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Abstract services like Hotmail, Gmail, and Yahoo! Mail hosting

o . hundreds of millions of users and contributing to the 31
E-commerce server reliability is critical, as downtimes

cost an average of $10,000 per minute [40]. CommerciaPIIII0n em_au_ls sent daily [41]. E-commerce continues to
: . : ._grow by billions of dollars annually [11]. The overriding

web server development today is done with fairly generic A, . . :

roaramming lanauages. like Java. Perl. and C# Théheme in this story is that dynamic web sites have be-

brog g 'anguages, X ' ' come the rule rather than the exception. To meet the de-

generality of these languages, while permitting a wide . .
L . mand, web servers have become increasingly powerful.
range of target applications, makes it difficult to guaran- :
Most servers are now merely containers for programs

tee reliability: dynamic type errors, race conditions, andWritten in general-purpose languages like Perl, Python,

resource leaks contribute to instability. _Though the Ian'Java (via J2EE [21]), and C# (via .NET [10]). Although
guages may detect such errors at runtime, the resultin

; ’ . %ese languages are very expressive, they provide insuf-
downtimes in production code are costly. guag y exp yP

Wi t Kat alized K ficient reliability guarantees. For instance, the lack of
< present ralana, a speclalized Iramework Tor Cre- .. typing in Perl and Python can lead to runtime er-

ating fe"ab'e vyg_b SEIVETS. Generality is ext_:hanged forrors that escape QA testing and only manifest themselves
specific capabilities tailored to server operation. In par—during production. Java and C# are statically typed, but
ticular, servers written with Katana benefit from these X

. . ~ “they still have many potential runtime errors, as well as
properties: truly statically type-checked code; special-

_ hace conditions, deadlocks, and resource leaks.
ized language features for common server tasks, suc These broaramming frameworks do provide a basic
as data transformation and formatted output; native Prog 9 P

statically-checked database interaction; automatic meml-e vel of sqfety in that when programs fail unexpectedly,
they terminate rather than misbehave. However unex-

ory management and concurrency control; and built-in - . o . i
- : T ected termination, while safe, is still unreliable: a server
state-sharing mechanisms. By eliminating much of th .

. . (}hat has gone down cannot complete a sale. This lack of
complexity inherent in general-purpose frameworks an eliability can be deadly; according to the Gartner Grou
unnecessary for web server operation, while retaining é-comm):arce downtimg’s cost an ?avera e of $10.000 pér
suitable range of expressiveness, Katana servers are Not 9 ! P

subject to several entire classes of bugs that plague exis?—“nute [40], in addition to intangibles such as a loss of

. ; reputation and increased customer irritation.
ing web servers, and are thus more reliable. Wh hi k liabl ) thi
Preliminary results indicate that Katana is comparabl}a y are such frameworks unreliable, even given this

.. . ? i i i
to existing server frameworks in terms of ease of use an rge COStk'd The pr:blem “?s in the ggnerfallty of thke
performance, suggesting that it is a viable architectur ramework design. A general programming framework,
for real-world web servers. such as .NET, is by nature very powerful. This power

renders such frameworks attractive to server designers,

since high performance servers are generally compli-
1 Introduction cated beasts. E-commerce servers, for instance, need to

handle a variety of tasks, from processing a very large
Over the past ten years, Internet servers have growmolume of user requests, to executing server-side logic in
tremendously in importance. Web servers have becomthe business of displaying pages and constructing orders,
the public face of the Internet: as of January 200610 accessing a back-end database for product informa-
seventy-five million of them crowd the network [33]. tion.
Web mail has also become important, with enormous However, there is a critical flaw with using general-



purpose frameworks: their power, which allows serverstion environment. While these two goals are not the
to handle each of these critical tasks, is manifested iimain focus of this paper, we realize that they must be
a set of generic features that, if the framework is trulymet to some extent if any system purporting reliability is
general, must be suitable for not just for web servers buto be taken seriously in the real world.
for all kinds of other applications as well. This generality Preliminary evidence suggests that Katana does in-
results in a framework that is suboptimal for the specificdeed meet these two goals. The philosophy of specializa-
domain of reliable web server development. The resultstion that is the basis for Katana’s claims to reliability is
naturally, are less reliable web servers. crucial here as well. The design of the Katana language,
Katana: a solution specialized for reliability. We K, reflects not only the overarching aim of reliability, but
introduce Katana, a new approach to server developmertiso a focus on ease of use. Common server logic idioms,
that directly attacks this problem of unreliability via spe- such as structural pattern matching, data structure itera-
cialization. Katana is a server framework, like J2EE ortion and transformation, regular expressions, structured
.NET, but one designed specifically for web server reli-output (like HTML) and so on, are built directly into the
ability. It is based on the philosophy that, in the contextlanguage. Preliminary experiments with two medium-
of web servers, the flexibility offered by general-purposesized test cases indicate that programmer ease of use
languages like C and Java is rarely useful and often quitavith Katana, measured in lines of code and development
dangerous. Katana eliminates features like unrestrictetime, compare favorably against existing solutions such
threaded programming, reflection, dynamic typing, andas J2EE and even Perl. Further details are presented in
garbage collection and replaces them with ones that ar8ection 5.2.
safer, faster, easier to use, and better suited to server de-As with ease of use, specialization aids crucially in
velopment. the area of performance. In Katana, common-case web
This concept of specialization is the heart of theserver execution behavior is used to motivate special-
Katana philosophy. Web servers tend to have particuized performance-oriented features in the same way it
lar and consistent execution behavior: they field manyis used to increase reliability. For instance, a coopera-
requests (usually independently from one another), comtive threading model and region-based memory manage-
municate with a persistent state mechanism such as ment exploit the relatively short processing time of most
database or session store, manipulate and transform datsigb requests to reduce overhead. The domain-specific
and generate formatted output such as HTML. BecaustanguageK makes program semantics more evident to
we know that web servers follow this restricted set of ac-the compiler by focusing expressiveness on the partic-
tions, we can exchange the generality of existing frameular domain of web servers. Thus, it enables several
works for the specialization of a framework finely tuned language-based optimizations unavailable to more gen-
for servers, focusing especially on reliability. Some rep-eral purpose languages. Preliminary benchmarks show

