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ABSTRACT

Unlike applets, traditional systems programs written in Java
place significant demands on the Java runtime and core
libraries, and their performance is often critically important.
This paper describes our experiences using Java to build
such a systems program, namely, a scalable web crawler. We
found that our runtime, which includes a just-in-time com-
piler that compiles Java bytecodes to native machine code,
performed well. However, we encountered several perfor-
mance problems with the Java 1.1 core libraries, including
excessive synchronization, excessive allocation, and other
programming inefficiencies. The paper describes the most
serious pitfalls and how we programmed around them. In
total, these workarounds more than doubled the speed of our
crawler.
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1. INTRODUCTION

This paper describes our experiences using Java to build
Mercator, a scalable web crawler. Web crawlers have many
of the characteristics of classical systems programs: they run
for days or weeks at a time, use large amounts of memory,
have significant 1/O requirements, must perform well, and
need to be fault-tolerant. These requirements place very dif-
ferent burdens on the programming libraries and runtime
environment than Java appl ets do.

When we started this project, we were not sure if our Java
runtime environment or the Java core libraries were indeed
suitable for such a systems program. In the process of imple-
menting and optimizing Mercator, we were pleased to find

core libraries traded off performance for ease of use. While
this tradeoff is quite sensible for interactive applications
such as applets, it is problematic for classical systems pro-
grams. The focus of this paper is on the performance prob-
lems we discovered in the Java core libraries, and the
methods we used to overcome them.

The remainder of the paper is structured as follows.

Section 2 describes the tools we used to develop Mercator.
Section 3 describes its main characteristics, focusing on its
system requirements. The bulk of the paper, Sections 4-6,
enumerates the performance problems we discovered in the
Java core libraries, describes how we programmed around
them where possible, and quantifies the performance

improvements that resulted. Finally, Section7 offers our

conclusions.

2. OUR DEVELOPMENT TOOLS

The performance of any Java program depends on the com-
piler that produced its bytecodes, and on the Java runtime
under which it is run. A variety of tools are available for
debugging the performance of Java programs, such as Intel's
VTune [11], Intuitive SystemsOptimizelt [10], KL Group’s
JProbe [8], and IBM’s Jinsight [7]. In this section, we
describe the development tools we use and their features for
measuring various performance properties of Java programs.

We use a standard Java compiler, namely, the Symantec
Visual Cafe compiler. All of our coding, compiling, and
small-scale testing is done on Wintel PCs.

Our production runs and large-scale tests are done on multi-
processor Alpha machines running Compagqg’s Tru64 Unix
operating system. For all our runs on this platform, we use a

that the “just-in-time” (JIT) compiler we used was quite effi- prototype in-house Java runtime caldjava. The srcjava

cient. In the latest version of the crawler, only about oneuntime uses an unmodified copy of Sun’s JDK 1.1.4 class
third of the CPU cycles are spent executing compiled byteibraries. It includes a JIT compiler that generates straight-
code; the remaining cycles are spent in the Java runtime @rward Alpha machine code from Java bytecode with little
executing native methods. As a matter of fact, half of albptimization. One of srcjava’s strengths is that its implemen-

Mercator’s cycles are spent in the Unix kernel.

However, we also discovered that in many places, the Ja

tation of Java's synchronization primitives (i.e., locks and

\ya?ndition variables) are both time- and space-efficient, espe-

cially in the absence of lock contention.

2.1 srcjava performance debugging support

srcjava can also be used as a performance debugging tool. It
has command-line switches for measuring and reporting sev-
eral aspects of a program’s run-time performance. This sec-
tion illustrates these features on a simple multi-threaded

program that allocates a central hash table and then forks
several worker threads. Each thread repeatedly picks a ran-



dom number, converts the number to a string using Java's 2.2 DCPI

Integer.toString method, and then inserts the string into the The other tool we frequently use for performance debugging
global hash table. is DCPI, the Digital Continuous Profiling Infrastructure [1,
Synchronization. srcjava can print information about a pro- 6]. DCPI is a freely-available profiling tool that runs on

