Christian Haubl

Optimized Strings for
the Java HotSpot™ VM

A thesis submitted in partial satisfaction of
the requirements for the degree of

Master of Science

(Diplom-Ingenieur)

Supervised by
Univ.-Prof. Dipl.-Ing. Dr. Dr.h.c. Hanspeter Mossenbock
Dipl.-Ing. Dr. Christian Wimmer

Institute for System Software
Johannes Kepler University Linz

Linz, June 2008

Johannes Kepler University Linz, Altenberger StraBe 69, 4040 Linz, Austria, www.jku.at, DVR 0093696



Abstract I

Abstract

Each string in Java consists of two separate objects. Metadata such as the length of the
string are stored in the string object. For storing the characters, a separate character
array is used. This separation results in increased memory usage and bad cache behavior

because string operations must access both objects.

The optimization presented in this thesis merges the string object and the character array
into a single object. Such an optimized string has a better cache behavior and requires
less memory. The optimization is implemented for Sun Microsystems’ Java HotSpot™
VM and is automatically applied at run time. The class String is optimized manually
and all methods that allocate string objects are modified at run time. The modification
at run time is performed once when loading a class and impacts the performance only

negligibly.

Several benchmarks show a reduction of the memory usage and a performance increase.
For the SPECjbb2005 benchmark, the performance increases by 8% and the memory usage
is reduced by 3%. The performance of the DaCapo benchmarks improves by up to 14%
(4% on average) and the memory usage is reduced by 5% on average. For the SPECjvm98

benchmarks, the performance improves by up to 62% (8% on average).
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Kurzfassung

Jeder String in Java besteht aus zwei separaten Objekten. Metadaten wie die Lénge
des Strings werden im String Objekt gespeichert. Die Zeichen sind in einem eigenen
Character Array gespeichert. Diese Aufteilung fithrt zu einem erhohten Speicherbedarf
und zu einem schlechten Cache Verhalten, da fiir String Operationen auf beide Objekte

zugegriffen werden muss.

Die in dieser Diplomarbeit vorgestellte Optimierung verschmilzt das String Objekt und
das Character Array zu einem Objekt. Dieser optimierte String hat ein besseres Cache
Verhalten und bendtigt weniger Speicher. Die Optimierung ist fiir Sun Microsystems’
Java HotSpot™ VM implementiert und wird automatisch zur Laufzeit durchgefiihrt.
Die Klasse String wird manuell optimiert und es werden alle Methoden, die String Ob-
jekte allokieren, zur Laufzeit modifiziert. Diese Modifikation zur Laufzeit erfolgt ein-
malig beim Laden einer Klasse und hat daher einen vernachlissigbaren Einfluss auf die

Geschwindigkeit.

Mehrere Benchmarks zeigen eine Reduktion des Speicherbedarfs und eine Steigerung der
Geschwindigkeit. Beim SPECjbb2005 Benchmark steigt die Geschwindigkeit um 8% und
der Speicherbedarf wird um 3% reduziert. Die Geschwindgkeit der DaCapo Benchmarks
steigt um bis zu 14% (durchschnittlich 4%) und der Speichbedarf reduziert sich um durch-
schnittlich 5%. Bei den SPECjvm98 Benchmarks verbessert sich die Geschwindigkeit um
bis zu 64% (durchschnittlich 8%).
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2.9 Defensive Programming

Defensive programming can greatly help to find errors [11]. Especially in a project as big
as the Java HotSpot™ VM, all precautions to prevent or to find errors more efficiently are
highly effective. If a programmer changes some details in his implementation, he maybe
is not aware of the effects on the other parts of the JVM. Therefore, it is useful that each
programmer implements additional checks to validate the preconditions, postconditions,
and invariants. Most checks are only enabled in the debug build of the JVM and do
not reduce the performance of the product version. After finishing changes on the source
code, a debug build is created and used for testing. The Java HotSpot™ VM uses several

techniques for defensive programming that are presented in the following sections.

2.9.1 Assertions

Assertions are the basic technique for defensive programming. They check a condition at
a specific location in the implementation. If the condition does not hold, an error message
is printed and the Java HotSpot™ VM exits. An example for such an assertion is shown
in Listing 2.4: a programmer assumes a heap-word size of four bytes and implements an

optimization based on this.