resentative aspects of the Katana framework are: that Katana performs extremely favorably against the
J2EE dynamic server framework, and comparably to
o A statically type-safe language even an optimized static web server. More details can

be found in Section 5.3.
e Arestricted yet suitably expressive language feature Katana as a long-term platform. One final concern

set is the tendency of any platform to exhibit “feature bloat”
as it matures and evolves to better fit its target domain.
e Statically checked database interaction For a specialized framework such as Katana, such bloat,

if improperly implemented, can be devastating, adding
¢ Automatic region-based memory management  the complexity and unreliability that the framework was
expressly created to avoid.
e Built-in concurrency with controlled state sharing To combat this problem, care was taken in the design
of Katana to ensure that any modifications to the frame-
Each of these aspects, discussed in detail in this papework could be made in a “native” fashion, retaining the
is tailored towards server reliability. In this way, Katana domain-specificity that is crucial to its success. Thus, the
drastically reduces the number of avenues by which bug&atana compiler foK is completely extensible; any new
can be introduced into web servers. language features can be integrated directly into the lan-
Practical concerns: ease of use and performance. guage rather than being hacked in on top of it. Further-
Two concerns of any server framework designed for reli-— .
ability are whether it is expressive and easy enough to usgamg\flvg‘r’gsfih tgzs:‘;j Ziﬂfg:gsogfﬁ rg'ague existing, general-purpose
. : quired to make a program per-
to allow for the creation of real web servers, and Whetherform well when it uses garbage collection, interpretation, or just-in-
such servers are fast enough to be practical in a produaime compilation, as many of these frameworks do.




more, the Katana runtime is also extensible: new thread3 Katana’s Static Framework

ing and memory management modules can be swapped

in. In this way, if a given class of servers would perform Both the Katana static language framework and its run-

faster or more reliability with a particular runtime envi- time are specialized for reliability. In this section we de-

ronment, it is not necessary to “generalize” the Katanascribe the features of the static framework. The heart

runtime to provide that environment; instead it can beof this framework isK, the domain-specific language in

plugged in independently without having to alter the de-which Katana servers are written. We start by describing

fault runtime at all. the basic features &f, and then delve further into some
Paper contributions. The primary contribution of Of its significant specializations.

this paper is the Katana framework for web server cre-

ation specialized for reliability. The static and runtime 3.1 The Basics oK

portions of the framework are described in Sections 3

and 4, respectively. Additionally, we present a full im- In repsonding to requests, web servers commonly per-

plementation of the Katana system and preliminarily asform several tasks:

sess its real-world viability by examining its ease of use

and performance in Section 5. Finally, we discuss related

work and conclude. To begin, however, we describe a 2. Control tasks, like dispatching on a URL or other

simple example server. input

1. Data transformation and aggregation work

3. Access to persistent data like session state or a
2 Example Server database

The best way to illustrate how Katana works is by ex- 4. Generation of formatted output (usually HTML)
ample. Figure 1 shows the architecture of a simple web

server that returns a list of employees from a database. The languag&is specialized to make the completion
Katana code is written in the language described in of these tasks easy and safe. Critically, ensuring that
Section 3, and is structured into modules. Modules ard@sks are easy to complete is as valuable as making sure
compiled to C and linked with the runtime and libraries. that individual operations are reliable: even a perfectly
In this example there are two modules. The first moduleSafe language can lead to algorithmic bugs induced by
dispatches requests and fetches results from the databanecessary complexity unless it provides the program-
The second module handles formatting of output dataMer with a set of expressive tools. _

Either of these modules may make use of Katana library K enables the former two tasks via an expressive type
functions. system and structural pattern matching.

The example contains three functions Knthat are In addition to the standard base types and references,
written by the user (they are shown at the left of the fig-K SUpports a variety of aggregate types for easy data ma-
ure). The first one decides, based on the URL, how thdlipulation. Figure 2 shows some examples. There are
request should be processed. It uses pattern matchifg Pointers irk, only (non-null) references, eliminating
with regular expressions to parse the URL, although thé large class of safety errors. Our usability studies (see
Katana support libraries also include more sophisticatecPction 5.2) indicate that these are more than adequate
URL parsing capabilities. To fetch a list of employees, for the server domain. _ _
the second function begins a transaction and performs Server logic is often data-driven: it must be trans-
a database query. It returns the list of records resultindormed, analyzed, or acted upon. Thisupports struc-
from the query (list types are delimited by square brack-ural pattern-matching, which makes it easy to decom-
ets in our syntax). The third function formats the em-POSe data structures into their components. See Figure 3
ployee listin HTML. for examples. We have found pattern matching, which

Regular expressions, statically checked database a¥e have extended with regular e_XPVGSSi(_)n support, to be
cess, and automatic string manipulation and interpola@n enormously useful and concise tool in programming
tion are all features of Katana. Efficient automatic mem-Servers. o .
ory management and threading are built into the Katana KIS strongly typed at compile time, negating the need
runtime. All together, this simple example requires onlyfor dynamic safety checks Static typing ensures at
a few dozen lines of code together with some supportcompile-time that parametric types like lists are used
ing libraries provided by Katana. This modest invest-Properly, in contrast with languages in which proper us-

ment yields a statically type-safe application server freeige of generic container types is only assured at runtime.

of most Co_mmon runtime er_rors t_hat scales to thousands 2n fact, the type system is structured to allow for full type infer-
of connections per second (ignoring database overheadgnce, although we did not implement an inferencer.




