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Abstract 

The tremendous storage space required for a useful data 
base of memory reference traces has prompted a search 
for trace compaction techniques. PDATS is the standard 
trace format used in the NMSU TraceBase, a widely 
used archive of memory and instruction traces. The 
PDATS family of trace compression techniques achieves 
trace coding densities of about six references per byte - 
with no loss of reference type or address information - 
by using differential run-length encoding. This paper pro- 
poses an improvement on the PDATS scheme that dou- 
bles the typical compression ratio without losing infor- 
mation. 

1. Introduction 

Processor architects have long used trace-driven simulation 
of new CPU designs to identify performance problems 
early in the design process. Likewise, memory system de- 
signers have used traces of memory references to tune 
hierarchies for optimum performance on targeted work- 
loads. Often, these traces must be quite large: using cache 
simulation as an example, the evaluation of megabyte-size 
caches requires traces with hundreds of millions to billions 
of references. If the memory hierarchy design is to perform 
well over a wide range of applications, it must be tuned 
during the design phase using a similarly wide variety of 
traces. Thus, a trace library for production use must con- 
tain many billions of references. The disk space needed to 
store such a trace library equals the product of the number 
of references and the number of bytes needed to store each 
reference. Even with today’s low cost per gigabyte of disk 
space, we would like to reduce the latter term far below 
the 8-10 bytesheference typical of the well-known dinero 
trace format [ l ]  as long as none of the information used 
by trace-driven simulations is lost in the process. 

The two lossless address trace compression schemes 
reported in the literature are Mache [2] and PDATS [3]. 
The two are similar in concept, but PDATS achieves 
somewhat better compression and is in widespread use as 
the standard format for address traces in the NMSU Trace- 
Base [4]. We begin our discussion with a review of the 
PDATS scheme. 

2. PDATS address trace compression 

Lossless trace compression must remove only redundancy 
from the trace; it cannot discard useful information. As an 
introduction to the redundancy inherent in the easy-to-use 
dinero format, consider the following trace segment. A 
trace in the dinero format contains ASCII characters that 
specify the reference type (0 = read, 1 = write, and 2 = in- 
struction fetch) followed by the reference address in hexa- 
decimal. A blank is used as a field separator, and a newline 
is used as the record separator: 

Type/ Address 
2 430d70 
2 4305174 
2 415130 

0 lOOOacac 
2 415134 
2 415138 

It is clear, even from this short segment of a trace, that 
most of the characters used in dinero instruction records 
are redundant, since instructions are nearly always executed 
sequentially. Although not evident in this trace segment, 
data references exhibit strong locality as well. Also, repre- 
senting numbers in ASCII rather than binary roughly dou- 
bles the size of each record [3]. 

The PDATS (Packed Differential Address and Time 
Stamp) format retains the reference type (read, write, or 
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fetch), the address, and the time stamp (if present) of 
each trace record, but does a reasonable job of elimi- 
nating the redundancy that that is due to spatial local- 
ity and sequentiality. PDATS converts the absolute 
addresses in the trace to address offsets, which are the 
differences between successive references of the same 
type. These address offsets are represented in two’s 
complement using the minimum number of bytes re- 
quired to hold the offset. When successive references 
are of the same type and maintain a constant offset, a 
single instance of the type and offset record, together 
with the number of times the pattern is repeated, suf- 
fices to describe the entire sequence of references. 

2.1 PDATS trace encoding 

A PDATS file is stored in a binary format consisting 
of a file header followed by variable-length records 
(from 1 to 8 bytes; see Figure 1). The structure of the 
header byte is shown in Figure 2, with the field en- 
codings listed in Table 1 (with the exception of the 
time code, which is not addressed in this paper). 

When the repeat flag is set, the byte following 
the header byte holds the number of times that this 
record is repeated (contiguously) in the original trace. 
This run-length coding can produce significant com- 
pression of instruction sequences, and requires little 
computation to regenerate the original references. 

