Storage System Design using Finite State Machines

Amol Deshpande

Mohana K. Lakhamraju

CS Division, EECS Department
University of California, Berkeley.
{amol, mohan }@cs.berkeley.edu

Abstract

This report addresses the use of alternate program-
ming models in system design. In the context of de-
veloping a flexible high performance storage system,
we explore the use of finite state machines as building
blocks for composable system modules. We use re-
quest queues and completions based on upcalls as an
abstraction to support asynchrony in the system. Us-
ing these design ideas, we have built an asynchronous
storage system and a file manager and a web server
that use the storage system. We compare the perfor-
mance of these applications with their corresponding
multi-threaded implementations. Our results indi-
cate that the asynchronous design has a much better
load sustainability and steady behavior.

1 Introduction

Design decisions in concurrent system development
include a choice between multiple processes, multi-
ple user-level threads for concurrency; synchronous
versus asynchronous dispatching of events for com-
munication; finite state machines, thread scheduling,
continuation-passing for state and control transfer.
At a high level, all of these primitives and program-
ming constructs serve the same purpose. In this
project, we explore the use of finite state machines
(FSMs) as components in developing complex sys-
tems. Threaded programming models introduce inef-
ficiencies from context switches and poor scheduling
decisions. This is particularly problematic for ap-
plications (such as file servers or web servers) that
desire high throughput and handle large client loads.
Building such systems as compositions of finite state
machines allow them to be highly data-flow oriented
and overcome many of the scalability limitations of
conventional multi-threaded systems This model has
been used in systems desiring high performance and

availability like the Flash web server and the 10-lite
IO system. Event based FSM models have also been
used in high performance transaction monitors that
interact with multiple databases. They typically use
persistent queues for event based interaction between
multiple servers and guarantee load balancing and fail
over.

We explore two design alternatives in the context
of a universal storage system being developed under
the Telegraph[Teleg] project. The goals of this work
are two-fold.

e Design of an asynchronous version of the storage
system based on the finite state machine model.
One of the important aspects of such design is
the composition of various subsystems using ab-
stractions different from plain API calls that are
used in multi-threaded models.

e Compare the performance of the asynchronous
version of the storage system with a multi-
threaded implementation in terms of scalability
and resource utilization.

To this effect, we have implemented a proof-of-
concept version of the storage manager that uses state
machines and request queue-completion port commu-
nication mechanisms. To evaluate the performance
of our implementation and to demonstrate the com-
position of state machines, we implemented an asyn-
chronous Java file manager on top of the storage man-
ager. Going up one more level in the vertical module
stack, we also built a http server application that
uses the file manager as its backing store. The per-
formance of the implementations is evaluated at two
levels, as a stand-alone file manager and as a web
server using the SPECweb96 benchmark.

The rest of the paper is organized as follows. In
section 2, we present the abstractions and the frame-
work that we use. Section 3 presents design alter-
natives for composing different modules. We discuss



the implementation details in Section 4. Section 5
presents results from our performance study. We ad-
dress related work in section 6 and conclude in section

7.

2 System Design

In this section we present an overview of the system
and discuss some of the design aspects. First, we look
at a couple of alternative mechanisms that can be
used to compose systems in an asynchronous manner.
Next, we present an overview of the BUDS system
and how our work fits into 1t. Finally, we briefly
introduce the file manager and http server modules
that are used in our study.

2.1 Asynchronous communication
and module composition

The mechanism we use for asynchronous communica-
tion is based on request queues and completion ports.
The basic idea is that when a module needs some
work to be done, it creates a request and places it on
the request queue. It also registers a completion port
where it wants the request completion to be posted.
The module that services the request dequeues it and
proceeds to service it. Once the request has been ser-
viced, a completion event is generated and placed on
the registered completion port.

There are two variations of this mechanism depend-
ing on the type of the completion port. Completion
ports could either be passive or active. In the passive
case, the port is implemented as some kind of queue
that supports enqueue and dequeue operations. The
sender enqueues the event into the queue and the re-
ceiver dequeues it. In the other alternative, the com-
pletion port is an upcall handler that the requester
registers. In this case, when the request is satisfied,
the upcall handler is invoked by the servicing module
and appropriate actions can be taken in the upcall
handler.

Though these two cases are potentially distinct,
they can be captured in a unified interface by as-
sociating a simple upcall handler function with the
passive queue. This upcall handler when invoked by
the servicing module simply places the completion on
the queue it represents.