! "OH

Listing 2.4: Example usage of assertions

If the heap-word size changes, the optimization produces a wrong result. With the asser-
tion in place, the invalidated assumption is easily detected and the optimized code can be
changed. Without, this might lead to an error within the garbage collector, which relies
on the correct object size. The mistake is propagated to a completely different part of
the JVM, where multiple possible error sources exist and where the costs for finding the

mistake are much higher.
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2.9.2 Impossible cases

Another way of securing the code is to explicitly handle all possible cases for the state-
ments switch and if. If it is assumed that only two cases are possible, a programmer
often uses an if-else construct, where the else branch does not have any associated
condition. However, this assumption might not hold any longer if new features are added.
All unknown cases are then handled by the else branch, which most likely produces a

wrong result.

Therefore, all known cases should be explicitly checked, so that the else branch can be
declared as an impossible case, as shown in Listing 2.5. If the else branch is still taken,
an error is reported and the JVM exits. The same applies to the default case of switch
statements. Although this technique slightly increases the work for the implementer, it is

especially useful if new features are added to an existing project.

int bytecode = ...;

if(bytecode == _new) {
alloc_object();

} else if(bytecode == _newarray) {
alloc_array();

} else {
should _not_reach_here();

¥

switch(bytecode) {
case _new: alloc_object(); break;
case _newarray: alloc_array(); break;
default: should_not_reach_here(); break;

¥

Listing 2.5: Example for impossible cases

2.9.3 Self-Verification

Self-verification uses verification methods to compare the actual behavior of a program
part with the specified one. This can for example be done by inspecting internal data
structures. Because these verification methods can heavily reduce the performance, they
are not executed in the product version. An example for self-verification is shown in
Listing 2.6: after inserting a string into a hashtable, the string is immediately retrieved to
ensure that it is stored properly. In comparison to the other techniques, self-verification

is more complex and more expensive to implement.
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Hashtable: :put(int key, jchar* value) {
// store the value

#ifdef DEBUG

jchar* in_table = get(key);

assert(value == in_table, "value must be in table now");
#endif

}

Listing 2.6: Example for self-verification

If a performance critical method of an application is at first naively implemented and opti-
mized later on, it is likely that the optimized version contains a bug because optimizations
are more difficult to implement. Therefore, it is useful to keep the unoptimized method
and to compare the results of both methods in a debug build. This is nearly no effort to

implement and can still help to detect bugs.
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Chapter 3

Java Strings

Java allows to declare strings directly at the language level, and it provides the operator “+”
for string concatenation [12]. However, all string operations are compiled to method
calls of the classes String and StringBuilder. Every string stores Java characters that
are defined as Unicode characters with a size of two bytes. In contrast to strings in
programming languages like C, Java strings are not null-terminated because each string
stores its length. Additionally to the basic data structure, the class String contributes
algorithms for string manipulation. However, methods that change a string’s content
always create a new string object because strings are immutable, i.e. the characters of a
string must not change after initialization. Therefore, strings are not suitable if lots of

modifying operations are executed.

For operations, where the string characters change often, the classes StringBuffer or
StringBuilder should be used. These data structures can be seen complementary to
strings and hold a mutable character array that grows dynamically. Different optimizations
can be applied to the data structures, and all are efficient if used correctly. However, the

programmer must decide which one is suitable in which situation.

In this chapter, the original and the optimized Java String classes are described. Fur-
thermore, this chapter presents the results of a detailed analysis of the advantages and the

disadvantages of the optimization.



Java Strings 22

3.1 Java String Class

Figure 3.1 illustrates that a string consists of two objects: metadata like the string length
are stored in the actual string object and the string characters are stored in a separate
character array. Because of this separation, multiple string objects can share the same
character array. This sharing of character arrays is extended by the fields count and
offset that store the string’s length and the starting position within the character ar-
ray. Therefore, a string does not need to use the full character array. Methods such as
String.substring() make use of this: instead of copying the selected characters to a new
character array, a new string object is allocated that references the same character array.
Only the starting offset and the length of this newly allocated string object are set. This
technique reduces the number of character arrays with the same content, which is positive
for the memory usage and the performance. The hash code of a string object is computed
from the string characters. To avoid recomputations, the hash code is cached in the field
hashcode. A string object has a minimum size of 24 bytes without its character array,

and 36 bytes with a character array that contains zero characters.

