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Cache Analyzer

Basic support for all microcontrollers
Advanced support for ARM architecture
Optimize instruction and data cache usage
Find bus transfer bottlenecks

Verify effects of code optimisation
Simulate effects of different cache sizes
Various graphical and numerical displays
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The cache analysis tool provides developers of embedded
systems with the following benefits:

1) Optimization of program run times
2) Reduction in power consumption of the entire system

Cache analysis can be performed on all microcontrollers,
cache architectures, and cache hierarchies. If required,
the predefined cache structure of microcontrollers can
also be modified. In this way, an alternative cache struc-
ture can be tested to

determine if its use will lead to greater cache efficiency
and therefore shorten program run times. The result can
then be taken into account for future designs.

Cache Analyzer
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Overview

Microcontrollers that operate at rates of
more than 200 MHz can only achieve
optimum program run times in embed-
ded systems if their caches are used
efficiently. This article describes how

the TRACES32-PowerTrace micropro-
cessor development tool is used to
analyze the relationship between
cache efficiency and program run
times.

Introduction

A cache is a small, fast memory that is
generally integrated directly in the
microcontroller. Individual program
parts are temporarily stored in the
cache so that the microcontroller does
not have to retrieve each program
instruction or data item from the slow
external memory. However, the cache
can only store a limited number of pro-

gram instructions or data items
required because of its small size (128
KB to 1 MB). As a result, various parts
of the program compete for space in
the cache and evict each other. The
cache structure determines which pro-
gram parts compete for a place in the
cache and constantly replace other
program parts.

Cache Addressing

Short sections of program (usually 16
or 32 bytes) can be temporarily stored
in a cache line to enable quick access.
Cache addressing, which is defined by
the cache structure, determines in
which cache line the instructions and
data items of individual memory
addresses are stored. As the memory
address mapping on the cache line
provides the basis for analyzing cache
efficiency, it is necessary to understand
the process of cache addressing.

Cache addressing uses the memory
address to determine in which cache
line the required program part is to be
temporarily stored. The analyses dis-
cussed in this article use a 2-way set
associative cache. In a 2-way set asso-
ciative cache two cache lines are
allowed to hold the instructions or data
of a memory address.

LAUTERBACH 1‘
DEVELOPMENT TOOLS




TRACE32 - Technical Information 3

Tag | Cache line

Tag | Cache line

Figure 1: Diagram of a 2-way associative cache

(d Bits [12..4] are used to select the

The given example of a cache has the cache line (9 bits for 512 cache
following data: lines)
[ 16 bytes per cache line (d Bits [31..13] are entered as the

tag in the cache line. The bits
[31..13] of a memory address are
compared with the tag to

USing this data, a 32-bit memory is determine whether a program
mapped as follows to a cache line: instruction or data item is already
stored in a cache line.

[ 512 cache lines

[ Bits [3..0] are used to determine
the address of the word/byte
within the cache line
(4 bits for 16 bytes per cache line)

31 13 12 4 3 0

Word/byte in the
cache line

Tag entry Cache line selection

Figure 2: In the example of a cache, the bits [12..4] of the memory address
determine in which cache line the program instructions/data items are
to be temporarily stored.

This type of cache addressing means

line 0x15:

0x8150: 0000 0000 0000 0000
100 0 0001 0101 0000
0xA150: 0000 0000 0000 0000
101 0 0001 0101 0000

Cache Analyzer
LAUTERBACH 1‘
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0xC150:
110 0

0000 0000 0000 0000
0001 0101 0000

If three or more addresses compete for
the same cache line in a 2-way asso-
ciative cache, the memory contents of
the address are repeatedly evicted
from the cache. When an entry is
replaced, the evicted cache contents
have to be reloaded into the cache
when the program requires them again.
The contents have to be accessed from
the external memory each time. This is
to be avoided if possible for the follow-
ing reasons:

[d Current access times for external
memories show that the rate at
which an instruction or data item
is retrieved from the external
memory, is on average, 10 to 30

times slower than when the data
is stored in the cache. Each time
the external memory is accessed,
the program execution time slows
down considerably.

(1 Each time the external memory is
accessed, the power
consumption of the entire system
increases immediately by a
significant level . This is a great
disadvantage for portable,
battery-powered devices.