Alpha systems. It uses counters built into the Alpha proces-
sor, and it can profile code running in both user space and

ment may produce multiple entries. For each acquisitionlthe kemelil '\"2?;‘3%\2/6, DCPI's profiling overhead is quite
site, srcjava prints the number of lock acquisitions per- 'OW: typically 2%—6%.

formed at that site. The SynChronization data is printed atWe use DCPI to get CPU Cyc|e breakdowns of Mercator. By
the end of the run. Here is the first entry for the test pro- virtue of DCPI's universal sampling, we can simultaneously

gram’s lock acquisitions. It uses stack traces to identify
acquisition sites. As a result, the sasyachronized state-

gram: profile the srcjava runtime, compiled bytecode, and native
8483 7: java.lang.StringBuffer.append(Q methods, including kgrnel routines. In additipn to its profil-
64: java.lang.lnteger.toString(ll) ing core, DCPI also includes tools for printing CPU cycle

3: java.lang.Integer.toString(l)

19: test. TestAl | 0cSyncsvr ker . run() breakdowns at various granularities, including whole

images, functions, and individual instructions. Here is the

This entry shows that 8,483 lock acquisitions were per- image-level breakdown for one run of our test program:

formed at the site identified by the stack trace. The second | % i
column is the bytecode offset within each of the listed meth- 47,73 41 6796 vmuni x
ods. srcjava can also collect and report information about 32509 36.45% TestAll ocSync. exe

lock contention, but we do not describe that feature here. ~ 19512 21.88% srcjava
Allocation and garbage collection. srcjava can print the ~Here are the top 10 functions in the function-level break-
number and total size of all allocations made over the life of 9OWn for the same run. The first 4 functions are all related

a program. For each allocation site (again identified by its ©© Synchronization.
stack trace), the output lists the type of the allocated objectcyci es % procedure i mge

the number and total size of allocations at that site, and the 5963 5.68% conp_sync_exit TestAll ocSync. exe
o . L . 5 5.30% conp_sync_enter Test Al | ocSync. exe
site's stack trace. The allocanon profile is printed at the end 3466  3.89% conp_sync_exit_endopt  Test Al | ocSync. exe
of the run. Here is the first entry for our test program: 3321  3.72% conp_sync_enter_endopt Test Al l ocSync. exe
2415 2.71% nof aul t _bcopy / vmuni x
1000 40000 20.4% [C 2254 2.53% checksig / vmuni x
java.lang. StringBuffer.<init>(l) 1841 2.06% conp__OtsDivi de32 Test Al | ocSync. exe
java.lang.Integer.toString(ll) 1640 1.84% thread_bl ock / vmuni x
java.l ang. Integer.toString(l) 1635 1.83% java.util.Hashtabl e. put Test All ocSync. exe
test. Test Al l ocSync$Worker. run() 1535 1.72% nove srcj ava

This entry indicates that 1,000 character arrays were allo-3, THE MERCATOR WEB CRAWLER
trace, for a total of 40,000 bytes, or 20.4% of the program'sextensible, we mean that Mercator is designed in a modular
total allocation. way, with the expectation that new functionality will be

One cost of excessive allocation is increased garbage collec@dded by third parties. We use Java’s dynamic class loading

collection, as well as the total GC time. able, we mean that it should be able to crawl a web of indef-

inite size while using a bounded amount of memory. In
Heap Profile. srcjava provides two mechanisms for report- practice, we recently used Mercator to download 30 million
ing on the contents of the heap. First, it can print a type-web documents over the course of 12 days; during this
based profile of the heap before and after each GC. Thiscrawl, the live Java heap size was limited to 150-200 MB.
profile is rather flat, but it can still be quite useful. The post- The bulk of Mercator’s data structures are stored on disk; in
GC profile gives a profile of the live heap. For example, production crawls, they often amount to tens of gigabytes.

here is the post-GC profile for our test program (only the top o . . )
five entries are shown): Mercator is highly multi-threaded, typically using 100

threads to fetch and process web pages in parallel. Java’s

Bytes Cbjects Sizeof Spaced Type support for multi-threading allows us to use synchronous

3458656 86512 8-64 43.72%[C

2076096 86504 24 26.25%  ava. | ang. String socket operations, which significantly simplifies the code,

12?3;‘33 78721 J56k gf,, 22- ggffi[iwa- uti 't; lHasHht ;‘tb' glEmEfty and allows our crawling process to utilize all the processors
- . (] Java. util. Has ablekentry . . .