Out.buffer doGetRequest(string url) {
match url with
| "/index.html" -> showIndex()

| "/employees.cgi?mgr=" (.* as mgr) -> - : -
’ showEmployees (getEmployees (mgr) ) Runtime Libraries
en
} * Threading  HTTP parsing
Request Handling * Memory mgmt  URL parsing
* DB access * Session mgmt
Employee libruntime.a libkatana.a

[Employee] getEmployees(string mgr) {
transaction {
[ Employee e. r.employed = true
and r.manager = mgr
| limit 10 ]

server
logic

Katana
compiler

}
}

— ] []

logic.c presentation.c

l gcc
‘ NS
Employee 1~

d
[[ </table> 1] p
} server -
Presentation J presentation Employee

server

Database Access

/showEmployees( [Employee] employees) {
[[ <h1>Search results:</h1> ]]
[[ <table> 1]
foreach e in employees do
[[ <tr> ]] showEmployee(e) [[ </tr> 1]
en

AN

-

Figure 1. An example Katana server, including the complete server infrastructure. This server either displays a
welcome page or returns the list of employees under a particular manager. The employee list is read from a database.

type Sessionld = int; bool isLoggedin(User u) {

type Story = { Author a, string text }; match u with

type User = | RegisteredUser(uname, pass) -> getPassword(uname) = pass
| RegisteredUser(string, string) /I username, password | Guest -> false

| Guest end

end; }
type AssocList[t] = [ (string, t) ]; // list of pairs

Cart actUpon(Cart cart, Item item, string action) {
match action with
| "purchase" -> cart := addltem(cart, item)

| "remove”  -> cart := deleteltem(cart, item)
. . . . | _ > () /I anything else
Figure 2: Sample types in thétype system, including e
. . . carf

base types, records, unions, tuples, lists, and parametric

types. (string,string) getCookiePair(string cookie) {
match cookie with
| I(* as nalme) "=" (* as val)/ -> (name, val)

[ Z >

end

Katana compilers are portable to any platform with a }
C compiler. Programs iK themselves are platform in-
dependent.

Memory management il is automatic, stamping out Figure 3: PaFtern matching with unions, strings, and reg-
a major class of errors. A danger of automatic memonylar expressions.
management is that it can bloat the heap or cause pro-
grams to pause at arbitrary times; in Section 4.2, we ar:

gue that Katana's memory management scheme, specia:“f-'l'l The Module System

ized to the server domain, suffers from neither of thesea Katana server is constructed from modules. Each mod-
problems. ule communicates with other modules using a common
The third web server task, shared state, is often thénterface system that supports abstract types for modu-
source of many concurrency and memory bugs, as dararity. The module system is also a convenient way to
gling pointers, race conditions, and deadlocks can occuinterface with C code—any module can be written in C
when trying to access concurrently available data. Ratheas long as it has a Katana interface file. Interestingly,
than allowing the server programmer to manage sharedince Katana compiles to C, it is usually just as efficient
and persistent state in an arbitrary fashishexposes to write code irK instead of C, and much easier.
the two most common state-storing mechanisms, session Katana also provides a number of useful libraries via
stores and databases, in a structured, type-safe Way. the module system, some written khand some in C,
also has a specialized solution for the fourth task, genincluding HTTP header parsing (with cookie support),
erating output. Details of these language extensions ar@put and output buffers, and URL parsing and manipu-
below. lation.




type Cart = [ (tem,int) J; // list of item, quantity pairs
store[Cart] carts; /I defines the Cart store
Cart getCart(string sessionid) {

match Session.get[Cart](carts, sessionid) with

| Some(cart) -> cart /I user already has a cart

| None > Il empty cart

end

}

Furthermore, it is difficult to generate queries that in-
teract with the database in a provably safe way. SQL
statements are essentially untyped; the validity of a state-
ment with respect to its parameters and the tables it af-
fects can often only be determined at runtime. Also,
query construction is usually done by concatenating
strings (and dealing with the associated quoting and se-

Figure 4: Session code to manage shopping carts in Javdurity issues involved with inserting external data into a

Pet Store, a sample e-commerce application.

type Comment = { User creator, bool is_public,
Ref[Article] article, string body };

[Comment] fetchCommentsByUser(User u) {
transaction {
[ Comment ¢ . c.creator = u and c.is_public = true
| limit 12, orderby c.date ]
}
}

[User] fetchArticleAuthors([Comment] clist) {
[User] res = [I; // empty list
transaction {

foreach ¢ in clist do
if (c.is_public) then
/I automatically fetch article from the database
/I and prepend it to the list
res := (@ c.article).author :: res
else
0
end
%

res
}

SQL command); even with the bind capabilities available
in newer databases, which allow programmers to abstract
the parameters away from the actual string representation
of a query, the correctness of a query is still difficult to
determine.

