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Visualization Tool

Improved cache performance is crucial to improved code performance. By
visualizing cache behavior as the program is simulated, this memory
analysis tool dynamically represents cache phenomena. The results can
guide developers in making better software and hardware optimizations.
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the relative cache positions and interactions of these
data structures are normally not controlled. Finally, it
can be difficult to apprehend the interactions in cache
of many different memory references.

Cache behavior analysis can be viewed as a two-step
process. First, you must identify code sections with
poor cache performance. Second, you must understand
the causes for poor performance in these code sections.
Cache profilers are used for the first task. For example,
MemSpy* provides memory performance statistics at
the procedure level, Mtool? at the procedure or basic
block level, and PFC-Sim? at the statement level. CProf*
provides cache statistics at the statement level and also
classifies the different misses. The Cache Visualization
Tool’s (CVT’s) purpose is to address the second task,
understanding the causes of poor cache performance.
It is thus a complement to cache profilers.

Cache behavior can be accurately analyzed by visu-
alizing what happens in cache for given types of code.
For this purpose, we developed a CVT, which both
dynamically visualizes cache content and provides
related statistics.

OVERVIEW

The CVT is a graphical X Windows tool based on
Motif. The main window is a grid representing the
cache content. A cache is composed of cache blocks
or cache lines (a set of words with consecutive
addresses), and each box in the grid corresponds to a
cache line. The lines are ordered from top to bottom
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time intervals) and spatial locality (accesses to data
with close addresses) present in most codes. A miss
occurs when data required by the processor are not
present in cache. Though cache performance are best
measured by the average time to access data, the num-
ber of cache misses is a good indication of how effi-
ciently the cache is used. Three types of cache misses
are usually distinguished: compulsory (first access to
data), capacity (cache size is too small to store enough
data) and conflict, or interference, miss (conflicts due
to the cache mapping function). The CVT is particu-
larly useful in understanding how cache conflicts
(which can be complex) work.

To understand how cache conflicts occur, visualiz-
ing cache operations is most helpful. Figure 1 on the
next page shows the layout of arrays A, B, and C in
cache for a complete iteration of loop j1. The cache
is represented at the bottom of the figure as a hori-
zontal line. Mapping an array element to cache can
be viewed as projecting the array element vertically to
the cache (the cache is assumed to be direct-mapped).
So two data with the same horizontal position map
into the same cache location, thereby creating a con-
flict.

Assuming the cache is large enough to contain the
2N words of arrays A and B, no capacity miss would
occur. On the other hand, depending on the base
addresses of A and B, these two arrays may overlap in
cache, inducing conflict misses; thus, part of the reuse
of A and B cannot be achieved. In Figure 1, when the rel-
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Figure 1. Example of
(a) a Fortran loop nest

and (b) its cache
layout.

ative cache distance between the array base address of

A and B is smaller than N, both arrays overlap and

flush each other from cache on each iteration of j1.
CVT can be used for the following tasks:

« Detailed analysis of software cache optimiza-
tions. CVT can visualize the effects of loop trans-
formations (including techniques such as tiling®
and blocking®7”) and uncover potential hazards.

< Evaluation and debugging of hardware cache
optimizations. To validate a new cache design,
the usual strategy is to simulate several bench-
marks and compare global miss ratios. If the
design does not perform as expected, it is diffi-
cult to understand the results with only a cache
simulator. What you need is a cache debugger to
monitor the changes in cache at each step.

« Detailed cache performance analysis of code con-
structs. Profiling tools identify the routines, loop
nests, or statements that cause most cache misses.
CVT is much slower than profilers because of
visualization. It should therefore be used only in
the final analysis step once you have identified,
with a cache profiler, code constructs that cause
the most misses.

CVT COMPONENTS
CVT’s three main components are execution con-
trol, input, and statistics.

Execution control

You can feed CVT with a memory address trace,
either collected from a program or generated in CVT.
For each new memory reference in the trace, CVT col-
ors the corresponding cache line according to either
the load/store instruction that accessed it or the data
structure contained in it.

In some respects, you might consider CVT a cache
debugger, which uses an address trace in place of an
instruction trace. Execution controls share similarities
with a program debugger, like dbx. Naturally, the trace
can be run, though visualization requires that its speed
be adjustable. Visualization tends to slow trace execu-
tion considerably, so we implemented skip forward and
skip backward functions to quickly browse through
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the trace. Also, as in debuggers, CVT uses breakpoints,
and we implemented several kinds: as a function of the
number of memory references, array references used,
array sections referenced, cache area used, and loop
indices.

Input

CVT accepts three different types of input—loop
nests, object code traces, and source code traces—each
of which trades off accuracy, ease of use, and scope
(the nature of code that can be visualized).