In general, for active completion ports, the up-
call handlers could be complex and could themselves
cause other requests to be generated. A simple ex-

ample is the case where a file read completion causes
a network write request to be generated.

The upcall handler is executed in an execution
context coming from the request servicing module,
which, in the general case may not have any knowl-
edge about the actions taken in the upcall handler.
In such a case, it may be expected that the execu-
tion context returns back immediately. Hence, one
of the desirable properties of upcall handlers is that
they take a short duration to execute and return the
context back to the caller. The module executing the
upcall handler may assume that the upcall handler
never blocks. Therefore, it is important to ensure
that no blocking activities are done in such upcall
handlers. Another property that is important is that
of reentrancy and thread safety. Unless explicitly
controlled, multiple event completions may happen
at the same time resulting in multiple upcall handler
executions.

Upcalls are a nice abstraction that can be used
in building systems as state machines. The role of
upcalls in such systems would be to cause the appro-
priate state transitions. In later sections, we look at
some examples of state machines and the transitions
caused using upcalls.

Another use of the request queue, completion port
abstraction that has been implicit in the above dis-
cussion is that of flexible composition of modules in
tiered systems. This abstraction can be used to im-
plement thread barriers. In a tiered system, when
no assumptions can be made about the modules that
would be build on top a certain module, a thread bar-
rier implemented using a request queue, completion
port gives the flexibility of being able to build both
kinds ( multi-threaded and single-threaded state ma-
chine model) of modules on top. If the higher module
is multi-threaded, then the threads could block on
the completion ports. Instead if it is implemented as
a state machine, then it can register an upcall with
the completion port which would be invoked on event
completion.

We use the request queue, completion port mecha-
nism widely in our system both passively and actively
and to implement thread boundaries. Before present-
ing the implementation details, we briefly introduce
the general purpose storage system which is the con-
text of our implementation.



2.2 BUDS Overview

Currently, developers of applications with storage
needs do not have an easy solution if neither file sys-
tems nor database systems meet their requirements
appropriately. Database Management Systems are
complex, heavy-weight pieces of software that are
highly optimized for specific workloads and are very
hard to build and maintain. This is the reason why
they are used mainly in mission-critical applications
that require high levels of consistency, recovery, and
scalability. Most other applications either develop
their custom data storage alternatives, or depend on
file systems for their storage needs, implementing ap-
plication specific requirements on top. For instance,
search engines like Inktomi and Google have built
custom storage managers to meet their data require-
ments. Other services like email servers, web servers,
often build custom data structures over file systems.
The Porcupine mail server developed at University
of Washington [SHB98], that is capable of handling
one billion email messages a day uses a database for
user specific data, but reads all the data to redun-
dant memory data structures at boot time. The Jaws
high performance web server [HPS99] has a virtual
file system in memory that reduces the file system
access overhead and supports various caching strate-
gies. These examples demonstrate the need for a uni-
fied and customizable storage solution.

The Berkeley Universal Data Storage (BUDS) sys-
tem is a general purpose storage manager currently
under development at Berkeley [LBH99] aimed at ad-
dressing the storage needs of a wide range of ap-
plications. It exports a flexible and extensible API
that can meet the requirements of applications like
fully transactional database systems, distributed data
structures for scalable and highly available Internet
services and traditional file systems. Using this API,
an application developer can configure the properties
of the storage system like consistency models, access
methods and redundancy.

Figure 1 shows the BUDS architecture. It consists
of multiple layers of functionality with a fair degree
of independence between layers. We refer to the un-
derlying unit of storage on disk as a segment. The
lowest layer is a segment-based 10 subsystem which
is responsible for IO and management of segments
on disk. The next layer is the segment management
layer which consists of various modules namely, buffer
manager, transaction manager, lock manager and re-
covery manager. Higher up is the access method layer

Database .
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Figure 1: BUDS architecture: In order from bottom -
IO layer, segment management layer, segment access
layer, applications

which exports various access methods to the storage
system including raw file access, record-based access,
hash table access and a tree-based access method.
In order to support distributed data structures and
replication, there is a distribution layer which essen-
tially provides name space management support .
The three applications shown at the top of the figure
1 are a sample of the potential targets for BUDS. The
Ninja 2 applications are essentially scalable persistent
data structures.

