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Abstract. The knowledge of internal structures of the cache-memory
hierarchy and its performance is very important in modern computer
systems. Therefor, this paper introduces a mathematical model that
describes the transition between Level 1 and Level 2 cache of current
processors. The theoretical predictions are proved by measurements for
two Intel CPUs and an UltraSparc II system.

1 Introduction

As the performance gap between CPU and I/O devices increases rapidly in mod-
ern computer systems the understanding of I/O systems is of great interest. In
the context of the IPACS project that develops benchmarks for distributed sys-
tems a mathematical model was introduced that characterizes some performance
issues within the memory subsystem.

Modern computer systems have a hierarchical architecture of storage called
the memory hierarchy. Each level of the hierarchy is slower and of larger size than
higher levels. Typically the memory hierarchy consists of CPU registers, Level 1
cache, Level 2 cache, main memory and disk storage. Often referenced memory
can be stored in the fastest possible hierarchy level to increase the performance
of memory access, especially in cache and main memory. This technique can
strongly improve the application performance. However it complicates the ex-
act understanding of the processes that influence the performance of memory
accesses.

This paper describes a mathematical model that helps to understand the
performance within the cache hierarchy levels. It focuses on the performance
description of the Level 1 and Level 2 cache. Especially, it describes the perfor-
mance of accesses to the transitional region between that two cache hierarchy
levels. While Section Blpresents some former work Section Bldiscusses the measur-
ing method and the mathematical model for the memory performance. Section
[4 presents some measured results of three chosen example architectures before
Section [ concludes the paper.
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2 Related Work

Most of the related works that try to characterise the performance of cache
memories, describe methods for implementing memory benchmarks and present
measurements for different architectures. Mathematical models that establish a
theoretical background for the effects are rare. Saavedra describes in [1] and [2]
the characteristics of cache systems. Cache parameters are measured by varying
the stride size of memory accesses. As the papers focus on the performance in
dependency of the stride size of memory accesses, conclusions about the effective
memory bandwidth in different operating ranges are missing. In addition both
papers do not give any conclusions about the performance in transition regions
between memory hierarchy levels.

Hockney discovers in [3] the phenomenon of a very low bandwidth in the
transitional region between cache and main memory. He does not explain it in
detail and refers to [4] where the cache memory effect is explained by means
of a mathematical model. The model is based on Hockneys linear timing model
(Too,n1/2) described in [5]. The mathematical model described in [4] uses a very
abstract model that does not take cache specifics like associativity into account.
As modern computer systems widely use set-associative caches with least recently
used as replacement strategy, our approach for characterising the cache memory
effect will adhere to that. It will introduce a model that can easily be used
in most modern computers to predict the performance of consecutive memory
accesses for a better optimisation of program behaviour.

Hristea [6] describes some benchmark kernels written in C that measure
different performance parameters of the memory hierarchy. The advantage of
the suggested benchmarks is that they are completely hardware-independent.
To prove the introduced mathematical model a benchmark was written that is
based on a benchmark kernel from [6]. Based on that kernel we measured cache
memory characteristics on some example architectures to compare it with the
expected values acquired by the introduces mathematical model. The comparison
between theoretical and measured results gives us the potentials of the suggested
theoretical model.

3 Measuring Method and Mathematical Model

This section describes with priority the mathematical model and its theoretical
fundamentals.

3.1 Measuring Method

The mathematical model characterizes the performance of reading different block
sizes of consecutive memory. Additionally, it allows to calculate the associativity
of caches from bandwidths in the several hierarchy levels. A program measures
the time for reading memory blocks with an increasing size. The acquired times
for the different vector sizes are used to determine the different bandwidths. The
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main part of the program is a slightly modified back-to-back memory latency
benchmark kernel, as described in [6].

To minimize disturbing effects, like task switching or memory swapping
within the benchmark kernel, and to make sure that all cacheable memory is
located inside the caches, the code for traversing the pointer-list is performed
100 times. The program only reports the best time. This guarantees reliable and
reproducible values.