Loop nests. We provide only the essential parame-
ters to generate the array address trace in CVT: loop
boundaries, array base addresses, and the array ref-
erences’ subscripts’ coefficients to generate the array
address trace. This format sacrifices accuracy and
scope (only linear array subscripts can be used) in
exchange for ease of use. With this format, we can
easily backtrack in the loop, modify array base
addresses (which play a significant role in several
interference phenomena), and other loop parameters.

Object code traces. To improve accuracy, you can
also feed traditional object code traces to the CVT,
using tracers like Spy. For each load/store instruction,
CVT needs only the instruction address, data address,
and read/write instruction. Because CVT has no infor-
mation on the code’s data structures, it uses load/store
instruction addresses to color the trace. Such traces
extend CVT’s scope to non-numerical codes.

Source code traces. These traces fall between CVT
loops and object code traces in terms of accuracy,
scope, and ease of use. They are obtained by directly
instrumenting memory references in the source code,
like array references in Fortran. Such traces are less
accurate than object code traces because compiler opti-
mizations are ignored. However, source traces mean
that CVT can be applied to many codes and complex
memory references, such as indirectly addressed arrays
in sparse codes. We are currently working on modify-
ing Gnu Fortran-77 to provide similar information for
each load/store reference without any modification or
instrumentation of the source code.

Statistics
CVT supplies, and dynamically updates, statistics
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during visualization. These statistics either concern
data or instructions (for example, arrays, load/store
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references, and whole trace) or cache behavior (per ENDDN

ENIDO

cache line and per cache area, among others). Statistics
include misses, references, and reuses, and can be dis-
played in different forms such as ratios, cumulated,
and noncumulated.

SAMPLE APPLICATIONS

Our examples involve visualizing cache interference,
cache behavior of blocking, performance evaluation
of complex loops, hardware optimization, and local-
ity analysis. The cache size was 8,192 bytes, the line
size was 32 bytes, and the cache was direct-mapped.
These parameters correspond to Digital Equipment
Corporation’s Alpha 21164 on-chip first-level data
cache. All Fortran code featured single-precision.

Visualizing cache interference

Conflict misses are a major source of cache misses.®
However, unlike capacity misses, cache interference
phenomena can be difficult to detect at the source code
level because their occurrence pattern is usually more
complex.® Also, the parameters that strongly influence
the occurrence of cache conflicts, such as array base
addresses, are not available at the source code level.

Figure 2 shows how CVT can visualize the occur-
rence of cache interference phenomena and help remove
cache conflicts. Figure 2a is the original Fortran code;
Figure 2b shows the code as it is provided to CVT.
Figure 2c shows the number of misses for the three
array references to the two arrays (X and Y) in the loop
nest, mapping colors, array references, and reference
numbers. References are numbered as follows: Y(j, i) is
reference 1.3 and is green (that is, its statement id = 1
and its array reference id = 3), X(j, i) is reference 1.1
and is white, and X(j, i + 1) is reference 1.2 and is red.
In the figure, a dependence between X(j, i) and X(j, i +
1) means that X(j, i) normally reuses most of the data
referenced by X(j, i + 1). (This reuse has been called
group-temporal reuse.5) However, if the relative base
addresses of arrays X and Y are such that Y(j, i) is
located between X(j, i) and X(j, i + 1), no reuse can
occur because Y(j, i) flushes elements of X(j, i + 1) before
they can be reused by X(j, i). This phenomenon is dif-
ficult to determine from the source code, but CVT can
visualize it.

For example, Figure 2d shows Y(j, i), which is red,
located between the two other references, which are
white and green. The small black square in the green

box corresponds to the cursor; it is positioned within - rigyre 2. cross-interference: (a) Fortran code; (b) CVT code; (c) number of

the !ine where the last reference occur_md- misses per array reference; (d) visualization after eight iterations ofj; (e)
Figure 2d shows that the program just began exe- jsyajization after eight iterations ofi.
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Figure 3. No cross-
interference: (a) visu-
alization after eight
iterations of j; (b)
visualization after
eight iterations of i;
(c) number of misses
per array reference.
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cuting, with only eight iterations of loop j.
In Figure 2e, the program executed eight
iterations of loop i.

