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Spim-Cache: A Pedagogical Tool for Teaching Cache
Memories Through Code-Based Exercises

Julio Sahuquillo, Noel Tomás, Salvador Petit, and Ana Pont

Abstract—Cache memories represent a core topic in all com-
puter organization and architecture courses offered at universi-
ties around the world. As a consequence, educational proposals
and textbooks address important efforts to this topic. A valuable
pedagogical help when studying cache memories is to perform ex-
ercises based on simple algorithms, which allow the identification
of cache accesses, for instance, a program accessing the elements
of an array. These exercises, referred to as code-based exercises,
have a good acceptance among instructors of computer organiza-
tion courses. Nevertheless, no tool (e.g., simulator) has been devel-
oped to be used in undergraduate courses working with this kind
of exercises; therefore, students perform such exercises by means
of the classic paper and pencil methodology. To fill this gap, this
paper proposes a new pedagogical tool, namely Spim-cache. A lab-
oratory example is also presented for illustrative purposes.

Index Terms—Cache memories, code-based exercises, computer
curricula, laboratory sessions, processor-cache simulation.

I. INTRODUCTION

THE ever increasing gap between the memory and the mi-
croprocessor speeds has encouraged microprocessor ar-

chitects for several decades to provide mechanisms in which
to hide the long memory latencies. Cache memories have be-
come the basic and ineludible mechanism employed by proces-
sors to hide these latencies and reduce the average data access
time [1]. Furthermore, the importance of caches grows as the
memory-processor gap widens, which is the current trend; for
instance, in 1980, some microprocessors were designed without
caches, while current microprocessors include two or even three
levels of caches on chip [2].

A large amount of research work on computer architecture
has focused on cache memories and related issues. As a con-
sequence, efficient mechanisms to manage and exploit caches
have been devised, some of them successfully implemented in
modern microprocessors. For instance, the advanced micro de-
vices (AMD) Athlon [3] includes a victim cache [4]; the Ita-
nium 2 [2] incorporates a prevalidated tag structure to provide
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fast accesses; and the HP 7200 implements the assist cache [5],
a particular type of split data cache [6].

Concerning international curricula recommendations, the
joint IEEE Computer Society and Association for Computing
Machinery (ACM) Computer Engineering Task Force has
identified cache memories as a core topic in the computer
organization and architecture area of knowledge [7]. As a
consequence, cache memories play an important role in com-
puter organization/architecture courses. Computer organization
courses cover the study of the basic functional units of the
computer and the way they are interconnected to form a
complete computer. On the other hand, computer architecture
courses primarily cover instruction set architectures, advanced
processor architectures, advanced memory issues, and multi-
processor systems.

The study of caches comprises a wide range of concepts. The
basics of caches, usually covered in an initial computer organi-
zation course, involves concepts, such as mapping functions or
replacement algorithms. Advanced mechanisms, some of which
have been implemented in modern microprocessors (e.g., way
prediction or trace cache), are typically covered in a posterior
computer architecture course.

A valuable pedagogical help when studying cache memo-
ries is to perform exercises based on simple algorithms, which
allow identification and analysis of cache accesses, as described
in some widely referenced books [8]–[11]. These exercises,
referred to as code-based exercises, have a good acceptance
among instructors of computer organization courses.

Because of the increasing use of computers in the classroom,
nowadays new teaching methodologies employ them as ped-
agogical tools. The use of simulators is highly recommended
since they enable students to visualize how the modelled system
operates. Concerning cache memories, simple simulators are
used to manage the basics of caches. Unfortunately, and to the
knowledge of the authors, none of them can be used to perform
code-based exercises.

This paper proposes Spim-cache, which extends the basic
Spim [12] simulator. The proposed tool has two main pedagog-
ical strengths over existing tools aimed at studying cache memo-
ries in undergraduate courses. First, the tool permits instructors
to cover a wider range of code-based exercises; therefore, the
learning process is accelerated. Second, unlike current simula-
tors showing how caches work in an isolated way, Spim-cache
displays how the processor and caches interact with each other,
thus reinforcing the learning process.