2.2 PDATS compression performance 

To establish a baseline for the effectiveness of the 
PDATS technique, six SPARC traces of SPEC92 
programs were encoded in six different forms: dinero 
and PDATS in their native formats; compressed us- 
ing Lempel-Ziv-Welch [ 5 ]  
(*.Z); and compressed using 
Lempel-Ziv [6] coding (*.gz). 
Although Lempel-Ziv coding 
can compress absolute address 
traces (dinero format) by an or- 
der of magnitude, an additional 
half order of magnitude of com- 
pression was obtained by using 
PDATS as the base trace file 
format, achieving a density of 
about six references per byte 
when PDATS is followed by 
Lempel-Ziv compression, as 
seen in Table 2. 

ref references 

byte final file size 
-- - 

0- 2 Time Offset 
Header Rep 0 - 4 Address Offset Bytes Bytes 

nnnnnn 
Figure 1: PDATS record structure 

Figure 2: PDATS header byte structure 

Table 1: PDATS header byte encoding 

repeat 
0 
1 

!&k!z@ 
0 
1 
2 
3 

type 
0 
1 
2 

others 

bit 7 (msb) 
no repetition (repeat count byte absent) 
repeat these offsets (repeat count present) 
bit 6 - 5 
address offset is exactly 4 (default offset) 
address offset encoded in 1 byte (-128 .. +127) 
address offset encoded in 2 bytes 
address offset encoded in 4 bytes 
bit 2 - 0 (lsb) 
user data read 
user data write 
user instruction fetch 
(supervisory or system references) 

Table 2: PDATS Compression ratios for L-Z variants 

* All traces 1OM references, except gcc which is lOOM references 
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3 . Opportunities for further compression 

Although PDATS achieves impressive reductions in trace 
file size, examination of the resulting compressed traces 
reveals a number of inefficiencies that offer opportunities 
for additional compression. These result from common 
patterns of program behavior, which are illustrated in the 
following discussion using traces of the SPEC92 pro- 
grams gcc and swm2 5 6 on R3000 and SPARC proces- 
sors. 

3.1 Jump/post-jump encoding 

Jumps, i.e., non-sequential instruction fetches, are often 
followed by several sequential instruction fetches. PDATS 
encodes this common pattern using one record to specify 
the jump, followed by another record (often including a re- 
peat count) that describes the sequential references. The 
first record requires more than one byte because the offset 
of the jump is by definition different from the default in- 
struction stride that can be encoded within the PDATS 
header byte. The following sequential instructions have 
default stride, but a repeat count adds another byte to the 
second record, for a total of at least four bytes for this 
common sequence. 

We would like to encode all such instruction sequenc- 
es using a single record. To determine the feasibility of 
this, consider the statistics on run lengths shown in Fig- 
ure 3 for a non-sequential instruction fetch followed by se- 
quential fetches with no intervening data references. 

It is clear from the figure that few jump-initiated se- 
quences are longer than 15 contiguous instructions. Thus, 
if we can use at least four bits in the header byte to encode 
run length, we can usually eliminate the second record 
used by PDATS to represent a jump-initiated sequence. 

3.2 Data-instruction clusters 

One reason for the plateau in Figure 3 past instruction se- 
quences of just a few fetches is that the instruction fetches 
of a basic block are usually broken into numerous short 
sequences by intervening data references. We refer to a data 
reference followed by one or more instruction fetches as a 
“data-instruction cluster.” 