2.3 10 Subsystem Overview

The storage manager uses an 10 subsystem that was
developed by Steve Gribble [Ninja]. The IO subsys-
tem exports an asynchronous interface based on re-
quest queues and completion ports model that was
discussed earlier. The IO subsystem is also imple-
mented in Java. Since Java does not provide asyn-
chronous 10, the IO subsystem simulates it by using
a pool of threads at the lowest level. This thread pool
is initialized at system initialization and the threads
are reused to avoid the cost of thread creation for
each request. When an 1O thread completes a re-
quest, it places a completion event on the completion
port that was registered along with the request.
Java does not provide a direct interface to the disk.
Hence the 10 subsystem using the file system and
stores segments in files. One limitation that this
causes 1s that we have no explicit control in the stor-
age manager about flushing data to disk since the

IThe segment access layer has not been implemented yet
2Ninja is a project currently active at UC Berkeley.
http://ninja.cs.berkeley.edu



underlying files are cached in the file system cache.
There are efforts underway (beyond the scope of this
project) to address this issue and we hope to have a
solution in the near future.

The IO subsystem is integrated with the storage
manager using a thread boundary so that none of
the TO threads can come into the storage manager.
The completion port that is registered when an 10
request i1s made 1s a queue that enforces this thread
boundary. IO completions are posted on this queue
and the storage manager dequeues these completions
and takes the appropriate actions.

The TO subsystem also includes an asynchronous
TCP sockets implementation. Again, the asynchrony
is faked by using a pool of threads that themselves do
synchronous network 10. The asynchronous network
interface 1s used by the Http server. Since we are not
using true asynchronous 10, we have to pay a penalty
in certain cases. We will refer to some such cases in
the section detailing performance of the system.

2.4 File System Application

In this project, we have implemented a vertical slice
of the BUDS architecture in Java using both the state
machine model and the multi-threaded model. Our
file manager is built as an application that uses the
raw file access provided by BUDS. The following is a
brief description of the functionality provided by each
of the modules in this vertical slice, top to bottom.

2.4.1 File Manager

This module exports a subset of the Java file access
API. One of the functions it manages is the mapping
from arbitrary file names to internal segment names.
This mapping provides a level of indirection between
user specified names and the internal compact repre-
sentation and is stored internally in a persistent hash
table. Though not currently implemented, the other
important function of this module is access control.

2.4.2 Storage Manager

The storage manager internally consists of multiple
modules of which the two modules most relevant to
the file system application are the buffer manager and
segment manager. The segment manager deals with
the physical layout of data in the segments and up-
dates to this data. It also manages the free space
within segments. The buffer manager maintains an
in-memory cache of the segments being accessed by

the file manager. It provides functions for both write-
back and write-through of updated segments. It
keeps track of dirty segments and flushes them when
needed. It maintains a map of the all the cached seg-
ments and their descriptors in an in-memory hash
table. The buffer manager supports functions for
reading, writing, seeking, flushing, creating and de-
stroying segments on disk using the underlying 10
subsystem.

In terms of implementation, we have both multi-
threaded and single-threaded state machine based
implementations of both these modules. Details of
these implementations and their composition are pre-
sented in subsequent sections.

2.5 Http Server

Finally, as an application that uses the file manager
API, we have developed a simple Http server. The
server accepts connections from client machines and
waits for their requests for files. Once it gets a file
get request, it retrieves the file from the file manager
and sends it back to the client. Again, we have two
implementations of the web server, one communicat-
ing asynchronously with the network and the other
communicating synchronously.

3 Design Alternatives for Mod-
ule Composition

In this section, we describe the three design alterna-
tives available to an application to be built on top
of Storage Manager and we also discuss the kind of
interface that needs to be exported so that the ap-
plication programmer has maximum flexibility in im-
plementation.

Given that the Storage Manager itself is built as a
single threaded module, an application built on top
of the Storage Manager has three choices :

e It can share a thread with the Storage
Manager : In this case, we integrate the Stor-
age Manager and the application completely. As
shown in figure 3, this requires that the appli-
cation programmer should write an Fvent Dis-
patcher which receives events directed for both
the Storage Manager and the application and di-
rects them to the appropriate location.