The remainder of this paper is organized as follows. Section II
summarizes the reasons that encouraged this work. Section III
describes the proposed pedagogical training tool. Section IV
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TABLE I
EDUCATIONAL SIMULATORS: AN OVERVIEW

discusses the laboratory example. Section V describes the as-
sessment study. Finally, Section VI presents some concluding
remarks.

II. BACKGROUND AND PEDAGOGICAL MOTIVATION

An interesting laboratory session where real caches are used
is described in [10]. In this laboratory students run a small
benchmark on a given computer. The benchmark consists of a
nested loop that reads and writes an array of data using different
strides and array sizes. The benchmark measures the average
data access time, which varies according to several factors,
e.g., whether this array fits into the cache. By analyzing this
time, students must deduce the cache geometry (i.e., cache size,
line size, and cache association). Further details can be found
in [10]. This laboratory really encourages students when they
work directly on the hardware. Unfortunately, the results can
only be easily analyzed when the benchmark is executed in
a relatively old processor (e.g., the Pentium II) with a simple
cache organization. In more recent microprocessors, including
some kind of prefetching (e.g., the Intel Pentium 4 [13]) or
victim caches (e.g., the AMD Athlon), the cache geometry can
not be deduced from the benchmark execution.

The mentioned drawbacks, jointly with the flexibility of soft-
ware tools, led instructors to train students by using cache sim-
ulators. Table I shows a subset of simulators that are currently
used for educational or research purposes. An interesting survey
of simulators can be found in [14]. Simulators can be classified
in two main groups according to the way they are driven: trace-
driven and execution-driven. The first ones are fed by simple
traces, while the second ones, much more complex, are fed by
a given benchmark.

With the aim of teaching caches in undergraduate courses, in-
structors generally use trace-driven simulators, e.g., DCMSim
[15]. A trace is composed of a set of lines where each line rep-
resents an specific event, that is, a write or read operation in a
given memory address. The simulator shows how the cache con-
tents change when a new event occurs. Thus, students can follow
how memory accesses miss or hit the cache. Some trace-driven
simulators have also been used for research purposes [16], [17].
However, since simulators are fed by traces, they are not suit-
able to perform code-based exercises.

Advanced execution-driven simulators are primarily used for
research purposes. These sophisticated tools concentrate only
on cache-related issues, e.g., the mlcache simulator [16], or on
the complexity of the entire microprocessor, e.g., the simple/
scalar toolset [18], which models an aggressive out-of-order
processor. The main advantage of these simulators is that they
provide, cycle by cycle, the details about each instruction in

the pipeline. Nevertheless, they do not usually offer a friendly
graphic interface. This fact, jointly with the complexity of the
modelled processor, makes advanced execution-driven simula-
tors inappropriate for undergraduates.

This paper proposes a processor-cache simulator intended
to be used in undergraduate courses. This simulator attempts
to get the best of both kinds of simulators, that is, a friendly
and easy-to-use simulator which allows visualization, cycle-by-
cycle, of both the cache and processor architectural states.

III. SPIM-CACHE

Spim is a simulator that runs MIPS32 assembly language pro-
grams. This language is used in important textbooks on com-
puter organization, such as the book by Patterson and Hennessy
[8]. The user interface for Microsoft Windows platforms, also
known as PCSpim, consists of a window split in four frames
which display the contents of: 1) the register file; 2) the pro-
gram code (assembler and machines); 3) the data memory; and
4) the log messages. These four frames, represented in lower-
case letters in Fig. 1, remain unchanged in the proposed tool.
As observed, registers are 32 b, while memory is organized in
32-b words and displayed in 16-B chunks.

A. Configuring a Cache

Spim-cache permits the simulation of a data cache, an instruc-
tion cache, or both (i.e., Harvard Architecture). To display the
contents of the cache or caches being simulated, the user inter-
face extends the main window of PCSpim by adding one or two
new frames (represented in capital letters in Fig. 1). The tool
displays, step-by-step, the cache contents and statistics, such as
the number of hits or misses. To start the cache simulation, users
must select the Cache Simulation option in the Cache Settings
dialog, which pops up after clicking on the Settings entry of the
simulator menu (Fig. 2). Then, a dialog with different cache con-
figurations is displayed.