32800 2 4K-32K 0. 41%[C of a multi-processor machine. By comparison, other crawl-

ers documented in the literature [3,5] are single-threaded

Note that array types are divided into different groups, and achieve concurrent downloads via asynchronous 1/0,
based on their sizes (in bytes). In this example, there are tWQyhich is somewhat awkward to program.

entries for character arrays. srcjava can also produce a more

structured breakdown of the live heap based on reachabilityMercator’s 1/O requirements are also indicative of a classi-
paths. cal systems program. It uses TCP sockets to download doc-

uments (with peak download rates of hundreds per second),



UDP sockets to perform domain name service (DNS) reso-
lutions, and both sequential and random-access files to
access its large disk-based data structures.

For portability, Mercator is written in 100% pure Java. We
runit on both Wintel PCs and Alpha Unix workstations. Itis
a medium-sized Java program,; its Java source files (includ-
ing test classes and comments) total 20,000 lines.

When crawling the world wide web, we found that the
responsiveness of web servers fluctuates greatly over time,

making it hard for us to measure Mercator’s end-to-end per-

These methods in turn are called by overloaded versions of
the StringBuffer.append method. For example, the expres-
sion “THX"+1138 uses Integer.toStringto convert 1138
into a string, resulting in 6 lock acquisitions, and then per-
forms 3 more acquisitions to compute the final result.

The previous example is by no means artificial. For exam-
ple, InetAddress.getHostAddressvhich converts an IP
address to a string, isimplemented in exactly this way. Asa
result, converting the address 172.18.229.100 into a string
requires 27 lock acquisitions, all of which are unnecessary!

formance in a repeatable fashion. We therefore wrote a pro-Concatenating strings and converting numbers and P
gram that, from Mercator’s point of view, acts like an HTTP addresses to strings are common operations in Mercator, so
proxy, but synthesizes web pages instead of actually fetch-StringBuffersshowed up prominently in srcjava’s synchro-
ing them. We used this “web synthesizer” to measure thenization profile. To avoid the unnecessary lock acquisitions
end-to-end performance of the initial and optimized ver- introduced byStringBuffer, we implemented & ormatter
sions of Mercator. Overall, the optimizations described in class that combine&ringBuffer functionality with facilities
the following three sections more than doubled Mercator’s for formatting various types (subsuming for instamote-

download rate.
4. EXCESSIVE SYNCHRONIZATION

Writing correct multi-threaded programs is far from trivial;

ger.toSring). The use ofFormatters significantly reduces
Mercator’s lock acquisition rate; it also avoids unnecessary
heap allocations, as described below in Section 5.

it requires training and discipline [2]. Most programmers Sun could easily address these issues by providing an
have not been exposed to programming with threads, and!nsynchronized variant &ringBuffer, and by changing the
therefore lack the needed experience. Presumably for thidmplementations of the string concatenation operatdin
reason, the designers of the Java core libraries decided té1€ javac compiler) and the methodsnteger.toString,
minimize the likelihood of race conditions by making many Long.toString, etc. to use this unsynchronized variant.

of the core classes thread-safe. This was done by declaringr_z 1/O Streams

the classes’ public methods to$@chronized. By doing so,

they sacrificed performance for ease of use, since many off
the lock acquisitions that result from this approach are

unnecessary.

The java.io package provides a stream abstraction for per-
orming byte I/O, and a reader/writer abstraction for per-
forming Unicode character 1/O. Both abstractions are
designed to be composable; for example, the standard way

In practice, this tradeoff can lead to large performance pen-to read a sequence of integers from a file is to compose a
alties. Using DCPI, we determined that Mercator initially FilelnputStream (to access the file) with Bufferedlnput-
spent about 20% of its cycles on synchronization-related Sream (to avoid excessive kernel calls), which in turn is
operations. After we applied the optimizations described composed with ®atal nputStream (to convert bytes to inte-
below, the fraction of cycles spent on synchronization fell to gers).