Additionally, there is rarely a consistent way to han-
dle references to other records in memory (“swizzling”
[32]). Null pointer dereferences and more devious errors
are common when there is no consistent semantics for
storing and restoring references.

Katana explicitly addresses these problems at the lan-
guage level. We have integrated a database interface into
K that provides:

e A direct relation between user data structures and
tables in the database

Figure 5: Sample database interaction in NewsDog, an ® Automatic, safe, and efficient marshalling of data

online news community. In the first functiooreator
is automatically fetched, whilarticle is kept in a
lazy reference; a list ob€omments is returned. In the

second, Ref is dereferenced.

3.2 Session Support

structures to and from the database
o Statically type-checked query construction
e A clear, flexible semantics for handling references

The programmer specifies which, if any, of his named
types are to be stored in the database withdbiype
declaration. Eaclbtype corresponds to a table in the

Inter-request session state is very common among dydatabase, and each field a column; in all other respects it
namic content servers, whether to keep login informations jdentical to a normal typeibtype s can contain other
or to store items in a shopping cartKdanguage feature dbtype s, in which case the contained objects will be
allows the programmer to store arbitrary session data in getched eagerly from the database when the parent object
type-safe and thread-safe way. Figure 4 has an examplgs. dbtype s can also contain a lazier referen&ef

Naturally, multiple session stores can be created.

to otherdbtype s; dereferencing &ef automatically

All concurrency and memory management issues refetches its associated object from the database. These
garding session support are handled automatically by thgemantics eliminate dangling pointer problems and allow

Katana runtime, as detailed in Section 4.

3.3 Database Support

the programmer to control the kind of swizzling—eager
or lazy—on a per-reference basis. See Figure 5 for an
example.

All database interactions in Katana occur inside a

modern Internet servers is the relational database. Umyyery, analogous to thehere clause in SQL, can be ar-

fortunately, there are several problems with traditionalptrarily complex and is type-checked with respect to the

server/database interaction via SQL.

database schema at compile time. The query is then com-

Hierarchical data that is conceptually grouped togetheb”ed down to an abstract syntax tree (AST) from which a

shalled to and from the database for each transaction, of
ten via hand-written custom marshallers or a tedious pro- o . . :

. . . _the (compile-time type-checked) programmatic construction of queries
cess of reconciling the database schema with the objegt runtime. However, queries that can be entirely constructed at com-

layout to the application server. pile time are.

SKatana also exposes this underlying AST to the server writer for



pre::;é?gﬁ:g;iz(e/?:;cgqe;age apg) { can arise.
presentArticle(apg.article, apg.id) Figure 6 shows sample presentation code.
TRt SinceK is designed so that strings are immutable, an
Sapg.numComments: CommentSs</div> I opportunity for optimization arises. Repeated concatena-
s 1 presemComment 1 <> 1 tion of strings as the output is aggregated does not occur;
end instead, the output is accumulated in a list of string ref-
, Pagesoromo erences, and relayed back to the client in optimally-sized

chunks. No copies are ever made.

Figure 6: Presentation code for displaying a NewsDog
article. 3.5 New Languages and Features

The initial Katana implementation relies on these fea-
at compile time via type-checking that query statementgures ofK, which we believe are useful for application
are valid, while simultaneously circumventing quoting and content servers. However, Katana also makes it easy
and safety issues. to add new language extensions and even new languages

Currently, the runtime portion of the DBI communi- in order to increase expressiveness as necessary. Natu-
cates with MySQL, although there is no reason why otherrally, any modifications t& must take care to not violate
databases cannot be transparently supported as well.  its safety properties.

We feel that the benefits gained by specializing The entire compilation infrastructure that translaes
database access at the language level—static checkinip, C is extensible. We supply libraries for parsing, type
safe pointer management, and independence from arghecking, and code generation of the base features de-
particular database or strain of SQL—outweigh the mod-4ailed above. A language designer need only describe
erate increase in expressiveness that comes with ad-hdose additional features that are unigque to his extension
user-constructed queries. We have evaluated the databagenew language. Parsing is done with Elkhound [29], a
support in the context of two case studies (see Section SpLR parser generator that supports user-controlled res-
and have found it expressive enough to handle thoselution of parsing ambiguities. Type checking and code
tasks. generation can be extended by a mechanism similar to
object-oriented inheritance.

. Providing incremental extensibility at every level
3.4 Presentation Mode makes it easy to apply a variety of modifications. For

Web servers generally need to send data back to a r&xample, adding syntactic sugaidaequires only an in-
questing client, and this data tends to be formatted in &remental change to the parser; exploiting an optimiza-
language such as HTML. Much as existing frameworkstion opportunity can be done at the code generation level
have custom solutions for this problem, such as JSP anyithout any other work. Of course, larger-scale design
ASP, K has apresentation modéhat makes generating changes are also possible.
formatted output easy. The fundamental data type in this An additional benefit of incremental extensibility is
mode is the string: strings are generated, concatenatethat, if a new language is required, it tends to share a
and interpolated. common syntax and semantics withand only differs

Using traditional languages to generate lots of stringin ways that make it more naturally suited to its chosen
content is usually quite painful; insteall’s presenta- domain. Code in different languages can interact seam-
tion mode makes strings the default data type. Expreslessly as long as they expose Katana interface files and
sions evaluate to strings, and functions simply are a seshare the common binary interface used by Kheom-
quence of string expressions. Also, as iteration over dat&iler.
types is very common in creating output, natural itera- We relate our experience adding several new features
tion mechanisms are provided. The combination of theséo K via these extensibility mechanisms in Sections 5.2.3
features allows for very concise string manipulation. Theand 5.2.4.
division of formatting components into functions rather
than files makes reusing code and constructing complete
pages from components natural. 4 Katana’'s Runtime Framework

Furthermore, as in JSP/ASP and Perl, code can be in-
terspersed with strings, and string constants support varKatana servers use a runtime that has been specialized
able interpolation. Of course, unlike in Perl, all func- for web server behavior. This section describes the most
tions are statically type-checked, so no dynamic errorsmportant features of the runtime.