The Cache Settings dialog, shown in Fig. 3, allows users to
choose the cache configuration, that is, cache size, block size,
mapping functions, etc. This dialog is accessible from the Cache
Simulation menu option. If the Show Rate option is selected,
some statistics are displayed in a small frame below the cache
frame. For the data cache, the number of misses is broken down
according to the three Cs categories, i.e., Compulsory, Capacity,
and Conflict.

B. Running a Program

In the basic PCSpim simulator a step of execution covers the
entire execution of a single instruction. The cache simulation
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Fig. 1. First step of execution of the store instruction.

Fig. 2. Cache simulation option.

extension modifies the semantic of memory reference instruc-
tions, i.e., loads and stores. A memory reference instruction that
hits into the cache takes only one step (as a normal instruction)
to execute. Nevertheless, because of pedagogical reasons, load
and store misses are handled with a different number of steps.

A load miss is handled in three steps: 1) detecting and
marking the miss in the corresponding set (all lines in the set
are marked); 2) fetching the block from main memory; and
3) loading the requested data into the corresponding register.
A store miss is handled in two or three steps depending on
the selected write miss policy (allocate or no-allocate). With
the no-allocate policy the steps are: 1) detecting and marking
the miss; and 2) storing the content of the register in the main

memory. With the allocate policy the steps are: 1) detecting and
marking the miss in the corresponding set; 2) fetching the block
from main memory; and 3) storing the corresponding data into
the cache. Finally, with respect to the instruction cache, a miss
is handled analogously to a load miss in the data cache. In this
case, the third step is the execution of the instruction.

A working example illustrates how Spim-cache handles
memory reference instructions. Assume a 128-B direct-mapped
instruction cache with a 16-B line size, and a 128-B two-way set
associative data cache with a 16-B line size, least recently used
(LRU) replacement algorithm, and write-through write-allocate
policies. These cache configurations and the program code can
be seen in Fig. 1. Consider the execution of the store instruction
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Fig. 3. Cache settings dialog box.

(the one shadowed in the code frame). The execution of this
instruction involves two cache accesses, one to the instruction
cache and the other to the data cache.

Regarding the access to the instruction cache, the store in-
struction is located at the address , which has 25 b
for tag, 3 b for index, and 4 b for byte offset. Using this field
layout, the address has 0000000001000000000000000 as tag
(i.e., if leading zeros are neglected), 010 as index (set
2), and 0 as byte offset. Since the tag of the line in set 2 matches
the obtained tag, this access results in a hit.

With respect to the access to the data cache, the target
memory address is , which has 26 b for tag, 2 b for
index, and 4 b for byte offset. Using this field layout, the address
has 00010000000000100000000001 as tag (i.e., if
leading zeros are neglected), 11 as index (set 3), and 4 as byte
offset. Since no tag in set 3 matches the obtained tag, the data
cache access results in a miss. Since the two ways of the set
contain a valid line, the LRU algorithm selects the line placed
in way 1 to be replaced, since that line has the higher LRU
counter value. Therefore, in the second step the missing block
is fetched from the main memory. Finally, in the third step the
content of register $14 is written to the data cache and also to
main memory because of the write-through policy.

IV. ACHIEVING THE LEARNING OUTCOMES: A LABORATORY

SESSION EXAMPLE

This section presents a laboratory example composed of a set
of exercises that follows the pedagogical guidance of the current
teaching books. This laboratory session was performed by the
students of the computer organization course at the Polytechnic
University of Valencia, Valencia, Spain, during the 2005-2006
academic year. The laboratory requires the use of MIPS R2000
assembly programs. Because of time restrictions, students are
provided with small code fragments for guidance purposes.

The main goal at this level of training is to work on the basics
of caches. Because of pedagogical reasons, the difficulty level

of the exercises increases gradually so that students can reach,
step-by-step, the learning outcomes. For the sake of clarity,
all the exercises assume that variables containing nonarray
elements are not located in the cache but in the register file.