String charf]
8| count: int 8 length: int
12| offset: int 12| char[0]
16| hashcode: int
20| value: char[] e char[length-1]

Figure 3.1: Layout of Java strings

The field offset increases the memory usage and it must be loaded when a string character
is accessed to determine the string’s starting position. The actual array is then computed
by adding the offset to the character’s index. The field access and the computation are an
overhead with a negative impact on the performance. Furthermore, it is possible that a
string uses a far too large character array. The garbage collector is not aware of this and
cannot free any unnecessary used memory because it determines that the character array
is still referenced by a string object. If a string object uses the whole character array,
the field count wastes memory because it is a duplication of the character array length.
Another disadvantage of original strings is that each time a string object is accessed,
two bounds checks are performed: an explicit bounds check is implemented in the class
String because it is a convention to throw a StringIndexOutOfBoundsException if it
fails. A second implicit bounds check is executed when the character array is accessed.

This duplication reduces the performance.
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A modified class String was used to measure some facts about character array sharing
between string objects for the benchmarks SPECjbb2005 [27], SPECjvm98 [26], and Da-
Capo [3]. The percentage of strings that do not use their full character array is 0.05%
for the SPECjbb2005 benchmark, 5% for the SPECjvm98 benchmarks, and 14% for the
DaCapo benchmarks. These results indicate that it is uncommon that strings use only
a part of their character array. However, a string also shares its character array when
the string is explicitly copied. Of all string allocations, 19% are explicit string copies
for the SPECjbb2005 benchmark and 4% for the SPECjvm98 benchmark. The DaCapo

benchmark uses hardly any explicit string copies.

3.2 Optimized String Class

Because it is not common that a string shares its character array, it is beneficial to remove
all unnecessary fields and to merge the character array with the string object. Merging
the character array with the string object is possible because string objects are immutable
and the character array is declared as private. This has the disadvantage that it precludes
the sharing of character arrays between string objects. However, it offers several other
advantages like the reduction of memory usage and the elimination of field accesses, as

described in the next section.

Figure 3.2 shows string objects for the two implemented variants of the optimization. The
basic optimization, shown in Figure 3.2 (a), merges the character array with the string
object. Furthermore, it removes the string field offset and the character array field

length to reduce the memory usage.

String String
8| count: int 8| count: int
12| hashcode: int 12| char[0]
16| char[0]
char[count-1]
char[count-1]

(a) optimized (b) optimized hash field

Figure 3.2: Layout of optimized strings

The optimization shown in Figure 3.2 (b) also removes the field hashcode and saves an-
other four bytes per string object. The calculated hash code is cached in the mark word of

the object header, where normally the identity hash code is stored. Therefore, the method
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String.hashCode () returns the same value as the method System.identityHashCode ()
for such optimized string objects. On 32-bit architectures, the hash code is truncated to
25 bits because the mark word is not large enough to hold the value without truncation.
The hash code algorithm for strings is documented in the Javadoc of the class String,
so that this optimization violates the specification on 32-bit architectures. On 64-bit ar-
chitectures, the mark word is large enough to cache the hash code without truncation, so

that this optimization complies with the specification.

3.3 Advantages and Disadvantages of the Optimization

The presented string optimization tries to fulfill two competing goals: the performance of
string objects should be increased and the memory usage should be decreased. Because
the sharing of character arrays is precluded by the optimization, some string methods
have a decreased performance and an increased memory usage. Therefore, all positive and
negative effects on the memory usage and the performance are discussed in the next two

sections.