PDATS encodes each data-instruction cluster using at 
least two records. The first describes the data reference, and 
includes at least a header byte; extra bytes for data offset 
are also present in most cases. The following instruction 
fetches can be described in two bytes iff they are the se- 
quential continuation of the instruction sequence that be- 
gan before the data reference. 
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3: Cumulative fraction of instruction 
fetches in jump-initiated sequences 

R3000 swm 
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Figure 4: Cumulative fraction of instruction 
fetches in data-instruction clusters 

These. data-instruction clusters are the dominant fea- 
ture of most traces, representing an even larger fraction of 
all references than the jump-initiated sequences just de- 
scribed (see Figure 4). We would therefore like to encode 
each data-instruction cluster in a single byte if possible. 
From the figure it appears that we can capture most data- 
instruction cluster lengths in three bits. 
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3.3 Common Data Offsets 

The common offset +4 encoded in the 
PDATS header is quite powerful in 
reducing the encoded size of instruc- 
tion fetches; however, there are other 
very frequent datu offsets that current- 
ly require an offset byte, as shown in 
Figure 5 .  If the most common of 
these could be captured in the header 
byte, many data offset bytes could be 
eliminated. 

3.4 Operand Zones 

Data references in many programs are 
clustered in a few widely separated re- 
gions of the address space, a result of 
compliernoader conventions that es- 
tablish distinct locales for stack, heap, 
and so on. When references alternate 
among these areas, the resulting off- 
sets are quite large (often requiring the 
full 4-byte encoding), even though the 
offsets between references within each 
area exhibit substantial locality. 
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3.5 Read-Write Locality 

Separating the read and write reference streams is not very 
effective in reducing offsets. When a program is writing to 
a particular memory locale, it is also very likely to be 
reading from that locale. When read and write streams are 
considered separately for computing offsets, the result is 
usually two large offsets whenever the locale changes. 

3.6 Default Instruction Stride 

Although roughly 90% of instruction offsets are exactly 
+4 bytes (for the RISC processors in common use today), 
the other 10% have offsets that must be efficiently encod- 
ed in an integral number of bytes if reading and decoding a 
trace file is to be fast. We can gain some additional com- 
pression by storing such instruction offsets in units of the 
default instruction stride (i.e., dividing instruction offsets 
by 4 bytes). This will sometimes permit an offset to fit 
into one or two bytes that would otherwise require two or 
four bytes for 2’s-complement representation. 

4. PDATS I1 Trace Compression 

The research just described led to an improved PDATS - 
called PDATS I1 - that uses all of the characteristics of 
program behavior listed in the previous section to more 

Figure 5: Common data offsets 

effectively compress address traces. As noted later, howev- 
er, it wasn’t always possible to allocate as many bits in 
the header byte as the analysis above indicates as desirable. 

A PDATS I1 file is stored in a binary format similar 
to that of PDATS, consisting of a file header followed by 
variable-length records (from 1 to 5 bytes) as shown in 
Figure 6. (A 64-bit-address version supports up to 8 offset 
bytes.) The timestamp and supervisor/system reference 
features of PDATS were eliminated to free some bits in 
the PDATS 11 header byte. 

Hi?,der B T  , 0 -,; Addreip Offset p” , 
Figure 6: PDATS II record structure 

Because of the different statistics of offsets and run lengths 
for data versus instruction references, the header byte en- 
coding differs depending on whether a jump-initiated se- 
quence or a data-instruction cluster is described in a 
PDATS 11 record. 

4.1 PDATS I1 instruction records 

About 90% of instruction offsets in FUSC traces equal the 
instruction size, so it is clear that one instruction offset 
code should represent this size. From Figure 3, we see 
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that at least four bits should be allocated in the instruc- 
tion-record header byte to count sequential instructions 
following the first instruction fetch reported by this 
record. With one bit needed to distinguish instruction from 
data headers, we could either use three bits for the instruc- 
tion offset code and four for the sequential instruction 
count or two bits for offset codes and five for the count. 