A. Mapping Functions

In this exercise students work on how memory blocks map to
cache. Students must deduce how the cache controller interprets
the memory address by identifying which bits correspond to the
tag, the set, and the offset fields. Textbooks use either the term
set [11] or the term index [8] with the same meaning, that is,
this field refers to the address bits used as an index to access the
corresponding set.

To perform this exercise, students are supplied with the algo-
rithm and the assembly code shown in Fig. 4. Two eight-word
arrays (A and B) are defined and allocated in the main memory.
The code implements the function and, there-
fore, reads and adds the elements of A.

First, students work with mapping functions for a given cache
geometry (256-B size, 16-B line size, four-way set associative),
using paper and pencil. They must obtain the cache sets where
the elements of the array will map and the corresponding tag
values. Fig. 5 shows the address fields. The low-order 4 b of a
memory address represent the offset, since the line size is

B. The next low-order 2 b provide the set identifier as
. The remaining 26 b provide the

tag field. On the other hand, since lines are 16-B large, two lines
are required to store an eight-word vector. In this cache, the four
low-order elements of vector A are placed in the first way of set
0, and the next four elements in the first way of set 1. Both lines
are tagged with a value. Vector B also maps to the
same sets and is stored in the following ways, with a
tag value (Fig. 6). After obtaining these values, students must
extend the program in Fig. 4 to implement

. In this way, when the program is executed, the elements
of both arrays will be written into the cache. Once the program
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Fig. 4. Algorithm and corresponding code to study mapping functions.

Fig. 5. Address fields and corresponding bits.

Fig. 6. Algorithm and assembler program example.

is completed, Spim-cache is used to check the results obtained
using paper and pencil.

B. Temporal and Spatial Locality

Students work on spatial and temporal localities by analyzing
how they impact on the cache performance (i.e., the hit rate).
With the aim of analyzing spatial locality, students are asked to
run the previously developed program using three different line
sizes (16, 8, and 4 B). As in the previous exercise, a 256-B size,
four-way set associative cache is considered. For each simula-
tion, students must obtain the hit rate and classify the misses.
They are encouraged to analyze the obtained results. In this way,
they realize that the larger the line size is, the higher the spatial
locality is.

All elements in each array are accessed only once; therefore,
the program performs 16 memory accesses. If lines are 16-B
large, four lines are required to store the 16 elements of an array.
The access to the first element in each line results in a miss (4
compulsory misses), while the remaining 12 accesses hit into
the cache and achieve a 0.75 hit rate. Analogously, the hit rate
is 0.5 and 0 for 8-B and 4-B line sizes, respectively.

With the aim of working on temporal locality, students must
implement an external loop in the program. Fig. 7 shows the al-
gorithm and a possible code implementing it. Experiments must

Fig. 7. Algorithm and corresponding code to study temporal locality.

be performed for a 256-B size, 16-B line size, and four-way set
associative cache. In this exercise aimed at studying temporal
locality, students vary the number of iterations ( , 5, 10,
and 100) of the external loop. As above, for each run they must
obtain the hit rate and classify the misses. They are encouraged
to interpret the results and draw conclusions about the impact
of the temporal locality on the cache performance. The hit rate
for 5, 10, and 100 iterations is 0.95, 0.975, and 0.9975, respec-
tively.

C. Replacement Algorithms

To study replacement algorithms, students are supplied with
the assembly program in Fig. 8. The cache is assumed to be
256-B size, 16-B line, and direct mapped. The vector size

B B is twice as large as the cache storage
capacity. Students are asked to identify the content of the set 0
after the program execution.

Only half the vector fits into the cache since the vector is twice
as large as the cache size. Elements are accessed in sequential
order; thus, when the program finishes its execution, the cache
stores the second half of the array (elements ranging from 64 to
127).

An alternative way to study replacement algorithms is to use
several small vectors mapping to the same set. For instance, in-
structors may ask students to provide three vectors mapping to
a given set in a two-way set associative cache. With these kinds
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Fig. 8. Algorithm and corresponding code provided to work on replacement algorithms and strides.