3.3.1 Advantages

e Fewer field accesses: Original string objects load the field offset for nearly all
operations. To access a specific string character, the field offset must be added to
the character’s index to determine the actual access position. With the removal of
the field offset, the field access and the computation of the access position are no

longer necessary.

e No indirection overhead: Because of merging the string object with the character
array, the characters can be addressed directly and no dereferencing of the character

array pointer is necessary.

e Better cache behavior: An original string consists of two separate objects that
might be spread over the heap by the garbage collector. Figure 3.3 shows a possible
memory layout before and after garbage collection. For accessing the string charac-
ters, both parts must be accessed, which leads to a bad cache behavior. Optimized
strings have a good cache behavior because they consist of only one object that

might fit into a cache line.

e No useless bounds checks: Original strings perform two bounds checks when
they are accessed: an explicit bounds check is implemented in the class String

because it is a convention to throw a StringIndexOut0fBoundsException if it fails.
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e e S
String 1 | char[] 1 | String 2 | char[] 2 | String 3 | char[] 3 S

(a) Original string: heap before garbage collection

v v v y

S String 1 | String 2 | String'3 | char[] 1 | char] 2 | char[] 3 S
[ ] [ ]
A ﬁ

(b) Original string: heap after garbage collection

y v v

S String 1 String 2 String 3 S

(c) Optimized string objects

Figure 3.3: Cache behavior of strings

A second implicit bounds check is performed when the character array is accessed.

This duplication does no longer exist for optimized strings.

¢ Reduced memory usage: An original string has a minimum size of 36 bytes
(including the character array and ignoring the possibility of character array sharing).
The minimum size of an optimized string object is 12 or 16 bytes, depending on the

removal of the field hashcode. Therefore, up to 24 bytes are saved per string object.

These saved bytes result in a percentage of reduced memory usage as shown in Fig-
ure 3.4. Because the string characters are not optimized in any way, the percentage
of reduced memory depends on the string length. The figure illustrates the maxi-
mum savings and ignores the possibility of character array sharing. It also contains
the mean string length for the various benchmark suites. For strings with a length
of 10 characters, the memory usage is reduced by up to 44%. This results in fewer

garbage collections, which affects the performance positively.

e Faster allocation: When an original string object and its character array are allo-
cated, both are fully initialized with default values. Because of a changed allocation
of optimized strings, the string characters no longer need to be initialized with default

values.

e No unused characters: Original string objects might use a far too large character
array because of character array sharing. The garbage collector is not aware of this

and cannot free any unnecessary used memory because it can only determine that the
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100%
. optimized
75% Y — — — optimized hash field
~ SPECjvm98
~N
50% NS~ ~ | 44% DaCapo
\ <2 o7 SPECjbb2005
250 37% ] it 7 19%
\_- -----
23% 7] e
16%
0% T T T T 1 1 T ‘ ‘

String length

Figure 3.4: Reduction of memory usage for the optimized string class (higher is better)

character array is still referenced by a string object. Optimized strings use exactly

the minimum necessary amount of memory for storing the characters.

3.3.2 Disadvantages

e Rewriting: Each method that allocates string objects needs some bytecode rewrit-
ing at class loading. This rewriting process takes additional time but has to be done
only once. Therefore, it adds a negligible overhead compared to the total execution

time. This is the case for both client and server applications.

e Temporary character arrays: For some methods of the class String, the internal
character array is passed to a helper method of another class. This is not possible
for optimized strings because the characters are not stored in a real character array.
Therefore, a temporary character array is allocated to which all string characters are
copied. This character array is then passed to such methods. The copying reduces

the performance and increases the memory usage. This could be optimized further.

e Voided character array sharing: Merging the character array with the string
object precludes character array sharing. Several methods that profited from char-
acter array sharing are therefore degraded in their performance and memory usage.
For example, the method String.substring() only adjusts the fields offset and

count for original strings. No characters must be copied.
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With the optimization, it is necessary to create a new string object where the af-
fected characters are copied to, as illustrated in Figure 3.5. Therefore, the runtime

complexity of the method String.substring() is degraded from O(1) to O(n).