1.5%.
4.1 StringBuffers

The designers of theva.io package decided to make some
(but not all) 1/0 classes synchronized. In particular réael

The over-synchronization problem is exacerbated if the Méthods ofBufferedinputSream and thewrite methods of
class in question is a low-level class with many clients. The BufferedOutputSream are synchronized. This design leads

best example is the clagava.lang.SrringBuffer, all of

to fairly fine-grained locking, particularly when small

piler usesstringBuffers to implement the string concatena-

tion operator+. For example, the expressitioo”’+"“bar”
istranglated to:

new StringBuffer().append(“foo”).append(“bar”).toString()

Eval uating this expression results in 3 lock acquisitions (one
for each of the method calls), even though there is no poten-
tial for race conditions, since the StringBuffer is accessible
from only one thread.

To make matters worse, StringBuffers are used by many
other low-level Java classes. For example, the methods Inte-
ger.toString and Long.toString use SringBuffers to convert
numbers into strings. In so doing, they perform n+2 lock
acquisitions, where n is the length of the resulting string.

design would be to leave the methods unsynchronized, and
to instead require clients to ensure single-threaded access.
Of course, since the latter approach places the burden of
lock acquisition on the client, it requires more discipline.
However, the benefit of the latter approach is that many lock
acquisitions can be avoided, since the client can protect an
entire 1/O transaction with a single lock acquisition.

Unfortunately, many methods of thBataOutputStream
class write data to the underlying stream a byte at a time.
For example, the methaariteLong performs 8 write opera-
tions to its underlying stream. In the typical case where the
underlying stream is BufferedOutputStream, a single call

to writeLong results in 8 lock acquisitions! Similarly, writ-
ing the ASCII representation of ancharacter string results



in n lock acquisitions. The DatalnputSream class has
exactly the same problems.

The PrintSream classis the standard way to write the string
representation of a variety of types to an underlying

stream!. As opposed to DataOutputStreams, PrintStreams
write data to their underlying streams in larger chunks. For
example, calling PrintStream.print causes a single write
operation on the underlying stream. Unfortunately, the
PrintStream implementation performs locking of its own.
Printing out a string causes at least three lock acquisitions
within the PrintSream implementation itself, plus any syn-
chronization performed by the underlying stream.

The extra synchronization introduced by the core stream
classesis not just an academic problem. Like many systems
programs, Mercator writes extensive logs. For example, it
writes aline to alog for every web page that it downloads.

for performing host name resolution. In Java, these are the
getByName and getAllIByName methods of thénetAddress
class.

Mercator makes extremely heavy use of these methods. To
avoid multiple downloads of the same document, a web
crawler must maintain a set of discovered URLs. When
Mercator extracts a URL from a web page, the URL is con-
verted to a canonical form and then tested against the set. As
part of the canonicalization process, the host name is
resolved. Hence, Mercator performs a host name resolution
for every link in every page it downloads. These requests
are made in parallel by its 100 crawling threads.

Our initial measurements showed that host name resolution
in Mercator was a severe bottleneck: it accounted for 87%
of each thread’s elapsed time. Upon studying the implemen-
tation ofInetAddress.getByName, we discovered that it tries

Using srcjava’s synchronization profile, we discovered that t0 avoid issuing costly DNS requests by caching the results

writing one line to the log caused 67 lock acquisitions!

of previous resolutions. However, we also found that the
cache is protected by a single lock, which is held for the

To work around the stream problems described above, wegntire duration of the resolution. Hence, if one thread misses

wrote aBufferedDataOutputStream class that combines fea-
tures ofPrintStream, DataOutputStream, and BufferedOut-
putStream. The classBufferedDataOutputStream is com-

in the cache and therefore must contact a name server, any
other thread attempting to resolve a host name will block
until the first thread’s request completes, even if the other

pletely unsynchronized, placing the synchronization burdenthread's request could have been served out of the cache.