Though this scenario is probably the most effi-
cient one, it may not be useful when there are
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Figure 2: The three alterative ways in which modules
can be composed

multiple applications running at the same time.
It is conceivable that all these applications share
a single thread with the Storage Manager, but
that will break the modularity of the design. File
sanager is an ideal application for this purpose.

e Application is single-threaded, but uses a
different thread : In this case, the application
uses request queues and completion events mech-
anism for interacting with the storage manager
as described above. This option is most useful
when we have multiple application coded by dif-
ferent application programmers which want to
use the same storage sanager.

e The application is multi-threaded : In this
case, there is a thread boundary between the
application and the Storage Manager which is
implemented using the request queues and com-
pletion event mechanism. Since the application
is multi-threaded, it should not be required to
deal with this mechanism and hence, the Stor-
age Manager exports an synchronous API using
a wrapper.

4 Implementation Details

In this section, we describe the implementation de-
tails of the two versions of the end-to-end system that
we have built.

4.1 Synchronous Implementation

In the synchronous implementation, as shown in fig-
ure 3, the Http Server is built as a multi-threaded
application where a new thread is spawned for ser-
vicing each request. The thread travels all the way
down to the 10 layer and makes a request for the T10.
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Thread Boundary
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' y File Manager Storage i
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Figure 3: Architecure of the multi-threaded and the
asynchronous versions of the end-to-end system

Since we use the same asynchronous 10 layer here,
we need to create a local queue here on which the
calling thread blocks till the 1O is finished. Unlike
the earlier case where only one thread was executing
the Storage Manager code, we need synchronization
in Storage Manager and the File Manager to make
sure that there are no race conditions.

4.2 Asynchronous Implementation

As shown in figure 3, the File Manager is imple-
mented so that it shares a thread with the Storage
Manager. The Http Server, on the other hand, is
built as a separate thread which listens on the net-
work to accept connections. The Http Server uses the
asynchronous network IO mechanism described ear-
lier. When it receives request for a new connection,
it creates an Http Session for servicing that request.
Http session is built as a passive object whose code
is executed by different threads at different points of
time. When a GET request is received, the network
reader thread reading it passes the control to the Http
Session object which makes an asynchronous request
for opening the corresponding file. When the open
completes, the File Manager thread, again using the
upcall handler mechanism passes the control to the
Http Session object which then sends the data over
the network asynchronously. Finally, when the net-
work writes are completed, the corresponding http
session object is destroyed.
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Figure 4: Http Session Finite State Machine

4.3 Examples of state machines

We present two state machines that we use to serve as
an examples of how the a state machine based system
can be architected.

4.3.1 Http Session FSM

The figure shows a simplified version of the HttpSes-
sionFSM. An HttpSessionFSM is created in response
to a request by a client by the HttpServer thread.
The HttpSession created is registered as the Upcall
Handler for the thread reading on the corresponding
socket. When the read is finished, HttpSession is en-
voked. It sends an asynchronous request for opening
of the file and when the open if finished, it sends the
data to the requesting client asynchronously and also
makes an asynchronous request for closing the file.
It then waits for the network send completion event
and also the file close completion event and then exits.
Note that, the HttpSession FSM 1is handled by var-
ious thread at different times. The state transition
from New HttpSessionFSM to File Open Re-
quested is handled by the thread which reads from
the network. The next transition is effected by the
File Manager thread, whereas the handling of net-
work send completion event is done by the threads
doing the network writes.

4.3.2 Segment Close FSM

A SegmentCloseFSM 1is created in response to a re-
quest from the file manager to close the corresponding
file. If the segment is not dirty, then the FSM creates

Dirty/
| OFlushRequest

| OCloseCompletion/

SegmentClose
Completion

IO Close
Requested

Figure 5: Segment Close Finite State Machine

a segment close request with the unified event dis-
patcher queue of the storage manager registered as
the upcall handler and enqueues the request with the
IO Manager. The IO Manager closes the underlying
file and enqueues the completion in the event dis-
patcher queue of the storage manager by calling the
upcall handler. When this event gets dispatched, the
FSM’s upcall handler is invoked by the storage man-
ager thread. This causes a segment close completion
event to be created and sent up to the file manager
using its upcall handler. If the segment were dirty
in the first place, then a segment flush request would
be created instead of the close request. This would
go through the same process and return to the FSM,
when then creates a segment close request and the
same process as above repeats. The state transitions
of this machine are shown in figure 5.

4.4 Implementation  Complexity

Analysis

In this subsection, we qualitatively compare the
multi-threaded and state machine implementations
and discuss our experiences in developing the asyn-
chronous storage manager and the file manager ap-
plication.

e Control flow: In the normal threaded model
that most of us are used to programming in, the
execution context is local and is easily compre-
hensible. In the state machine model, the execu-
tion context is distributed and harder to compre-
hend, especially during development. If the sys-
tem has to be extended, changes have to be made
at many different places since there 1s no code
locality like in the case of the threaded model.