String s = "Java String";

0123 456 7 8 910
Jlafvfa] [s{t[r]i]n]g]

<

String substring = s.substring(5, 11);

(a) Original string (b) Optimized string
01 2 3 4 5 6 7 8 9 10 01 2 3 4 5
Jlalvfal [s[t[rliln]g] [s][t][r][iln]g]

D e EE—

Figure 3.5: Method String.substring()
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Chapter 4

Implementation

This chapter describes the implementation details of the optimization. The removal of the
field offset is the first step to slim down string objects. For merging the character array
with the string object, three new bytecodes are introduced. Because these new bytecodes
are only used within the class String, the Java programming language compiler (javac)
is modified to create the optimized string class file. Otherwise, the transformation to the
optimized class would have to be done at runtime, which is less flexible and more effort
to implement. To support the three new bytecodes, they are implemented in the JIT
compiler and the interpreter. At runtime, all methods that allocate string objects must
be modified because the optimization requires changes to the allocation of string objects.
Additionally to the details of the implementation, some non-successful approaches and

particular difficulties are described in this chapter.

The optimization is implemented for the early access version b24 of Sun Microsystems’
Java HotSpot™ VM that is part of the upcoming JDK 7 [29]. Because platform dependent
code is necessary within the interpreter and the just-in-time compiler, the optimization is

currently only implemented for the TA-32 architecture.

4.1 Removing the Field offset

Optimized strings merge the character array with the string object, which precludes char-
acter array sharing. For original string objects, the field offset extends the possibility of
character array sharing and can be removed for optimized strings. The Java source code
of the class String is modified for this. During these modifications, the following three

typical cases occur. All examples in this section represent the state after the removal of
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the field offset and require further changes when the character array is merged with the

string object.

e Most of the time, accesses to the field offset can be deleted or replaced by the
constant 0 without causing any side effects. This has a positive impact on the per-
formance because fewer field accesses are necessary. The method String.charAt(),

shown in Listing 4.1, is an example for this case.

public char charAt(int index) { public char charAt(int index) {
. // bounds check ... // bounds check
return value[index + offset]; return value[index];
} }
(a) original (b) removed field offset

Listing 4.1: Method String.charAt ()

o [f the field offset is used to implement an optimization using character array shar-
ing, more effort is necessary because this kind of optimization is no longer possible.
Optimized strings must copy all characters to a new string object, which costs some
performance. This case occurs for example in the method String.substring(),
as show in Listing 4.2. For original strings, a new string object, which references
the same character array, is allocated and only the fields offset and count are set

accordingly.

public String substring(int beginIndex, int endIndex) {
... // bounds check
return new String(offset + beginIndex, endIndex - beginIndex, value);

}

(a) original

public String substring(int beginIndex, int endIndex) {
... // bounds check
int newCount = endIndex - beginIndex;
char[] newValue = new char[newCount];
System.arraycopy(value, offset, newValue, @, newCount);
return new String(newValue);

(b) removed field offset

Listing 4.2: Method String.substring()
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e In a few cases, the string-internal character array is passed to a helper method of
another class. The characters of optimized strings are no longer stored in a real
character array that could be passed to such a method. Therefore, it would be
necessary to pass the string object itself. For this, the receiving method would have

to be overloaded to allow a string object instead of a character array as an argument.

The decision was made to keep the number of changes to a minimum and therefore
no methods outside of the class String are added or modified. Instead of this, the
string characters are copied to a temporary character array, which is passed to such
methods. This costs some performance and increases the memory usage but could
be optimized further. The method String.getBytes() shown in Listing 4.3 serves

as an example for this case.

public byte[] getBytes(String charsetName) {

if(charsetName == null) throw new NullPointerException();
return StringCoding.encode(charsetName, value, offset, count);
}
(a) original

public byte[] getBytes(String charsetName) {
if(charsetName == null) throw new NullPointerException();
char[] val = toCharArray();
return StringCoding.encode(charsetName, val, 0, count);

}
(b) removed field offset

Listing 4.3: Method String.getBytes()

Internally, the VM uses C++ methods for allocating and manipulating string objects,
which also reference the field offset. These methods are for example invoked during class
loading, when string objects are allocated for the string constants in the constant pool.
Furthermore, offset is also used in several intrinsic methods of the JIT compiler. To
achieve a complete removal of the field offset, these parts of the VM must be modified.
The three described cases for the changes on the Java source code also apply to the methods
within the VM. Listing 4.4 shows a C++ method that calculates the length of an UTF-8

encoded string.





