second applies an edge detection algorithm andtHing
derives the negative of the image picture. For
experiments an optimized version of the cavity ci&e is
also derived. A series of loop transformationsdfq applied
to the original code focusing on data locality imoyement.
Subsequently XMSIM’s utilities verified the correess of
the loop transformation, prior experimentation. Tasulting
code has one loop kernel corresponding to the uafche
initial three.

the

Since there are many memory configuration parammeter
any many values to decide among them, a huge dspayge
is created. The following experiments intent to egian
overview of the feedback provided from XMSIM duritige
algorithm development or optimization phase andhwmt a
fully optimized memory hierarchy is produced foreth
testbench application. In this context, the measargs
presented concern the cache's and SDRAM's observed
performance challenged over different major charéstics.
In respect to the cache, these include the caatie ize, the
number of blocks, the number of words per block &l
number of cache hierarchy levels. Regarding the ABR
these include various internal organizations camogr the
cache rows and columns size. Finally, performange i
evaluated with either of the following: the memdiys or
misses, and the total memory references (readjwrite

The graph in Fig.9 depicts cache hits and missetho
initial and optimized (traf) cavity algorithm forne level
direct-mapped write-through cache consisting irhezase of
256 block of 4 words, 128 blocks of 8 words, 62ck®oof 16
words and 32 blocks of 32 words. As words per block
increase we get a better performance for both s

while the optimized version of cavity has a lowerclte
activity because the sum of hits and misses iscetlin the
case of the optimized version. Fig.10 illustratesche
performance for the initial and optimized (traf) vitg
algorithm for one write through cache consisting 2&6
block of 4 words, when sets are 1 (direct-mapp2®;way
associative), 4 and 8. Numbers are in thousandssé&®ea
slightly better performance when sets are increaBegdl1
depicts SDRAM row hits and misses [14] at various
architectures for original and optimized cavity althm.
From a range of 262144 rows by 8 columns up to 2048
1024 columns we see that hits constantly rise wten
number of columns increases.
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Figure 9. Cache performance figures for various cache block
configurations
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Figure 10.Cache performance figures for various cache asbaties



Fig.12 and 13 present the explored memory hierarchy experimental results have been derived in a vemrtsh

configurations for the two different versions ofvita amount of time which includes the editing of thenmogy
detector. In all cases the main memory is an SDRAM configuration file and the execution of the testiien
memory chip with 4 banks each organized in 204&rand application. Hence, the proposed tool gives theodppity
1024 columns. Totally, three different cache bamkge been to challenge a large number of scenarios in a dised

used in the various scenarios with the following immediate way.
characteristics: 1) Bank C1 is a 128Kb 4-way wiieck

cache with 128Kt_)locks and 1 wor(_j per block ,2) Béxikis VI. CONCLUSIONS
a 64Kb 4-way write back cache with 64KBlocks anddird ) .
per block and 3) Bank C3 is a 256Kb 4-way writekac ~To conclude we believe that XMSIM, in its preseorin,
cache with 256Kblocks and 1 word per block. is an evaluation framework that facilitates the twafe
designer in the exploitation of existing memoryraiehies
N — SORAM 2WWords organized in or the derivation of new ones for a given applmatiThe
9 [<=¢==Traf DOR misses S ey " framework is equipped with validation routines watpntee
s Normal DDR hits - .
 20000[ ot Noma DORmissef || 2 a4 8 correctness of the transformations imposed on the
£ 4 omm application. The designer can amend the XMSIM's C++
>15000] 6 16384 128 native code, in order to extend the memory classes
£ s a0 o1 enhance the functionality of the existing ones. ifiddally,
E 100061 %y e the tool provides platform independent exploratidrich is
o by far easier to understand and manipulate thastiegi
T s execution-driven simulators that delve into theadstof
2 memory processor communication. On going work, is
directed to the development of a graphical interfaacfurther

R e S0 automate input and output, producing graphics fioectl
result analysis, best case finding and so on.

Figure 11.SDRAM Performance figures
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