The best way to reduce the frequency
with which the external memory is
accessed, is to prevent unnecessary
eviction from the cache. Unnecessary
eviction always occurs when several
memory addresses compete for a lim-
ited number of cache lines, while other
cache lines are hardly being used, if at
all.

E A==
F'ararn;...][ - Ennfig___]@ Addre;se%l@ Functinns]ﬂ Uariahle#[_@ Lines ]
POS: B,
address cached hits misses victims
DC :A888082Q 384536 198261, 62.4754 114273, 114273, |~
DC :A88888CA 266765, 152492, 57.1634 114271, 114271,
DC :988887EA 266579, 152337. G57.1454 114248, 114248,
DC :888887rA 266578, 152375, 57.1614 114193, 114193,
DC :AAARAZAA 198658 . 6474, 48.118% 114182. 114182.
DC :HAAARE1A 266548 . 189996. 71.288% 76550, 76550,
DC :AAdARg /A 116183, 114895. 98.959/ 1286 1286,
DC :A8080884Q 152751, 151863. 99.4184 886. 886.
DC :A8088830 114857, 114178. 99,4884 677, 677.
DC:A880877/Q 7821, 6774, 99.6794 245, 245,
DC :A8BBBEEA 77199, 76954, 99,6824 243. 243.
DC :A888889Q 39135, 38897. 99.3914 236. 236.
DC :A8888A9A 1484 1248. B4.8974 234. 234.
DC : AAARRAEA 1459, 1224. 83.893x 233. 233.
DC :WAAAA /DA 6858 . Y6616. 99.6954 232. 232.
DC :AAAAA9AA 16825, Y6591, 99.6954 232. 232.
DC :ABBBABFA 39846 . 38815. 99,4881 229, 229, |~

Figure 3: Several memory addresses compete for a limited number of cache
lines, while other cache lines are hardly used.

Cache Analyzer
Cache Analyzer
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Cache efficiency can be optimized by
modifying the relocation information in
the linker command file so that func-

tions and data are placed in the mem-

ory in such a way that competition for
cache lines is distributed as evenly as
possible.

Eﬂ B::CTS.CACHE. ListLine DC

% Farams...|| B8 Config... @ Addres%%lﬂ Functinn%@ "\-"arial:uleg E Lines
POS: A.
address cached hits nisses victims

DC:B8aaa77a 77821, 6774, 99.6794 245. 245, |~
DC : AHAARESA 77199, 76954, 99,6824 243. 243.

DC : AAAARE9A 39135, 38897, 99.391¥ 236. 236.

DC : AAAARASA 1484. 1248. B84 .897X 234. 234.

DC : AAAARABA 1459. 1224. 83.893X 233. 233.

DC :AAAAA /DA 76858 . 76616, 99.695% 232. 232.

DC : AAAAR9AA 76825, 76591, 99.695% 232. 232.

DC : AAAAABEA 39846, 38815. 99.488% 229. 229.

IC - ARAARDZA 15A1. 1270. B4.6148% 229. 229.

IC : BaaARADA 1184. 954. 808.5744 228. 228.

IC - AAAARE /0 1526809 . 152579, 99,849 228. 228.

DC : AAAARBDA 1896. BeH. 79.1974 226. 226.

DC :AAAAREEA 2457 . 2231, 99.881 224 . 229 .

DC : AAAARACH 1253. 1828. 82.843X 223. 223.

DC : AAAARANA 1458. 1234. B84 .636X 222 . 222 .

DC : AAAARAAA 1119. B95. 79.9824 222. 222

DC : AAAAAF 4K 1479, B55.  79.248Y% 222 222, |w

Cache Analyzer
Cache Analyzer

Figure 4: Competition for cache lines is distributed evenly.

Before developers of embedded
designs can optimize the positioning of
functions and data in the memory, they
require an analysis tool that can trace
any unnecessary eviction from the

cache. Since October 2004, Lauter-
bach Datentechnik GmbH has provided
a cache analysis tool for its TRACE32-
PowerTrace microprocessor develop-
ment system.

Cache Analysis

Before describing how to carry out a
cache analysis, here is a short defini-
tion of some important terms:

[ Cache hit: An instruction or data
item required by the program that
is located in the cache.

[d Cache miss: An instruction or
data item required by the
program that is not located in the
cache and therefore has to be
loaded from the external memory.

[ Cache victim: An instruction or
data item evicted from the cache,
in order to create a cache miss
place for the program part
currently required.