4.1 Concurrency shared state management allows it to provide database-

like semantics where necessary while also supporting a

In designing Katana, we needed to decide betweefyypier \weight mechanism, like session cookies, when
a threaded programming model and an event—drlveqhey are a better fit.

model. Although the event-driven model historically has
performed better [45], it is more difficult for program-
mers to understand since control-flow is divided acros4,2 Memory Management
a set of disparate event handlers. Threads are easier to
understand, but many threads packages perform poorly.The memory access patterns of a web server are consis-
We believe that an intuitive programming model is tent, and thus ripe for specialization. Most data is used by
crucial to achieving Katana’s goal of reliability. A good only one request handler, and requests tend to be short-
model makes writing code easier and simplier, and thugved. Katana uses region-based memory management
is less likely to introduce bugs. Since threads mimicfor this purpose. Each thread is allocated a region, from
a system with no concurrency, it is easier to makewhich memory is doled out incrementally. An allocation
them transparent to programmers. Recent work such &0sts only as much as a pointer increment. Pointers are
Capriccio [44] has revived the idea that threads are agever allowed to escape from a region. After a connec-
fast and as scalable a model as events [25]. Therefordéion ends, all the data allocated by the thread is freed.
we designed a cooperative threading library for KatanaThe memory inefficiency due to the lack of an explicit
This library adheres to the::n model, in which a set of free is mitigated by the short lifetimes of threads in a
user threads is multiplexed over a set of kernel threadsveb server.
We expect users to run one kernel thread per CPU. Region-based memory management is convenient be-
A standard criticism of threads is that they introducecause it is efficient and completely safe—threads never
a new class of errors that are caused by improper syrdereference a freed pointer. Only by specializing for
chronization. In fact, though, a cooperative threadingservers, with particular support for session data, can re-
model provides exactly the same atomicity guarantee agions be used with so few restrictions. Most region-
an event-driven one: that all accesses to shared stafi@sed systems must deal with inter-region pointers or
between yield points will be atomic. Additionally, no huge long-lived regions that waste memory. Region-
model can avoid synchronization when a programmeased memory management also has clear advantages
chooses to use multiple processors. over garbage collection, since it never pauses for collec-
In light of these facts, Katana supports a number oftion and does not permit memory leaks. These advan-
mechanisms for shared state, but they are carefully corfages again bolster the reliability of Katana servers, by
trolled. All synchronization is done automatically for €liminating another avenue for bugs and complexity.
the user so that deadlocks and race conditions never oc-
cur? To ensure correctness without compromising per-

formance or expressiveness, we believe that shared sta{](e3 New Runtimes

sho_uld be doma!n—specific..As an example, we describ@ ponqfit of making memory management and concur-
our |mpllementat|on of session state. . rency transparent to the programmer is that different run-
Session state must be shared across connections, Qe mechanisms can be plugged in without any changes
generally itis accessed by only one user at a time. Sincg, ihe rest of the system or to any of the server's source
there is no actual sharing, there is no need for the sessiqyqe |n fact, the Katana runtime API is designed so that
state to be updated. Instead, in Katana, many Versions 9fntimes can be linked in even after compilation. The
a user's session state are kept at the server. When a Usghqylarity of the runtime system allows Katana to be

changes the state, a new version is created. A COOKigther tailored to specific server designs or even to dif-
in the user's browser keeps track of the current versiongerent classes of servers. For instance, if a particular

Because versions are created but never mutated, synchrgejication server requires a specific threading model,
nization problems Ilke_ race condltl_ons disappear. In this; can be supported without modifying the rest of the
way, the Katana session state design preserves safety aRdiana framework. For instance, if Katana were to be
performance, at a small cost in expressiveness. re-specialized to POP servers, the runtime might be writ-
For other domains, more complex techniques are necg, 1o allocate one region per POP command. We have

essary. The standard database programming model ejze( this feature to debug Katana during developrent.

sures correctness using transactions, two-phase locking,

and deadlock detection. Katana’s use of domain-specific 5in our Katana development environment, we have runtimes that

are single-threadeghthread ed, and threaded using our cooperative
4The runtime adheres to a locking policy that ensures mutual excluthreads, and of those ones that wselloc and ones that use our

sion and never takes more than one lock at a time. region-based allocator.