On the other hand, the state machine model 1is
highly data flow oriented and has better data
locality since data is acted upon through a se-
quence of state transitions. This has the poten-
tial for exploitation of processor cache locality.

e Overhead: Multi-threaded code has a high syn-
chronization overhead that can be avoided by
using the state machine model. As the system
scales and the number of threads has to be in-
creased, this overhead becomes increasingly un-
acceptable. In our experiments, we observed up
to 50% of response time being spent on synchro-
nization. A concrete example occurs when the
main file manager thread tries to submit data
to be sent over the network. Since asynchrony
was being faked using a thread pool, there was
synchronization required which was blocking the
important thread. Interferences like this could
lead a tremendous performance degradation.

e Code Complexity: Code size, specifically in
Java, and complexity is much more in the state
machine model compared to the multi-threaded
model. The reason is that separate classes are re-
quired for all the requests and completion events
and the different state machines. For our im-
plementations, the threaded one took 2000 lines
of java code while the state machine model re-
quired 5000 lines. The fact that the code is not
organized linearly through function calls causes
additional complexity.

¢ Debugging: Quite surprisingly, debugging was
easier with the state machine model than with
the threading model. One important reason for
this is that the language being used is Java. The
other reason is that debugging multi-threaded
applications is fundamentally hard. It is hard
to reproduce deadlocks and race conditions and
these bugs can potentially surface any time. It
is easier to be confident about bug-freeness of
single-threaded code comparatively.

5 Performance Study

In this section, we present results comparing the
performances of the multi-threaded and the asyn-
chronous models. We will first describe the experi-
mental setup, then compare the performance of the
file manager for reads and finally, compare the per-

formance of a simple HT'TP server built on top of the
filemanager.

5.1 Experimental setup

The experiments were run on 500 MHz Pentium II
with 256 MB of memory running Linux. All the ex-
periments were done using Sun JDK 1.2.2 with green
threads (unless specified otherwise) and just-in-time
compilation enabled. The number of threads in the
IO core threadpool was fixed at 60 threads, whereas
the number of threads in the network core threadpool
was fixed at 50.

5.1.1 Metrics and Methodology

We compared the performance of both the File Man-
ager and the Web Server using the average response
time and throughput that they provide. Throughput
for the file manager is defined as the number or file
read or write operations it supports in unit time. For
the web server, it is defined as the number of HTTP
GET requests per second that it can support. To
eliminate the effects of startup time and shutdown
time, we ran the experiments for large number of re-
quests and then took the measurements over 5000
thousand requests in the the the middle portion of
the request stream.

5.1.2 Spec96 Benchmark

All the experiments that we report here were per-
formed against the SPECweb96 benchmark. The
data set that we use is also defined by this bench-
mark. This benchmark has been designed for testing
the performance of web servers. It divides the re-
quests made according to the size in four categories :
100 bytes to 1kb : 35%, 1kb to 10kb : 50% 10kb to
100kb : 14%, 100kb to IMB : 1%.

Each category consists of 9 different file sizes and
the distribution within each category is according to
Poisson distribution about the mean of the sizes in
that category. Thus there are total 36 files in direc-
tory. We used this benchmark with the number of
directories fixed at 100.

5.2 File Manager Performance

We compared the performance of the file read re-
quests on the distribution as described above for both
the models. We also did benchmarking to figure out
exactly where the time goes for both the models.
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e Asynchronous Model : The maximum num-
ber of requests that can be in progress at any
time is limited by the application. The appli-
cation runs as a single thread which starts off
with issuing these many asynchronous open re-
quests. When the application receives the open
completion event, it reads the data (this is done
by the application thread synchronously) and is-
sues an asynchronous close request. When the
application receives the completion event for the
close, it issues another open request thus ensur-
ing that there are always same number of re-
quests in progress inside the system. As we
increase this number, we expect that the aver-
age response time will increase because of inter-
ference and increased queue waits, whereas the
throughput will also increase.

e Synchronous Model : In this case, the maxi-
mum number of requests in progress is limited by
the number of threads the application has. Each
thread synchronously performs open, read and
close operations continuously. Here also we ex-
pect that both the response time and throughput
will increase with increasing number of threads,
though the throughput should start decreasing
after a certain stage.