LAUTERBACH 1‘
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The following steps are required to
carry out a cache analysis using
TRACES32-PowerTrace for a selected
system function (for example, image
compression for a cellular telephone):

Identifying the cache struc-

B2 B::CTS.CACHE

ture

The TRACES32 software identifies the
cache structure of the microcontroller
used in the target system. The instruc-
tion cache (IC) has the same cache
structure as the cache structure
described in the introduction.

B((=1ES

commands progress L1Architecture

TLEArchitecture

Warhings

N EE COMTROL

ol

&4 List

cache Linez Blocks Wwidth Mode Tagz R eplacement
IC 512, 2 1E. TLE | |Logical (v | |CONTRO| »
DC Z8E. 2 1E. TLE | |Logical (v | |CONTRO| »
L2 i} i} 0. CopuBack % [ | Logical % |Cyclic hd
L3 i} i} 0. CopuBack % [ | Logical % |Cyclic hd
ITLE Ed. Cyclic: hd
DTLE Fd. Cyclic: hd
L2TLE 0. Cyclic: hd

Figure 5: Automatic definition of the cache structure of the microcontroller

The software can identify all cache
structures and cache hierarchies cur-
rently available on the market, includ-
ing level 2/level 3 caches. TRACE32
also supports cache structures that
have been configured using a memory
protection unit (MPU) or a memory
management unit (MMU).

Recording program and data
flow in the trace memory

Cache analysis is based on the pro-
gram and data flow recorded in the
trace memory. TRACE32-PowerTrace
provides a 128-MFrame trace memory,
which can record up to 10 seconds of
program run time.

Cache Analyzer
Cache Analyzer

Evaluating the results of the
analysis

Cache analysis determines the cache
hit, cache miss, and cache victim rates
for the recorded program and data flow
based on the defined cache structure.
To avoid unnecessary eviction from the
cache, the following information is
required:

[d Which cache lines have a
particularly high cache victim
rate?

[ Which parts of the program are
competing for these lines?

[ Are there any cache lines that are
not, or hardly, being used?

LAUTERBACH 1‘
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[ B::CTS.CACHE. View M=E3

POS: 8.

nisses victins

Figure 6: Analysis of the cache hit/cache miss/cache victim rates f
instruction cache (IC) and data (DC) caches

58 B::CTS.CACHE.ListLine IC

@ Faramz..|| BE Config... % .ﬁ.ddresse% % Functinn%ﬁ Variable% E Lines

POS: A@.
address cached hits misses victins -
IC :pBARA15A 768. 682. 78.385% 164. 164. &
IC : AIARA16A 896. 831. 92.745X 63. 63. |=
IC :PAARA1 70 328. 318. 99.37%4 a. a.
IC :pBARA18A 32. 31. 96.8754 a. a.
IC :ABARA190 a. a. a. a. |+

Figure 7: Analysis of the cache hit/cache miss/cache victim rates for the
individual cache lines of the instruction cache

= B::CTS.CACHE. ListRequests IC 0x150 M=
e Config... @ .ﬁ.ddresse% E Functinn%@ "-.-"arial:ule%
POS: @.
address cached hits misses victins -
IC :AAAA815A 384. 352. 91.666% 31. 31.
IC:AAAAN154 128. 58. 45.3124 69. 69.
IC:AA0AAC15A 256. 192. 75.008% 64. 64.
i

Figure 8: List of program addresses competing for cache line 0x15 of the
instruction cache

Cache Analyzer
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Cache Analyzer
Cache Analyzer

Figure 8 in the above analysis shows
that the program instructions at the
addresses, 0x8150, 0xA150, and
0xC150, are competing for the cache
line 0x15. The above example uses a
cache in which each cache line has two
locations in the cache (2-way associa-
tive cache). Three program addresses
are competing for one cache line;

therefore, eviction will always occur,
resulting in cache victims. At the same
time, cache line 0x19 is completely
unused. By redirecting the address of
one of the competing program instruc-
tions to the end address 0x190, the
competition can be removed from
cache line 0x15 and there will be no
further cache victims.

LAUTERBACH 1‘
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Relationship Between Cache Efficiency and Program

Run Time

As described in the previous section, between program run time and cache
cache analysis is based on the pro- efficiency can be measured and veri-
gram and data flow recorded in the fied using TRACE32-PowerTrace.
trace memory. As all entries in the

trace memory have a time stamp, the Figure 9 shows how the function ana-
trace contents are used as the basis for  lyzed has a cache hit rate of 79% and a
run time measurements. This has the cache victim rate of 21% for the cache
advantage that the direct relationship line Ox15.