on its client. Using this class, writing a line to our download

log requires only a single lock acquisition. We also wrote an Our first attempt at rectifying this problem was to keep our

analogous BufferedDatalnputStream class that provides
similar benefits.

own cache. The lock protecting our cache is held only while
accessing or updating the cache, mitwhile callingInet-
Address.getByName in the event of a cache miss. As a

Sun could address these performance problems by providresuylt, host names that are contained in our cache can be

ing an unsynchronized variant of tiBefferedl nputStream
and BufferedOutputStream classes, and by improving the
implementations of th®atalnputSream and DataOutput-
Stream classes to perform fewer calls on the underlying
stream. Although it is not documented in its APkint-

resolved immediately, even while calls ltwetAddress.get-
ByName are in progress. Unfortunately, such calls are still
serialized by the lock imnetAddress. While this optimiza-
tion improved Mercator’s performance, host name resolu-
tion remained a bottleneck, since the rate at which Mercator

Stream's methods are thread-safe, so removing synchroniza-giscovers new hosts outpaces the rate at which host names

tion altogether is likely to break existing clients that have

can be sequentially resolved.

relied on this undocumented feature. However, the number

of lock acquisitions required to print a string could be
reduced from 3 to 1.

4.3 Host name resolution

To overcome this problem, we implemented a DNS resolver
in Java. Our resolver allows host name resolutions to be per-
formed in parallel. It does not us$eetAddress.getByName,

but instead useBatagramSockets to issue DNS requests

Any program that contacts sites on the internet whose iden-directly to a local name server. Using our own resolver
tities are provided in the form of symbolic host names must reduced the elapsed time spent by each thread on hos_t name
resolve those names into IP addresses. This process igesolution from 87% to 25% More importantly, this

known ashost name resolution, and it is supported by the
domain name service (DNS). DNS is a globally distributed

service in which name servers refer requests to more author;
itative name servers until an answer is found. Therefore, a

across the globe.
All common computing platforms provide standard routines

1 The Java core libraries appear somewhat schizophrenic with re-
gards to PrintStreams: although officiadly deprecated, they are
still used for the standard output and error streams.

change significantly increased the crawler’s download rate.

Sun could address this problem by changing the implemen-
tation of the DNS cache not to hold a lock while performing
DNS lookups. Perhaps an even more flexible solution would

. ! ; S€%e to add a method that provides uncached DNS lookups
onds to complete, since it may require many round-trips

without any locking, thereby allowing clients to implement

2 Currently, when a worker thread processes a page, it extracts
URLSs from the page and canonicalizes them in sequence. We
could further reduce the el apsed time spent by each thread on host
name resolution by performing these canonicalizations in paral-
lel.



their own DNS caching schemes or to bypass DNS caching
altogether.

5. EXCESSIVE HEAP ALLOCATION

In Java, there are two costs associated with heap allocation.
Aside from the direct cost of the new operation, thereis aso
the cost of performing garbage collections (GC). The GC
cost can be substantial, especially if the program has a high
alocation rate. Moreover, most current Java runtimes (e.g.
the Windows Sun/Symantec runtime and the Unix srcjava
runtime) perform single-threaded, non-concurrent garbage
collection. As a result, the garbage collection penalty is
increased on multi-processor machines.

Although we cannot easily measure the allocation cost, src-
java can report the time spent on collections. Initially, Mer-
cator spent 15% of its elapsed time performing collections.
After making the optimizations described below, that time
was reduced to 5%.

One problem with the Java core libraries with respect to
alocation is that many objects cannot be reused. In some
cases, it is possible to implement alternatives that allow
object reuse. However, there are other cases where this is
not possible, primarily because important native methods
have been declared private, and are therefore inaccessible to
any such alternative implementation. Given our philosophy
of writing 100% pure Java code, we ruled out the option of
implementing our own publicly accessible native methods.