Figures 6 and 7 compare the performance of the
two models under warm cache conditions. The re-
quests were generated according to the Spec96 bench-
mark distribution as describe above. As we can see,
with increasing number of maximum requests in the
system, the response times and the throughput in-
creases, though the increase in throughput is not as
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Figure 7: Average Response Times

much as we expected. In fact, it remains more or
less independent of the number of threads or the
multi-programming level. It can be seen though, that
the performance of the asynchronous case is approxi-
mately 20% better than the performance for the syn-
chronous case. The main reason there is not much
difference in performance is because, as we will see
soon, the time for 1O is very small. Also, we are us-
ing green threads, which do not have much scheduling
overhead.

5.2.1 Microbenchmarking

To explain the results that we reported above, we
decided to break down the time taken by a request
like open (which under our implementation results
in reading the segment into memory) or close. Here
we present those results.

5.2.2 Asynchronous Model

The time spent by open request can be roughly
divided into intervals as shown in the table :

MPL 5 50

Time till IO request 0-1ms | 0-1ms

is generated 0-Ims | 0-1ms
Time till 1O starts 0-1ms | 0-1ms
Time till 1O finishes 0-2ms | 0-2ms
Time till the Storage | 0-2ms | 0-2ms
Manager thread posts

the completion event

Time till application 4-6ms | 100-200ms
thread gets this event




The table shows the approximate amount of time
spent by the request in each of these stages for multi-
programming levels 5 and 50. As we can see, almost
all the time is spent by the completion event to wait
for the application thread to get scheduled and ser-
vice it. This time depends almost linearly on the
maximum number of requests allowed in the system.
This is because the Storage Manager thread runs at
the highest priority and services all requests it can be-
fore yielding the CPU. Since the average number of
requests 1t has to service at any time will be linearly
dependent on the maximum number of requests, we
get that the average response time increases linearly
with the number of threads.

5.2.3 Synchronous Model

In this case as well, we divided the time spent by on
an open call as shown in the table :

No of Threads 5 50

Time till 1O request | 0-1ms | 0-1ms

is generated

Time till IO finish- | 5-6ms | 100-200ms
es

Time for open call 0-1ms | 0-1ms

to finish 0-1ms | 0-1ms

The time for IO completion can be further bro-
ken down into the actual time for IO and the waiting
time, but since the IO time is really small, we decided
to ignore 1t. The table shows the microbenchmarking
results for 5 threads and 50 threads. As we expect,
an application thread spends most of its time wait-
ing to regain the control of the CPU. Again, since
the average number of threads waiting for 10 to fin-
ish is proportional to the total number of application
threads, the average time to finish is proportional to
the total number of threads.

5.3 Webserver Performance

In this section, we present the results from running
the SPEC96 web server benchmark on the two ver-
sion of web versions that we have implemented. The
setup for these set of experiments includes, in addi-
tion to a web server, a set of clients running on linux
machines different from the server. Each client makes
HTTP GET requests to the server based on a refer-
ence stream generated using the Spec96 benchmark
described at the beginning of this section.
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The web server was always run using Java green
threads since native threads do not scale beyond a
small limit. When native threads were used, the
thread pools used to simulate asynchronous disk and
network IO were proving to be too expensive. On
the other hand, the clients were run using both green
threads and native threads. We observed that the
performance in case of native threads was much bet-
ter. This is explained by the fact that that machines
we used to run the clients were 8-way SMPs. Hence
native threads were able to use more number of pro-
cessors and improve the performance of the clients
when the server was not the bottleneck.

Figures 8 and 9 compare the performance of the
asynchronous and synchronous implementations of
the web server when the clients use native threads in
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Java. As can be seen from the throughput compari-
son graph, at low client numbers the multi-threaded
server performs much better. The reason for this is
that the number of threads active at the server at
any point in time is pretty low here causing the syn-
chronization overhead to be low. As the number of
clients is increased, we see the throughput of this
server falls drastically to the point that at around
250 clients, it is almost at a standstill. On the other
hand, the asynchronous version of the web server is
more stable with increasing load. Part of the expla-
nation for this behavior is that the request queues in
the asynchronous implementation impose some de-
gree of admission control. We give a higher priority
to the main storage manager thread so that when it
looks at the request queue it dequeues and services all
the outstanding requests. While this is being done,
new requests get queued up in the request queue.
Thus, there is explicit batching of requests and re-
quest completions that we have confirmed by looking
at the server logs. This batching behavior also ex-
plains the increasing average response time. Another
observation based on the server logs is that in the
synchronous implementation, at higher client loads,
the requests and their responses basically get serial-
ized explaining the sharp increase in average response
time at the very high client numbers. Overall, the
win for the asynchronous web server comes from the
steady throughput sustained assuming that response
time is not the critical metric.