In the measured values some straight lines can be identified. Each line repre-
sents a memory hierarchy level or a transition between two levels. As described
in [3] the asymptotic bandwidth for the sections can be calculated as:

1

B, =~ (1)
(2

B; — Bandwidth in region of line i

t; — slope of straight line i

For memory vectors that fit into one cache hierarchy level, the time for read-
ing the memory-block increases linear with its length. By increasing the vector
size over the size of a cache, the reading time rises faster than in the last level.
This is caused by the inevitable cache misses when reading the linear memory
area. The change from one hierarchy level to the next is not a simply degradation
of the reading time. Because of the cache organization, there is a short transition
area between two levels where the reading time per byte rises faster than in both
— the faster and in the slower hierarchy level. These effects and their reasons are
described in the next section.

3.2 Set Associative Caches

In order to understand the arising effects within the transitions between two
memory hierarchy levels, it is important to understand the function and organi-
zation of cache memory. There are three forms of cache organization:

— direct mapped (1-way set associative),
— n-way set associative, and
— fully associative caches.

The fact that the cache memory is divided into lines with a specific length of e.g.
16 bytes is applicable to all three forms. These cache lines are organized in sets.
For n-way set associative caches a set is containing n lines. In the case of a fully
associative cache there is only one set containing all cache lines. Each memory
block can only be stored in one cache set. Least recently used is a commonly
used replacement strategy for loading a further memory block if all cache lines
in a set are engaged (see [7] for explanation of LRU).

The functionality of the three cache types is explained in [§].

An example for a 2-way set associative cache will be discussed in order to
understand the transition effects between two hierarchy levels. Figure [I] shows
such a cache. In order to make this example simpler, the block size is exactly the
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Fig. 1. 2-way set associative cache example

size of a vector element. Additionally Figure [Il shows the contents of the cache
memory after reading a vector with a size of eight. As this is the size of the
cache, no cache misses occur under the condition that a read is performed more
than once. If the size is increased to nine, more cache misses will occur and it
will be necessary to replace blocks inside the cache. For this purpose the LRU
algorithm is used.

When reading a vector with nine elements, cache misses arise only in the
first cache set. For a pointer-list with ten elements, misses appear in the first
and second set, and so on. Figure [2 shows the cache content after reading areas
with a size of nine to thirteen elements (every range was read twice). The more
interesting part in the figure is the number of occurred cache misses. The misses
only arose in the gray colored cache sets.

Cache (9) Cache (10) Cache (11) Cache (12) Cache (13)

5 5 5 5 5
9 9 9 9 9
2 6 6 6 6
6 10 10 10 10
3 3 7 7 7
7 7 11 11 11
4 4 4 8 8
8 8 8 12 12

Number of cache misses:
3 6 9 12 13

Fig. 2. Occurred number of cache misses for rising vector sizes

The transition effects can be explained with these values. For vector sizes
between nine and twelve elements the number of cache misses rises by three
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with every step, against the rising by one for greater vector sizes. The generic
equation for the number of cache misses in the transition area is:

n — ¢

m(n) = “(a + 1) if n>c (2)
cL
m(n) — number of cache misses
n — number of read bytes
¢ — cache size of faster memorylbytes]
cr, — cache line size of faster memory[bytes]
a — associativity of faster memory

The first part is the number of cache lines of the vector that exceeded the
size of the cache. This number of lines must be reloaded a + 1 times when
reading the vector. Increasing the associativity by one is necessary because the
first cache line has to be loaded twice. The size of the transition area depends
on the associativity of the cache:

c
size; = % cep = < (3)

sizey — size of the transition area

Summary: For vectors that fit into the maximum number of cache lines of the
faster hierarchy level, the number of cache misses is zero (the vector size is less
or equal to the cache size). Vectors that are greater than the cache, need a reload
of memory blocks from the slower level into the assigned cache lines. For vector
lengths that do not require reloads in all cache sets, the number of misses, and
therefore the reading time rises faster than for vectors that need reloads in all
sets. In the first case the vector size is between ¢ and ¢ + size;.

3.3 Mathematical Model

The following section explains the mathematical model that describes the mem-
ory access performance in the L1 and L2 cache of uniprocessor systems with
multiple cache hierarchy levels. Additionally we present a method to calculate
the cache associativity from the bandwidths for n-way set associative caches.