5 Evaluation 5.2 Ease of Use and Productivity

In this section we revisit the arguments made about thé'S We mentioned in the introduction, a framework like
reliability of Katana servers, and then assess its realk@tana, no matter how reliable, must also be a practical

world feasibility in terms of ease of use and performance Selution if itis to be used in the real world. Early experi-
ments suggest that Katana is both easy to use and fast. In
S this subsection, we describe ease of use.
5.1 Reliability We ported one Internet server to the framework and

In thi h d ived th . ¢ nlisted a developer with no Katana experience to port
tﬂ K'S tpipef:, vr;/newa:f(e nzsﬁ ”weth iv\?rlﬁus nazpe? i O%nother. We measure productivity in terms of develop-
€ ratana framework a ow they have been desIgneg, o,y time, lines of code, and required programmer skill.

for reliability. We recapitulate those arguments in this
subsection.
Reliability is an important metric in the server domain, °-2-1  NewsDog

where five-nines uptime is the industry gold standard.,\|e\,\,sDOg [34] is a dynamic web site in which users au-
Katana reduces runtime errors and increases stability bgpenticate themselves and submit news articles and com-
cause its components are designed for web server relignents. The original NewsDog implementation is written
bility. in Perl and runs on Apache, with MySQL as the backend
Existing frameworks, like J2EE, guarantee safety ingatabase.
part through dynamic checks. While these checks en- \ye implemented in Katana a subset of NewsDog, cor-
sure that unspecified behavior does not occur, they Mayesponding to roughly 800 lines of Perl in the original
still raise errors and cause the system or transaction fnplementation. The Katana version took about 6 hours
fail. Often such failures are costly and unacceptable, ag; \write and consisted of 573 lines of code. (The above
runtime errors can require tedious testing to flush out, Ofigures include roughly 300 lines of embedded HTML.)
worse yet result in an unreliable production system that pgr|'s extreme conciseness lends credence to the ar-
may only fail when subject to real-world loads. gument that the Katana DSLs are appropriately expres-
Akey feature of the Katana architecture is strong staticsjye. \We were able to use the existing NewsDog database
typing. All type errors are caught at compile-time, ensur-schema without modification for the Katana versitis
ing that the only unsafe actions are algorithmic in nature presentation mode made it trivial to port the embedded

Katana also ensures reliability by restricting and spe-HTML from Perl. The type system proved adept at catch-
cializing certain language features to eliminate wholejng pugs.

classes of errors. For instance, the lack of uncon-
trolled pointers disallows the possibility of memory cor-
ruption. A statically checked, native database interfaces'z'2 Java Pet Store
ensures that common DBI bugs due to erroneous SQIAs a further test of Katana, we enlisted a developer to
strings cannot occur. Domain-specific management ofe-implement Java Pet Store [39], a sample e-commerce
shared state eliminates race conditions without the needpplication intended to illustrate the functionality of the
for expensive static analysis or dynamic checks. An-J2EE platform. The Pet Store server allows clients to
other example is resource management: under certaigign in and out, browse a catalog of available pets, search
workloads, the Java implementation of Pet Store failsfor specific pets, add the pets to a shopping cart and
to release database connections and eventually must Ipg&irchase them, and keep information in personal ac-
restarted [6, 4]—a class of errors that is impossible incounts. It maintains state through cookies, sessions, and
Katana, due to automatic resource management. a database back end. Java Pet Store also includes clients
The results of these efforts are presented in Figure 7.for administrators and suppliers that we did not request
One final argument for the reliability of Katana serversthe developer to re-implement. He also did not imple-
involves complexity. The languad€ has been special- ment the localizations to Japanese and Chinese included
ized not only for reliability, but also for ease of use (seewith Java Pet Store.
Section 5.2). Common server operations are built di- The Katana implementation of the Pet Store is in four
rectly into the language as features. The complexitymodules, respectively containing data type declarations,
of a roll-your-own concurrency model and shared statedatabase access code, application logic, and presentation
mechanism has also been eliminated. The end result isode. The files have a total of 978 lines of source, and
that web servers are easier to write with simpler codean additional 1506 lines of HTML. In contrast, the the
The transparency of this resulting code hopefully makeselevant parts of the Java Pet Store implementation are
servers easier to debug and maintain, and thus more relgpread across at least 100 source files containing more
able. than 5000 semicolons, along with 30 .jsp files containing



Error\ Architecture Katana| Perl/Apache| J2EE, .NET| C

null pointer errors no no yes yes
database query type errors no yes yes yes
dangling pointers no no no yes
race conditions no yes yes yes
resource leaks no yes yes yes
runtime type errors no yes yes yes
invalid memory accesses| ho no no yes

Figure 7: An examination of the types of safety errors that may occur in a web application created in each of several
architectures.

a comparable number of lines of HTML. The domain- | adto exer [

-> |:LSQUARE i:IDENTIFIER COLON tityp DOT e:expr

specific languageK clearly contribute to the reduced | omopt_amods RSQUARE
code footprint; a single declaration of a database type - TRANSACTION LCURLY esiexor_seq RCURLY
in Kroughly corresponds to three source files for a single
entity Enterprise Java Bean (EJB) in J2EE.

The Pet Store was implemented by a developer who
had no prior experience with the Katana DSLs. TheFigure 8: Adding a database support: part of the gram-
application took approximately 40 hours to develop, in-mar definition file that defines transactions and queries as
cluding the time to learn the languages but excluding theexpressions. Note that the standexgr nonterminal is
time to actually design the HTML layout of the pages, augmented rather than replaced.
which were taken directly from Java Pet Store. The
strong static checking and domain-specific constructs of . .
Katana greatly decreased coding time and caught manﬁ?tenls'b,l_e compiler. These analyses are meant to gauge
bugs that would have been painful to debug at runtimehe viability of Katana as a productive framework even
Especially useful was structural pattern matching: ove/?S domain requirements change.
half of the developer’s functions employed it. Addition-  The presentation mode is unusual in several ways. For
ally, the built-in runtime debug support (including a data instance, there are no expression separators, functions
pretty-printer) made isolating the remaining bugs easier®'® defined with no returrj type, and top.—level expressions
The automatic session management and cookie supdeiUSt eva_lua’ge only to _strmgs or to nothing. Furthermore,
(for logging in and the shopping cart), and database supYP€d string interpolation is supported.
port (for user and product information and orders) made While we naturally had to make modifications to the
maintaining state easy. Certain language features such &guage parser, we were able to transform the resulting
global variables, type inference, and semi-automatic genPresentation syntax tree to a standard Katana AST with-
eration of interface declarations would have decrease@ut much work. Using the standard AST, we could in-
development time even more; there are no fundamenvoke the existing type-checker and code generator with-
tal obstacles to adding these features and they are futu@uUt modification. The incremental changes we made
work. took two people a day and required only 350 lines of ad-