References are moving left to right so
that reference Y(j, i) progressively overlaps
with reference X(j, i + 1)—reference 1.2—
preventing any reuse by reference X(j, i), or
reference 1.1. The statistics window in
Figure 2c confirms that all references ben-
efit only from spatial reuse—almost the
same number of misses occur for X(j, i) and
X(j, i +1). Figure 3 shows CVT visualiza-
tion, too, only this time we moved refer-
ence Y(j, i) out of the interval created by the
two other references. Figure 3a resembles
Figure 2d, except that Y(j, i) is not located
between X(j, i) and X(j, i + 1). Figure 3b
shows this after eight iterations of loop i.
Now reference Y(j, i) does not interfere
with the reuse of X(j, i + 1) by X(j, i). The
statistics window in Figure 3c confirms that
the number of misses incurred by reference
1.1, corresponding to X(j, i), is low, indi-
cating temporal reuse, while the two other references
exhibit only spatial reuse. We have thus achieved an
optimization that removes all interference misses.

114

Cache behavior of blocking

Research has shown® that with changes in matrix
dimension or block size values, the cache miss ratio
of matrix multiplication fluctuates because of self-
interferences (distinct parts of the same array flush
each other from cache). In the blocked version of
matrix multiplication below, we will vary the matrix
dimension with B = 30.

DO kk = 0, N-1, B
DO jj = 0, N-1, B
DO i = 0, N-1
DO k = kk, min(kk + B-1, N-1)

reg = X(k, 1)
DO j = jj, min(jj + B-1,
N-1)
Z(j, 1) = Z(3, 1)
+ reg * Y(j,k)

Computer
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ENDDO
ENDDO
ENDDO
ENDDO
ENDDO

In this loop, array Y can fall victim to self-interfer-
ence. When N = 224, the cache layout of this array
after four iterations of loop i is shown in Figure 4a.
Note that the block of B x B elements of Y is laid out
in cache after a single iteration of loop i, and it is nor-
mally reused in subsequent iterations.

Coloring by array is used for the CVT windows of
Figures 4a and 5a. White is for array X, red for array
Y, and green for array Z. In the statistics windows of
these figures, misses are shown for all references as
follows: white for the read reference to X(k, i); red,
read reference to Y(j, k); green, read reference to
Z(j, i); blue, write reference to Z(j, i).

In Figure 5, where N = 256, Figure 5a shows the
cache layout of Y after four iterations of loop i. The
same memory references have been performed in both
cases, since both loops k and j perform B = 30 itera-
tions for the first four iterations of loop i. The com-
parison between Figures 4 and 5 shows that for N =
256, array Y occupies less of the cache, suggesting that
some elements of the Y block overlap with each other.

Figures 4b and 5b, respectively, confirm this by
showing the number of misses per references for N =
224 and N = 256. For N = 224, array Y has 120
misses; for N =256, array Y has 480 misses. The cache
achieves only spatial reuse of the Y block, and it must
reload the block on each iteration of i.

When running the CVT for N = 256, the absence
of reuse for Y clearly appears because each time the
cursor moves to a new line of block Y, CVT draws a
cross indicating a cache miss. In contrast, when N =
224 this does not occur.

Performance evaluation of complex loops

As the number of references in a loop increases,
potential interactions between array references pro-
liferate, complicating loop analysis.

We extracted the loop nest below from the EFLUX
routine of Perfect Club code FL.05 2.2 Array subscripts



Figure 4. No self-interference: (a) visualization after four iterations of i, (b)

number of misses per array reference.

Figure 5. Self-interference: (a) after four iterations ofi; (b) number of misses
per array reference.

appear to differ by only a few constants, suggesting that
the relative cache distance is constant between any two
array references. However, because array declarations
are distinct, the linear expression of references may dif-
fer so that the relative distance between any two array
references is not necessarily constant, and array refer-
ences may conflict irregularly.

DO 10 J = 2, JL

DO 10 T =1, IL
XY =X(I, J, 1) -X(I, J -1, 1)
Yy =X(I, J, 2) -X(I,J -1, 2)
PA =P(I +1, J) +P(I, J)
QSP = (YY * W(I + 1, J, 2) -XY *

W(I + 1, J, 3))/w(1 +1, J, 1)

QXM = (YY * W(I, J, 2) -XY *
W(l, J, 3))/wW(I, J, 1)

FS(I, J, 1)=QSP * W(I + 1, J, 1)
+QSM * W(I, J, 1)

FS(I, J, 2)=QSP * W(I + 1, J, 2)

+QSM * W(I, J,

2) +YY * PA
FS(I, J, 3)=QSP * W(I + 1, J, 3)

+QSM * W(I, J, 3) -XY * PA
FS(I, J, 4)= QSP * W(I + 1, J, &)
+P(I + 1, J)) + QSM *(W(I, J, &)
+P (I, J))
10 CONTINUE

To analyze the cache behavior of this loop nest, we
ran a source trace on the CVT. Figure 6 on the next
page shows the cache miss distribution.