Better compression results if we use 5 bits for the in- 
struction count, and use two bits to select an instruction 
offset from exactly +4, a l-byte range, a 2-byte range, or a 
4-byte range. Thus, we arrive at the instruction-record 
header byte format shown in Figure 7: 

m 

Sequential Instruction Count 
I I I I 

Figure 7: PDATS II instruction header byte 

4.2 PDATS I1 data records 

Because data references lack the strong sequentiality of in- 
struction fetches, we need to encode several common data 
offsets in the header byte. Allowing three codes for the 1-, 
2-, and 4-byte ranges, we can include 5 common offsets in 
a 3-bit coding scheme, or 13 in a 4-bit scheme. It is clear 
from Figure 5 that little would be gained by including 
more than the 5 most-common offsets, which are 0, k4, 
and f8 bytes, so the 3-bit scheme was chosen. 

With one bit necessary to differentiate data from in- 
struction headers, and another required to distinguish reads 
from writes, a 3-bit offset code field leaves only 3 bits for 
the fields that count instructions following the data refer- 
ence and select among active data regions in the working 
set. Both approaches - counting instructions and distin- 
guishing data “zones” - yield substantial compression, 
so neither should be entirely eliminated. Analysis of pro- 
gram behavior indicates that a compromise of two data 
zones and instruction runs of up to 3 yields the best com- 
pression. Thus the data header byte in PDATS I1 is con- 
structed as shown in Figure 8. 

Figure 8: PDATS II data header byte 

4.3 An example 

An example of compressing a dinero trace using both 
PDATS and PDATS I1 is shown in Table 3. (This trace 
segment was taken from the beginning of the tex trace 
from a “DLX’ processor [7].) The number of bytes needed 
to store each record is listed in the two rightmost columns 
of the table. Several of the points made earlier about op- 
portunities for improvement in the original PDATS for- 
mat are illustrated here: 

The first two references illustrate the jump/post-jump 
situation: where PDATS requires one record to report 
the jump followed by another to describe the subse- 
quent sequential instructions, PDATS 11 encodes the 
jump and the sequential instruction in a single record. 
The third reference, a backward jump, requires a four- 
byte offset in PDATS, but only a two-byte offset in 
PDATS I1 due to its scaling of instruction offsets by 
the default instruction stride. Thus - 1 bc 4 4 is stored 
as -6fl1, or 90ef. 
The fourth through eighth references illustrate both the 
power and the weakness of the PDATS I1 data header: 
it is able to encode the data read and the three follow- 
ing sequential instruction fetches in a single record, 
but an additional one-byte record is required when the 
instruction burst following a data reference exceeds 
three instructions. 
However, the string of alternating writes and instruc- 
tion fetches that begins with the twelfth reference 
provides a dramatic illustration of the improvements in 
PDATS 11: where PDATS requires three bytes to store 
ascending instruction fetches alternating with descend- 
ing writes, PDATS I1 can represent each pair with a 
single byte. This is due to its encoding of data strides 
of -4 in the header, along with its ability to store short 
instruction runs in the data header. 

Note that both data zones have been set by the end of this 
example: the read placed the zone 0 base address in what 
may be the heap area, while the sequence of writes (which 
appear to be stack pushes), set the zone 1 base address 
much higher in memory. The advantages of the two-zone 
scheme in PDATS I1 are not apparent in this short trace 
segment, but become important very quickly as reads and 
writes in the two active data zones alternate between the 
high and low addresses. PDATS frequently requires large 
offsets to encode these data references, while PDATS 11 is 
able to encode many of them using the small-offset codes 
available within its data header. 
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Table 3: Example of Trace Processing 

- 
- 

c 
1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

1 1  
1 2  
13 
1 4  
1s 

1 6  
1 7  
ia 
1s 
2c 
21 
2; 

2: 
24 
2: 