Figures 10 and 11 present the same comparison as
above for the case when the clients use Java green
threads. Here we observe that there 1s very little
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Figure 11: Average response time comparison with
clients using green threads

difference between the performance of the two imple-
mentations. One reason for this is that since most of
the TO requests are satisfied by the cache under the
Spec96 workload, there is very little synchronization
interference between the different threads.

Though this performance study gives a reasonable
flavor of the merits of the asynchronous model, true
asynchronous disk and network 10 is required to get
the complete picture. Some of our results could be
misleading because of the fake implementations of the
IO modules using thread pools.

6 Related Work

The merits and demerits of various program-
ming models have been widely debated in
literature[ABLL92, DBRI1, Cla98, Ren98, HPS97].
In [ABLL92], the authors discuss the merits of user-
level threads arising from their light-weightedness
and propose kernel support for user-level threads.
At the same time, programming with threads is
error-prone, hard to debug and often non-portable
[Ren98]. Moreover, it is extremely hard to compose
packages with different thread abstractions. In
[DBRY1], the authors claim that using continuations
as the basis for control transfer in the thread and
IPC facilities of Mach 3.0 operating system saved
85% on space per thread and greatly improves perfor-
mance. In [HPS97], the authors examine web server
design and present a comparison of synchronous
and asynchronous event dispatching and various

concurrency strategies like thread-per-request,



thread-pool, thread-per-connection. They conclude
that a asynchronous event dispatching mechanism
using a common thread-pool fits the context well.
All these mechanisms differ in the abstractions they
provide and are not easily composable.

Another design that is being explored is to imple-
ment the IO subsystem and the transaction subsys-
tem as finite state machines with a single thread of
control passing through them. It has been shown pre-
viously that finite state machine based design could
be very light-weight and efficient [PDZ99, PDZ98].
Such an implementation obviates the need for ex-
plicit synchronization since there is a single thread
of control active in the state machine at any time.
While it is possible to structure the storage system
as a composition of state machines it is restricting to
assume that applications using the storage machine
would also be state machines.

Integrated Layer Processing is an implementation
concept which permits the implementor the option
of performing all the data manipulation steps in one
or two integrated processing loops. It has been used
in networking protocol implementations [BD95]. Fi-
nite State machine based design of the storage system
lends itself well to Integrated Layer Processing (TLP).
In the case of the storage manager, this corresponds
to a data-driven approach where data is processed
through a sequence of state machines before other
data is processed. Such a data-driven approach would
have good data locality though it potentially compro-
mises code locality. In comparison, a threaded imple-
mentation has good code locality as it 1s more control
driven and not data driven. It should be pointed out
here that the ILP approach is not different from that
of a iterator-based query plan processing [Gra90].

7 Conclusions and Future

Work

The subject of programming models for complex sys-
tem design has and will always be hotly debated.
In this report, we contribute our due share to this
discussion by exploring alternatives for such system
design in the context of building a storage system.
We have described our experience with building a
the storage manager using Finite State Machines and
compared its performance with a system built us-
ing a thread-per-request model. We found that the
asynchronous implementation usually performs bet-
ter that the thread-per-request model, though the
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performance benefit is not high unless the time for
servicing requests 1s a significant portion of the total
response time.

In terms of design and code complexity, we found
that using FSM’s has both advantages and disadvan-
tages. There 1s a definite performance improvement,
but the code is more distributed and lacks a linear
flow like in threaded implementations. We believe
that this is not a serious limitation and once that
can definitely be overcome with some practice.
retrospect, using Java as the programming language
helped tremendously in reducing the debugging ef-
fort. On the other hand, though the code is much eas-
ier to write and understand with threads, it is harder
to debug and guarantee bug-freedom since race con-
ditions are hard to reproduce.

Future work includes the enhancement of the file
manager API so that it can be released for general
use. We are also in the process of implementing more
functionality into the BUDS system using the state
machine model including transaction management,
recovery and concurrency. Another aspect that needs
more work 1s the validation of our claims on a system
that supports true asynchronous 10.

In
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