Hits, 602,
T9%

‘ Victims,

164,
21%

Figure 9: Graphical analysis of the cache hit/cache victim rates for the cache line
0x15.

The high rate of replacement also
becomes apparent when the function’s
run time is studied. The average run
time of the function (sievebad) is 77.6

us.

H B:: Trace.STATistic.DURation sievebad |Z| |E| E|

} Setup... Chart || 4 Zoom || I Zoom || 4 Move || T Move & Init
sanples: 1@. avr: ¥7.685us min: ¢7.445us nax: 79.845us
up to count ratio 14 24 0 184 284 LAY 184 -
77 .148us 8. | B8.908d8% ~
78.888us 9. | 98.088% [
78.720us 8. | BA.888%
79.368us 1. | 10000 |—
80 . ARAus 8. | BA.a88% ~
|

Figure 10: Run-time analysis of the sievebad function using
TRACES32-PowerTrace

Cache Analyzer
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By redirecting the address of one of the
competing program instructions to the
end address 0x190, the competition is
removed from cache line 0x15. As only
two addresses are now competing for
this cache line, there is no need for fur-
ther eviction. An analysis of the opti-

10

mized function (sievegood) shows an
immediate and considerable improve-
ment in run-time performance. The run
time is on average only 7.9 us.

B[[=1E

B B:: Trace.STATistic.DURation sievegood

} Setup... Chart || % Zoom | X Zoom || % Move || 3 Move & Init
samples: 9. avr:  7.998us min: 7.885us max: 14.46Bus
up to |count ratio 14 24 G4 187 284 AL 188 | .
7 .848us a.| @.8e08; ~
9.688us d. | 88.868~ 3
12 .168us a.| @.988;
14 .720us 1. 11.111%
17 .288us a.| @..88x v
|

Cache Analyzer
Cache Analyzer

Figure 11: Run-time analysis of the sievegood function using

TRACE32-PowerTrace

Using a combination of cache analysis
and run-time measurements, develop-
ers can use TRACE32-PowerTrace to

test whether optimized cache efficiency

actually leads to the predicted improve-
ment in run times. It can also be used
to investigate if code optimizations
impair cache efficiency and therefore
do not improve program run times.

Summary

The latest cache analysis tool from
Lauterbach Datentechnik GmbH pro-
vides developers of embedded sys-
tems with the following benefits:

[ Optimization of program run
times

[ Reduction in power consumption
of the entire system

Cache analysis can be performed on
all microcontrollers, cache architec-
tures, and cache hierarchies. If

required, the predefined cache struc-
ture of microcontrollers can also be
modified. In this way, an alternative
cache structure can be tested to deter-
mine if its use will lead to greater cache
efficiency and therefore shorten pro-
gram run times. The result can then be
taken into account for future designs.
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Additional Information

http://www.lauterbach.com

Lauterbach Datentechnik GmbH Lauterbach Japan, Ltd.
Fichtenstr. 27 3-9-5 Shinyokohama Kouhoku-ku
D-85649 Hofoldin YYokohama-shi Japan 222-0033
Tel. ++49 8104 8943-188 FAX -187 Phone ++81-45-477-4511  FAX -4519
info@lauterbach.com mfo_;@lauterbach.com .
http://www.lauterbach.de http://www.lauterbach.co.jp

Lauterbach Inc. Lauterbach s.r.l.

4 Mount Royal Ave. Lauterbach s.r.l.

Marlboro MA 01752 Via Enzo Ferrieri 12

Phone (508) 303 6812 FAX (508) 303 6813 1-20153 Milano

info_us @lauterbach.com Phone ++39 02 45490282

http://www.lauterbach.com/usa FAX ++39 02 45490428
info_it@lauterbach.it

Lauterbach Ltd http://www.lauterbach.it

11 Basepoint Enterprise Ctre Stroudley Road
Basingstoke, Hants RG24 8UP

Phoné ++44-1256-333-690 FAX -661
info_uk @lauterbach.com
http:/www.lauterbach.co.uk

Disclaimer

The information presented is intended to give overview information only.
Changes and technical enhancements or modifications can be made with-

Cache Analyzer
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