The time of every memory access to n consecutive bytes consists of the time
that is necessary to read m(n) bytes from the slower memory hierarchy level and
the time that is needed to read n — m(n) bytes from the faster level:

t(n) =ts-m(n) +ts-(n—m(n)) (4)
ty — access time per byte in faster memory hierarchy level
ts — access time per byte in slower memory hierarchy level

The Fast Hierarchy Level (n < ¢): In case the number of read bytes is
smaller than the size of the faster memory no cache misses (m(n) = 0) will
occur. Applying this in conjunction with Equation (@) results in:
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t(n) =ty -n if n<c
ti =1y (5)

Thus the measurable slope of the straight line in the fast hierarchy level is equal
to the access time per byte in that level.

The Slow Hierarchy Level (n > ¢ + £): Consecutive memory accesses in
the slower memory level are more complicated, as the number of cache misses
in the slower level depends on the number of read bytes and the cache line size
in the faster level. As stated in Section[3] an access to a new memory block with
the size of one cache line causes exactly one cache miss in the slower hierarchy
level. Other accesses to this memory block can be served by the faster memory.
Therefor, the number of cache misses m(n) is the quotient of the number of
accesses and the cache line size. Referring to Equation (H) this leads to:

m(n)zﬁ if n>cd -
Cy, a
tn) =ty — 4+t "
n)= - —_ . n— —
8 Cy, ! Cr,
ts —t
Z(s—f+tf>-n
crL
:tg-n

Thus one can see there also is a linear interrelation between the read time and
the number of read bytes in the slower memory hierarchy level. The slope of that
function is the measurable slope t3. It is possible to calculate the real access time
to the slower memory ¢, using this value:

ts — 1y

t3 = +t
3 o f

ty
ts=\ts3+——ty ]| -cp
CL

Ztg-cL—tf-(CL—l)

Hence, the access time t5 can be seen as a complex dependency between the
measurable slopes in the memory hierarchy levels and the cache line size in the
faster hierarchy level.

The Transitional Region (¢ < n < ¢+ £): The former acquired equations
are used to determine the interrelations in the transition area. Therefor, the
calculated number of cache misses in the transitional region from Equation (@)
can be used in Equation (@):

t n—c
t(n):(t3+—f—tf)~cL- (a+1)
Cr, Cy,
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g (n— nC_LC(a+1)>
:((tg—tf)-a+t3)-n+(tf—t3)-(ac+c)

. c
if ce<n<c+-
a

Thus a linear dependency between n and the time ¢(n) is shown. The slope to
of this straight line is of great interest because it can easily be measured and
depends on the associativity of the faster memory hierarchy:

t2:(t3—tf)'a+t3
to — 13 to — 13

a = =
ts—ty t3—t

because ty = t1 from (&)

The associativity of the faster memory hierarchy level can now be calculated from
the measurable slopes of the three regions. The following bandwidth equation is
equivalent to the last one:

(Bs — Ba) - By

“= (B1 — Bs3) - By ©

— By >B3>By for a>0

As one can see in this equation, the bandwidth in the transition area must be
smaller than the bandwidths in both memory hierarchy levels to get a positive
result for the associativity.

Comprising the following equation describes the reading time for consecutive
bytes from the two cache hierarchy levels and their transitional region:

t1-n if n<c
t(n) =< ((ts —t1)-a+t3) -n+(t1 —t3) - (ac+c) if c<n<c+<&  (7)
t3-n if n>c+<

4 Experimental Results

To verify the model described in Section Bl some measurements were done on
three different example architectures.

The first example architecture is an Intel Xeon 2.4 GHz with a L1 cache
size of 8 kB. The 1st level cache on this architecture is organized 4-way set
associative.

The used Pentium IIT system has a clock frequency of 1.4 GHz and cache
sizes of 16 kB for the 1st level data cache and 512 kB for the 2nd level cache. The
1st level cache of this CPU is organized 4-way set associative and the 2nd level
cache 8-way set associative. More detailed information about the architecture
can be found in [9].