2f 

2: 
21 

2! - 

Input Trace 
Type Address 

2 

2 

2 

0 

2 

2 

2 

2 

2 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

2 

2 

2 

2 

2 

2 

2 __ 

430d70 

430d74 

415130 

10 0 Oacac 

415134 

415138 

41513~ 

415140 

430~20 

430~24 

7f f f OOac 

430~28 

7ff f00a8 

430c2c 

7fff00a4 

430~30 

7f f f009c 

430~34 

7f f f OOaO 

430~38 

7fff0098 

430c3c 

430~40 

430~44 

430~48 

430c4c 

430c5C 

430~54 

430c5E 

PDATS Trace 
rype Offset Rep 

2 

2 

2 

0 

2 

2 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

430d70 0 

4 0  

-1bc44 0 

1000acac 0 

4 3  

lbaeO 0 

4 0  

7fff00ac 0 

4 0  

-4 0 

4 0  

-4 0 

4 0  

-8 0 

4 0  

4 0  

4 0  

-8 0 

4 7  

2 

2 

0 

2 

2 

1 

1 

1 

1 

1 

1 

2 

10c35c 

-6fll 

100 Oacac 

1 

6eb8 

7f f f OOac 

-4 

-4 

-8 

4 

-8 

1 

PDATS I1 Trace 
rype Zone Offset* Count 

1 

0 

3 

0 

1 

1 

1 

1 

1 

1 

3 

4 

Bytes Needed 
PDATS PDATS I1 

5 

1 

5 

5 

2 

5 
1 
5 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
2 

5 

3 
5 

1 
3 

5 

1 

1 

1 

1 

1 

1 

* Offset field indicates true offset for data records, offset/4 for instruction records 
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5. PDATS I1 compression performance 

Dinero 
din.Z din.gz 

4.91 16.89 
7.20 19.28 
5.50 13.64 
9.37 24.19 
7.41 13.35 

11.56 85.82 
5.87 16.60 
9.45 41.12 
7.66 28.86 

0.91 2.49 

The effectiveness of the PDATS I1 technique in compress- 
ing address traces was evaluated by comparing trace file 
sizes in dinero, PDATS, and PDATS I1 formats, with and 
without further Lempel-Ziv compression. 

The results are presented in Table 4. The compression 
ratio is given for each trace for each output format, along 
with average compression ratios for the integer and float- 
ing point programs and the overall average compression 
ratios. The average number of references represented by 
each byte in the output files is also listed. These measure- 
ments are from 10 Mref traces from a SPARC processor. 
Other RISC processors produce similar results. 

PDATS 11 generally compressed these traces twice as 
effectively as PDATS, and achieved an overall average of 
13.4 references per byte when combined with Lempel-Ziv 
post-compression, or 1.33 references per byte without. 
(The additional compression achieved by the Lempel-Ziv 
algorithm results from recognizing and compressing large- 
scale patterns such as loop bodies.) 

It is interesting to observe that the compression ratios 
for floating point traces differed little from those for inte- 
ger traces for both PDATS and PDATS I1 acting alone. 
The small-scale patterns that these compression techniques 
recognize are about the same in both types of program. 
However, the large-scale behavior is much more redundant 
in the floating-point traces, as seen in the dramatic differ- 
ences in compression ratios between integer and floating 
point when either LZ or LZW is applied afterward. 

PDATS PDATS I1 
pdt pdt.Z pdt.gz pdt pdt.Z pdt.gz 
6.16 24.36 62.59 10.99 37.24 89.25 
6.02 24.49 53.91 10.64 32.48 78.07 
4.94 15.73 25.11 10.61 46.87 100.06 
5.83 36.55 43.74 8.13 34.54 52.13 
5.31 30.77 45.60 10.71 82.19 311.87 
6.08 94.43 252.34 10.83 182.02 408.60 
5.71 21.53 47.20 10.75 38.86 89.13 
5.74 53.92 113.89 9.89 99.58 257.53 
5.72 37.72 80.55 10.32 69.22 173.33 

0.74 3.60 6.33 1.33 6.25 13.40 

The superior compression performance achieved by 
PDATS I1 makes it quite attractive for the capture, storage 
and even generation of traces. We are developing a back- 
ward-compatible decompression filter that recognizes and 
transparently decompresses both PDATS and PDATS I1 
traces, and hope that it will be quite useful. 
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