Misses peak between cache lines 114 and 118. By
running the visualization again we found this peak
occurs between the 3,700th and the 4,400th reference.
When we looked at the array reference misses, we
found a strong increase of cache misses in this time
interval for references 11.0 (the first dark blue bar in
Figure 7a) and 14.0 (the second gold bar in Figure 7b).

When we run the corresponding trace section,
Figures 7c and 7d show two consecutive references to
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Figure 6. Cache miss distribution.
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Figure 7. Analysis of
loop nests with multi-
ple references: (a)
number of misses per
array reference before
the cache phenome-
non; and (b) number
of misses per array
reference after the
cache phenomenon;
(c) and (d) cache con-
tent for two consecu-
tive uses of cache line
116.
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cache line 116 and neighboring lines, colored by array
references. A miss occurred in line 116 for reference
14.0 (gold) and 11.0 (dark blue).

Because the same phenomenon occurs for several
consecutive references to this cache line and the neigh-
boring ones, we know that references 11.0 and 14.0
are competing for the same cache lines. This is spa-
tial interference, also called a ping-pong effect. With
the array reference ids, we could find the corre-
sponding array references (respectively p(i, j) and fs(i,
j, 1)) in the source code. To remove the cache phe-

Computer
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nomenon, we copied reference 11.0 (p(i, j)) to a tem-
porary array with the same declaration as fs.

This particular case is difficult to pinpoint and more
difficult to predict. The interval between these two ref-
erences decreases until they fall into the same cache
line. Then, the references spread and do not ping-pong
anymore.

To our surprise, we found that such cases occur in
many loops. For example, strong spatial interference
also occurs in blocked matrix multiplication even
though arrays do not compete initially for the same
cache lines. Such “periodic” ping-pong phenomena can
correspond to a significant share of all cache conflicts.

Hardware optimization

Cache visualization can also help us compare the
behavior of two cache architectures on selected code
segments. For example, Qiang Yang and Lan W. Yang
proposed a direct-mapped cache size of 2"-1 to avoid
mapping conflicts resulting from power-of-two array
dimensions.'* The 2"-1 cache size modifies the mapping
function, thus creating a hashing effect. We investigated
several variations on this idea, specifically one with a
cache size of 2"—3. We studied the effect of this cache
design on algorithms known to be sensitive to cache
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Figure 8. Influence of mapping function: (a) after four iterations ofi;

(b) number of misses per array reference.

interference, notably blocked matrix multiplication.

In our earlier discussion on blocking, the elements
of matrix Y piled up in a small section of cache, induc-
ing self-interference and preventing temporal reuse.
Figure 8a shows the CVT visualization of the same
loop used in Figures 4 and 5, with four iterations for
the 2n—3 cache, which was a direct-mapped cache with
253 lines of 32 bytes each. Figure 8 clearly shows that
array Y used more of the cache, which reduced self-
interference and increased temporal reuse. This effect
was confirmed by fewer misses for array Y with the
new cache design—176—than with the standard
cache shown in Figure 5b—480.

Locality analysis

The locality properties of numerical codes are rel-
atively well understood because source code static
analysis already provides a lot of information on
intrinsic locality, and because the locality patterns are
relatively simple (based on vector and matrix

accesses). The locality properties of other types of code
are less well understood. With CVT, we can examine
a non-numerical code’s cache behavior and derive
inferences as to its locality characteristics.

For example, we collected a 100,000-entry trace by
running the Unix command compress with Gordon
Irlam’s Spa software package (the 100-Kbyte target
compress file contained ASCII text). This trace was
extracted at a random point in the execution. Running
this trace with the CVT showed that we actually
extracted a heavily used code section because only 48
distinct program counters were repeatedly used. After
running the trace, we obtained the cache miss layout
of Figure 9.

Twenty percent of all misses occurred in a single
cache line, and more than 10 program counters
(load/store instructions) were using this particular
cache line. However, only five were actually compet-
ing for it, breeding most cache misses for this line. Step-
by-step execution showed that none of these

Figure 9. Cache miss
distribution for com-
press.

July 1997




instructions exploited spatial locality, so each access
resulted in a miss. On the other hand, other references
benefited from these accesses, since some references to
this cache line were hits (the miss ratio of this line was
roughly 30 percent).

selected code sections rather than identifying

critical code sections. We therefore intend to
plug the CVT into a profiler similar to CProf that
would address the first phase. Furthermore, by col-
lecting information during the profiling run, such as
loop boundaries and array subscripts’ coefficients,
we intend to reduce the number of references that
need to be traced. CVT is freely available via FTP at
ftp.prism.uvsq.fr in /pub/software/CVT. [

CVT is dedicated to visualizing cache behavior of
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