This Pet Store implementation is the one we benchditional code. We feel that the resulting language modi-
mark, without modification, in Section 5.3. Based on fication is well-suited to its domain.
its results relative to other implementations of Pet Store, This result leads us to believe that creating new lan-
we feel that high performance servers can be written irjuage extensions for other unique server tasks is not just

Katana with little knowledge or time spent in optimiza- @ theoretical possibility, but a genuine, practical option
tion. when developing servers with Katana. By its very na-

ture, a well-designed extension or new language should
increase productivity in its domain, and we hope that a
repository of such additions will be created and shared.

5.2.3 Presentation Mode

One of Katana’s strengths is the extensibility of its archi-

tec'Fure. To increase productivity ina part_icular server do5 24 Database Support

main, new features can be added. In this subsection and

the next, we describe our experience while adding the While we realized that database support is essential to
presentation mode and database suppoK tsing the  any server architecture, we chose to implement it as a



language extension to assess the expressiveness of the
system. Implementing database supporKimequired ‘ Tt ‘
changes to every level of the system: the parser had to be o0 | waais
modified to handlelbtype s, transaction scopes and the sa000 |
guery syntax; the type-checker had to verify that transac- 17000 -
tions were used properly and that queries typed correctly; g oor
the code generator had to construct SQL statements and e
manage some runtime state; and the runtime itself had to
provide the actual low-level database interface, as well |
as caching. o0 -
One pleasant surprise was that we were able to imple-
mentRef s and the programmatic query AST interface Reauessses
entirely natively via the parametric polymorphism and
union types provided by the Katana type system. _ ) -
The ability to incrementally change each phase of thé-igure 9: This graph shows the server's ability to deal
system made most modifications easy. We show a samvith load when non-persistent connections are used.
ple addition to the parser in Figure 8. Development of the
entire database language and runtime was done in stag
by two programmers over two days.
Based on this result, we feel that the extensibility of
the Katana framework allows it to remain expressive
even as it is applied to new server domains or tasks.

Replies

14000

13000

Sf'replies per second that the servers could muster for a
given request rate. No persistent connections were used,
since they are typically only useful for images and other
media.

For the dynamic test, we measured the Katana port
of Java Pet Store using the methodology provided in a
5.3 Performance Middleware Research performance study [8] that com-

pares J2EE and .NET implementations of Java Pet Store.
While server performance is not the focus of this paperrhe benchmark simulates a 50/50 mix of users who just
we did examine Katana in relation to existing popularprowse the site and users who actually purchase items.
server frameworks to determine whether it can performeach user waits between 2.5 and 7.5 seconds between
competitively. These experiments are by no means comactions. The number of users is ramped up gradually in
prehensive, but we feel they serve as a proof of conipncrements of 500.
cept of Katana’s viability. Our goal was to test Katana The Middleware tests used an 8-way SMP Pentium
against traditional web servers and against frameworkeon 900Mhz application server with 4 GB of RAM, an
like J2EE. For standard web servers, we used a purelientical database server, and 100 clients connected via
static test. We tested the Java PetStore to compargigabit Ethernet. The virtual machines, web server layer,

against a web framework. and application server were all heavily tuned; exhaustive
details can be found in the research report.
5.3.1 Benchmark Configuration We were unable to reproduce Middleware’s results for

J2EE and .NET ourselves, as acquiring the appropriate

All measurements were taken on a 2-way SMP Pentiungoftware was prohibitively expensive (and for legal rea-
Xeon 2.4 GHz server with 1 GB of RAM running Linux  sons they were unable to reveal which app server they
2.6.13. Four similarly configured machines were used tq;sed), and we lacked the expertise to match the enormous
generate load. All machines were connected via Gigabitmount of performance tuning that their servers under-
Ethernet. went. We feel that by matching their workload exactly a

Traditional servers often impose an additional over-reagsonable comparison can be made.
head for serving dynamic data. To eliminate this variable
from the experiment, we used a static test. Static pages
are served in Katana as if they were dynamic (by gener-
ating them from & program), so the static results rep- Figure 9 shows the results of the static benchmark. We
resent the maximum overhead for Katana (and the miniwere unable to reliably load the servers beyonf 20,000
mum for a traditional server). requests per second. However, this load is sufficient to

The static test was performed against Knot [44], ademonstrate that Katana performs adequately: the num-
small and very fast static server. Since Katana is nober of sites receiving more than 20,000 requests per sec-
targeted at serving large files, our test page was a simend (1.2 million per minute) is small. At high load,
gle byte with HTTP headers. We measured the numbeKatana’s performance lags slightly behind that of Knot,

.3.2 Analysis



Virtual Users 6000 8000 10000 12000 14000
Server RT WPS RT WPS RT WPS RT WPS RT WPS
Katana 1.1ms| 1199.8| 1.6ms | 1599.0| 25ms | 1981.7| 35ms | 2374.2| 47.7ms| 2763.1
.NET-C# 5ms | 1196.8| 88ms | 1568.3| 1476 ms| 1531.9 - - - -
J2EE 24ms | 1192.2| 330ms| 1498.0| 1414 ms| 1584.3 - - - -