FilelnputSreams are one example of a class whose
instances are not reusable. A FilelnputSream object is asso-
ciated with a file when it is constructed, but there is no
mechanism for re-opening an existing FilelnputStream on a
different file. This means that the only way to access a dif-
ferent file is to alocate a new FilelnputStream object. An
alternative version of FilelnputSream that avoids this prob-
lem cannot be written because the native method for open-
ing afileis private to the FilelnputStream class. The same
remarks hold for FileOutputStreams and RandomAccess-
Files.

Similarly, a Socket object is associated with a network con-
nection at the time of its creation; it cannot be re-opened on

and thereis no mechanism for re-associating it with adiffer-
ent underlying stream later. So, accessing a new network
connection via Bufferedl nputStreams requires the all ocation
of both a Socket and a BufferedinputStream, which in turn
causes the allocation of a (potentially large) internal buffer.

However, unlike FilelnputStreams and Sockets, it is possible
to write an alternative version of BufferedinputStream that
promotes object reuse through an open method, since Buf-
feredinputStream has no native methods. We have imple-
mented two such alternatives. One is the BufferedData-
InputStream class mentioned in Section 4.2; the other is a
class called RewindinputStream that is used to read web
pages from network connections and buffer them. At the
beginning of a crawl, we alocate one Rewindl nputStream
object per crawling thread. These stream objects (and their
large underlying buffers) are then reused throughout the life
of the crawl.

Sun could foster object reuse by extending the stream and
socket classes with methods for reopening them. In the
FilelnputStream, FileOutputStream, and RandomAccessFile
classes, such methods aready exist, but are not declared
public.

In the examples described so far, the design of some classes
in the core libraries prevented reuse of their instances. How-
ever, there are other classes, such as StringBuffer, whose
instances are easily reusable, but whose points of use are
widely scattered throughout the program, making it hard to
identify an instance that can be reused. The same is true of
Formatter, our StringBuffer replacement described in
Section4.1. To promote reuse of Formatter objects (and
their internal buffers), we maintain a pool of unused For-
matter s. To avoid unnecessary synchronization when check-
ing Formatters out of and back into the pool, we divide the
pool into per-thread sub-pools. Once Mercator reaches its
steady state, no new Formatters are allocated.

6. OTHER INEFFICIENCIES

In addition to the synchronization and alocation overheads
described above, we have also discovered several other
unrelated inefficienciesin the Java core libraries.

a different connection. So, the only way to establish a new
network connection is to alocate a new Socket object.
Moreover, each Socket allocation causes the alocation of a
PlainSocketlmpl, a SocketlnputSream, a SocketOutput-

» The java.io.RandomAccessFile class is unbuffered, and
no buffered variant is supplied. This means that every sin-
gle read or write operation orRandomAccessFile incurs
the cost of a kernel call! To work around this problem, we

Stream, and a FileDescriptor. Again, it is impossible to
write an alternative socket implementation because the

wrote our own BufferedRandomAccessFile class. Our
implementation is a subtype BandomAccessFile, but it

native methods for establishing network connections are all
private to PlainSocketimpl. Obviously, a web crawler like
Mercator establishes many network connections per second.
Due to the design of the java.net package, these connections
cause hundreds of unavoidable allocations per second. Sim-
ilar remarks hold for DatagramSockets, which we use
heavily in our DNS resolver.

uses a buffering scheme that combines the designs of
Modula-3’s reader and writer abstractions [4]. Sun could
provide a buffered variant dkandomAccessFile similar

to ours as part of thava.io package.

» Constructing a new instance @dva.io.PrintStream is
quite expensive. After some investigation, we discovered
that the PrintSream constructor indirectly performs
dynamic class loading of a character converter class. As a
result, constructing BrintStream on our production run-
time takes 366 ms elapsed time on average, which is over

Like FilelnputStream and Socket objects, instances of Buf-
feredinputStream are not reusable. The Bufferedl nputStream
constructor associates the stream with an underlying stream,



5 orders of magnitude more expensive than constructing a 7. CONCLUSIONS

ByteArrayOutputStream! We overcame the problem by We have used Java to implement a classical systems pro-
using our own BufferedDataOutputStream class instead gram, namely, a scalable web crawler. We found that the
(see Section 4.2). Sun could improve PrintStream con- Java language is well-suited to such a task. Its object-ori-
structor performance by caching the CharToByteCon- ented model and its package system support a modular pro-
verter associated with the current locale, rather than gramming style; its exception system makes it easier to
reloading it dynamically whenever a PrintStream is cre- build robust applications; garbage collection prevents mem-
ated. ory leaks, making it easier to write long-running programs;

and language-level thread support makes it easier to write
multi-threaded programs. (Java shares all these attributes
with Modula-3 [9], which has been our systems program-
ming language of choice up until now.)