TABLE II
SENTENCES AND RESULTS FROM THE QUESTIONNAIRE

of exercises, students can follow how the LRU counter values
change because of the replacement algorithm.

D. Accessing at Different Strides: Emphasizing Temporal and
Spatial Localities

Accessing the elements of an array at different strides helps
to acquire a solid understanding on cache memories. At this
point, students are asked to run the program shown in Fig. 8
using different stride values (i.e., 1, 2, 4, 8, 16, 32, and 64) to
access the elements of the array, and repeating the external loop
100 times. Students must change the content of register $3 with
the desired stride value, and modify the content of register $8
with the number of desired iterations of the external loop. Ex-
periments must be run for a 256-B, 16-B line, four-way set as-
sociative cache. For each run students must obtain the hit rate
and classify the misses. Then, they must draw conclusions about
how different stride values and number of iterations of the ex-
ternal loop (i.e., varying spatial and temporal localities) impact
on the hit rate.

V. TEACHING CONTEXT AND SPIM-CACHE ASSESSMENT

The computer organization subjects taught at the Polytechnic
University of Valencia are organized in two annual courses [19],
namely, Computer Fundamentals (first year) and Computer Or-
ganization (second year). The Computer Organization course is
attended by about three hundred students. This course covers the
following topics: the processor, the memory unit (caches, main

memories, virtual memory, etc.), the input/output unit, and the
arithmetic-logic unit [19]. Each unit covers about 25% of the
time of the overall course. Laboratory sessions are weighted at
about 20% of the score of the course mark of the student. The re-
maining mark is obtained from a written examination containing
both theoretical questions and practical exercises.

An initial version of Spim-cache has been used in the Com-
puter Organization course to perform the laboratory session de-
scribed in Section IV. When students used the tool, the learning
effectiveness increased compared with the three previous aca-
demic courses, since students increased their grades (i.e., those
related to cache issues) by about 21%, 26%, and 23%, respec-
tively. During this period of time the remaining aspects of the
teaching methodology related to cache memories were not mod-
ified. In addition, instructors noticed that they spent less time
solving cache-related questions during their office hours. This
fact is a result of the wide acceptance of the tool among the stu-
dents, who extensively used Spim-cache to clarify doubts con-
cerning theoretical concepts and problems studied in the class-
room.

Laboratories are organized to be 2 h long. To provide self-as-
sessment of the proposed tool, authors prepared a short ques-
tionnaire, which contained seven questions (Table II) related to
the tool and the laboratory. The questionnaire was voluntarily
completed by about 90% of the students attending the laboratory
sessions. Responses were on a 100 point scale, where 100 and
0 indicated strong acceptance or rejection, respectively. Table II
shows the results.
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The first three questions evaluated how Spim-cache provided
support for the study of the basics of caches. Question 4 eval-
uated how the tool can be used in a self-training way to solve
questions previously studied in the classroom. Question 5 dealt
with the usefulness of the laboratory for reinforcing theoret-
ical concepts. Question 6 evaluated the goodness of the user in-
terface. Finally, question 7 provided information on how inter-
esting the laboratory was for students. Results are encouraging,
since most of the responses had a score of 75.

VI. CONCLUSION

This paper has presented Spim-cache as a pedagogical tool
for dealing with code-based exercises in undergraduate courses.
The tool facilitates the understanding of theoretical questions,
thus allowing students to feel more confident when studying
cache-related issues.

The proposed tool has two main pedagogical strengths. First,
the tool permits instructors to cover a wider range of code-based
exercises; therefore, the learning process is accelerated. Second,
unlike current simulators showing how caches work in an iso-
lated way, Spim-cache displays how the processor and caches
interact; therefore, the tool reinforces the learning process. In
this context, extra exercises (e.g., write policy-related examples)
can be offered to those students wishing to learn more about this
subject.

The final aim of this paper is to share the authors’ experience
with other instructors. For this purpose, a laboratory example
has been described. The current version of Spim-cache is avail-
able at http://www.disca.upv.es/spetit/spim.htm.
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