Figure 10: Response time and web pages per second in the dynamic benchmark.

but only by a few percent. Knot was designed to be ex-ng client-side and server-side programming together in
tremely efficient; it performs no dynamic memory allo- Links. However, the language is still very much in de-
cation and it has an extremely specialized HTTP headevelopment.
parser. The fact that Katana competes with Knot us- More mainstream languages like Perl, Python, and
ing high-level languages and an automatically generate@uby support web programming through libraries. These
header parser is a testament to the specialization aganguages are dynamically typed, which makes them sus-
proach. ceptible to runtime type errors. However, it also gives
In the dynamic test, we compared the Katana porthem the flexibility to support many constructs through
of Java Pet Store described in Section 5.2.2 against thibraries rather than language extensions. Some of these
J2EE and .NET results provided by the Middlewareframeworks do provide “templating languages,” similar
Company. The results are shown in Figure 10. Katando the Katana presentation mode. Despite their flexibil-
Pet Store scales far better than the other two implementaty, these languages lack static type safety, which also
tions; neither of them is able to service more than 1000Gorces them to be interpreted rather than compiled.
clients with an average response time of less than 1.5 s, Katana’s concurrency model draws from the Capriccio
while Katana scales up to 14000 clients with an averthread library [44], which uses cooperative user-space
age response time of 47.7 ms. We feel that these resulthreading to achieve scalability and high performance.
demonstrate the advantages of specializing an applicacapriccio provides a solid basis for future work in server
tion framework to a domain like web servers. design, and we are interested in exploring how seman-
tic information derived from DSL compilers could be
used by a library like it. The SEDA framework [45] also
6 Related Work addresses the problem of highly concurrent servers, al-
though it focuses on the problem of graceful degredation
Sun’s J2EE [21] and Microsoft's .NET [10] are two under high load. Although Katana performs well, we are
popular architectures for creating dynamic web serversinterested in decreasing the response time variance under
They provide specialized tools for a variety of com- load using mechanisms like SEDA.
mon tasks, such as database access and output generThe design of the Katana DK is similar to that of
ation. However, much of the server operation is still many existing languages. The type system and module
coded in general purpose languages like Java and C#, argstem draw heavily from OCaml [30, 36], a language
run on general-purpose virtual machines. The problemshat embodies the fact that advanced features do not need
that arise from this approach—large, complex codebaseso hinder performance. Regular expressions and string
suboptimal performance, and too much freedom in daninterpolation support were inspired by Perl [38], and the
gerous areas like concurrency—are the ones that Katangresentation language’s integration of code and output is
was designed to fix. akin to that of ASP [1]/JSP [23]. The use of domain-
The LINQ language from Microsoft [27], standing specific languages for systems programming draws from
for Language Integrated Queries, is an attempt to solv@esC [17] and Click [31], both of which control how C or
many of the problems of “impedance mismatch” be-C++ modules are wired together in a system. nesC also
tween general-purpose languages and databases. It offefees some additional static checking for properties like
native, type-safe support for SQL and XML queries, asatomicity to avoid data races.
well as several related language features. LINQ is part of |n many ways, our specialization approach is similar
the .NET framework. It is still under development. to that of SPIN [3], which allows applications to aug-
The Links language [26] is an attempt by the func- ment or replace modules in the operating system, mostly
tional language community to solve the same problem. Ifor performance. Like Katana, SPIN takes advantage of
also encompasses native, type-safe support for databaseodularity and type safety. Other projects, including U-
and XML queries, as well as transformation of XML Net [42], application-controlled physical memory [20],
data. It may include continuations as a basis for long-and the Exokernel [12] also allow application extensions
lived web interactions. Also, the designers envision do-+to the OS, although their interfaces and implementation



choices differ. Unfortunately, writing operating system 7 Conclusion

extensions is difficult. We believe that Katana naturally

complements these approaches. A specialized Katartéatana is a server architecture designed for reliability.
runtime could take advantage of OS extensibility with- By virtue of a fully specialized framework, from the
out any work from the application programmer. For ex-language to database interaction to the runtime environ-
ample, the runtime could perform many of the optimiza-ment, it eliminates entire classes of bugs common to ex-
tions used by the Cheetah web server in Exokernel. isting server architectures. Furthermore, early observa-
tions indicate that it is easy to use and fast enough for a
. . production environment.

Our extensible compiler draws mostly from Poly- Based on these results, we see Katana as a promis-

glot [35], an extensible Java gompil_er written in J"%V""-mg framework for creating high-performance, expres-
Polyglot uses a number of object-oriented mechanlsm,give and most importantly reliable web servers.

to allow code and data to be extended simultaneously.
Our compiler differs from theirs because it is written in
OCaml and uses data constructors and open recursiideferences

types to allow code and data extension. The design is

similar to Garrigue’s work on polymorphic variants in [1] Microsoft active server pages .néttp://www.
OCaml [15], although we found polymorphic variants asp.net/

themselves to be cumbersome. Our compiler uses the
Elkhound GLR parser generator [29] for extensible pars- [2]
ing. In this way, it is similar to the Microsoft C# Re-
search Compiler [19], which uses a GLR parser. How-
ever, the C# Research Compiler uses generated visitor
classes for extensibility. We expect that this technique
would be difficult to use in an incremental development
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