It is worth mentioning that this anomaly did not effect
Mercator’s performance directly. Rather, it was hindering
the performance of our synthetic proxy, which was con-
structing a newPrintSream on which to write the
response to each newly received HTTP request. AfterBy sampling the hardware performance counters of the
removing thePrintStreams from our synthetic proxy, the  Alpha processor, we discovered that our system spends 63%
rate at which the proxy could synthesize documents of its cycles in the runtime or in native methods, and in fact
increased by a factor of 2.75. 50% in the Unix kernel. We conclude that for 1/O-intensive

« There are cases in the core libraries where two operation@PPlications (which in Java result in a large number of
have similar semantics, but drastically different perfor- native method .calls), anq in the presence of a reasonably
mance. For example, thevalang.Sring class has six good JIT compiler, Java is an attractive alternative to tradi-
constructors for creating a string from a byte array. Four tional systems programming languages such as C.
of them use byte-to-character converters to convert bytesqowever, we also discovered that the Java 1.1 core libraries
to Unicode characters, while the other two take a byte asyere designed for ease of use, not for speed. We identified
an argument and use it as the higher-order byte of eacthumerous performance issues within the core libraries. Two
Unicode character. Despite the similarities of these con-of the root causes are excessive synchronization and exces-
structors, the variants that use converters are 10 to 4Gsive memory allocation, but we also discovered other ineffi-
times slower, depending on the Java runtime. ciencies. We were able to program around most, but not all,

In Mercator, converting byte arrays to strings is a com- ©f these problems.
mon operation, since web pages are downloaded as byte cleaner solution would be to fix these problems in the
streams, but in the process of extracting links from HTML core libraries themselves. For each of the problems we
pages, parts of the byte stream are converted to stringsdescribed, we have outlined how Sun could address them.
When we inadvertently introduced uses of the inefficient The remedies we have proposed fall into three categories:
constructor into the link extraction code, Mercator's providing unsynchronized variants of existing classes,
crawling rate dropped by a factor of 3! improving the implementations of existing methods, and
« The javanet package provides networking facilities, extending existing classes with additional methods. All the
including an implementation of the HTTP protocol. Our changes we have proposed would be backward-compatible

very first version of Mercator made use of this HTTP With the existing Java 1.1 libraries.

implementation. HOWEVGI', we soon discovered that it con- Java's use a a deve|opment |anguage for server-side app”ca_
tains no provisions for specifying timeouts. As a result, an tions is becoming more and more prevalent. The perfor-
HTTP request will hang indefinitely if the remote server mance of such applications is often critical. One way to
fails to close the connection, thereby disabling the calling improve Java performance is to develop fast Java runtimes,
thread. Surprisingly, such ill-behaved web servers are notand indeed, much research is being done in this area.
uncommon. To work around this problem, we wrote our Although such research is crucial, our experience shows that
own streamlined HTTP implementation. Our version uses improving the performance of the core libraries is also
the java.net.Socket class, whicttoes provide methods for  important. We hope that Sun will therefore devote more
setting timeouts. Sun could remedy this problem by add- effort toward improving the performance of the core librar-
ing methods to th&JRLConnection class for setting time-  jes, and that it will augment the documentation of the librar-
out values. ies to highlight expensive method calls. Java’'s success as a

 Our initial implementation of Mercator usgava.net. URL systems programming language depends on it.

to represent URLs. However, we found that URL creation ACKNOWLEDGEMENTS
was relatively costly. By implementing our own URL
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