The third architecture used for these measurements was a Sun UltraSPARC-
IT with 300 MHz clock frequency. This CPU has a direct mapped 1st level cache
of size 16 kB. Some more information can be found in [10].
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Fig. 3. Reading time for different vector lengths up to 16 kB on Intel Xeon
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Fig. 4. Reading time for different vector lengths up to 50 kB on SPARC

In all cases the time for reading a number of n consecutive bytes is measured.
Figures [ and @ show the reproducible results for the Xeon and SPARC CPU.
The results for the Pentium III CPU are only given below in Table [ since the
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Table 1. Asymptotic bandwidths on example architectures and associativities calcu-
lated by means of mathematical model

region straight line [us] [bandwidth [M B/s]
Intel Xeon
1st level cache [t(n) =5.44-10 % - n —3.18-10 3 4561.28
transition zone|t(n) = 1.07 - 107% - n — 3.81 1387.94
2nd level cachel|t(n) = 6.52-107* - n — 2.89 - 1073 3095.04
associativity calculated: 3.83 expected: 4
Pentium III
1st level cache [t(n) =2.09-10~% - n +7.22-10° 1752.74
transition zone|t(n) = 6.87 - 10™* - n — 8.62 888.88
2nd level cachelt(n) = 3.08 - 107* - n +1.00 - 1072 1463.15
associativity calculated: 3.91 expected: 4
SPARC
1st level cache [t(n) = 1.82-10"° - n +6.39-10 2 521.28
transition zonel|t(n) = 4.92-107% - n — 50.77 193.73
2nd level cache|t(n) =3.38-1073 - n +5.37-1072 282.22
associativity calculated: 0.996 expected: 1

results look much like the ones obtained from the Xeon system. One can see
that every curve consists of three straight lines. The first line is equivalent to
the region of the 1st level cache. The 2nd line is the transition zone between the
first and the 2nd level cache and the 3rd line is equivalent to the 2nd level cache.
It can be seen that the slope of the curve in the transition region is greater than
in the other regions. Since the reciprocal value of the slope is the asymptotic
bandwidth B; in that region, it is even less than in the 2nd level cache. It should
be a design goal to minimize this bandwidth breaking in the transitional region.

Table [[]shows the cache bandwidths on the example architectures. They were
calculated from the slopes of the three curves that are determined by means of
least-square fits. The shown figures also demonstrate that the transition region
on the Xeon architecture is smaller than on the SPARC architecture. Equation
@) points out that this length is reciprocally proportional to the associativity
of the first level cache. The smaller the associativity of the cache, the larger the
transition region. Since the SPARC architecture has a direct mapped 1st level
cache, the transition region is as large as the 1st level cache itself.

Table [ also shows the associativities of the first level caches calculated by
means of Equation (B). It is shown that the calculated values for the associativity
are approximately the expected values described in the architectural manuals of
the three CPUs. Xeon and Pentium III have a 4-way set associative 1st level cache
and SPARC a direct mapped 1st level cache. The bandwidths in the transition
regions on the architectures are interesting. On the Pentium III the bandwidth
in the transition area between the 1st and 2nd level cache is about 50 percent
smaller than in the 1st level cache and about 40 percent smaller as in the 2nd level
cache. On SPARC the bandwidth in that area is about 62 percent smaller than
in the 1st level cache but only 30 percent smaller as in the 2nd level cache. On
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Xeon systems the difference is even larger than on SPARC. There the bandwidth
in the transitional region is about 70 percent smaller than the bandwidth in the
1st level cache and about 55 percent smaller than in the 2nd level cache.

The calculation of the axis intercepts of the lines that describe the transitional
regions by means of the mathematical model also resulted in the measured values.
As shown in Equation (@) the axis intercepts of the lines in the 1st and 2nd
level caches are zero. Approximately this applies to the measured lines. Only
the straight line of the transitional region has a negative axis intercept as the
mathematical model predicts.

5 Conclusion and Further Work

This paper introduced a mathematical model that describes the transition be-
tween two cache hierarchy levels in widespread memory architectures that use
set-associative caches and LRU or FIFO as replacement algorithms within the
sets. The model allows the calculation of the associativity of the L1 cache and the
performance prediction of consecutive memory accesses within the transitional
region between two cache level hierarchies in case that the bandwidths in the
hierarchy levels are known. The model was proved by means of measurements
on three hardware architectures with different memory system designs. It was
possible to show that the presented model creates reasonable results.

The sample measurements of Section[d were acquired on UNIX like operating
systems (Solaris 5.8 for the SPARC system and Linux 2.4.x on the Intel systems).
One problem of these operating systems is that it is impossible to get large
blocks of consecutive memory in user space. Hence, at the moment it is only
possible to prove that the introduced model describes the performance behaviour
of the first and second level cache. Further work will include the extension of
the model to other memory hierarchy levels since it should also be applicable to
the transitional region between cache and main memory. Besides performance
measurements will be done on more than the current three architectures.
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