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1. ABSTRACT

Prior work on dynamic memory allocation has largely

neglected long-running server applications, for repke,
web servers and mail servers. Their requiremeifterd
from those of one-shot applications like compilerstext
editors. We investigated how to build an allocatuat is
not only fast and memory efficient but also scailed on
SMP machines. We found that it is not sufficienfdous
on reducing lock contention - higher speedups regai
reduction
designed and prototyped a new allocator, called &Hkon,

targeted for both traditional applications and serv
applications. LKmalloc uses several subheaps, eeeh

with a separate set of free lists and memory ar@riaread

always allocates from the same subheap but candree

block belonging to any subheap. A thread is assigoea

subheap by hashing on its thread ID. We compared it

performance with several other allocators on aegelike,
simulated workload and found that it indeed scaled
and is quite fast but memory more efficiently.
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2. INTRODUCTION

Long-running server application like web serversailm
servers, and database servers are widely usedhénet has
been little research on dynamic memory allocation a
garbage collection for this class of applicatio®&erver
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in cache misses and bus traffic. We then

applications,

applications have different allocation patterns diifbrent
requirements than traditional one-shot applicatidike
compilers or text editors. They are usually mulgtded
and frequently run on large SMP systems, which iespl
that allocators targeted for this class of appigret must
be able to handle high levels of concurrency.

This paper describes our progress in developingnardic
memory allocator targeted both for traditional apgtions
and server applications. In addition to the tradil
objectives of speed and efficient memory usage design
emphasizes scalability on SMP systems.

The rest of the paper is organized as follows.iBe@ sets
the stage by describing typical server applicatichgir
workload, and how they are architected. Section 4
summarizes our view of the requirements on dynamic
memory allocators for server applications. Sectibn
provides a brief summary of prior work in this ar8ae
current design of our allocator is described intisec6.
Experimental results, using a simulated workloade a
reported in section 7. Section 8 summarizes mdirfigs
and offers some conclusions.

3. BACKGROUND

In this section we explain the background surrongdhe
problem space. First we talk in general about theves
applications and next we describe generically heguests
are processed in typical server applications.

3.1 Server applications

It is impossible to come up with an exact defimitiof
“server application” but, for the purpose of thiaper, we
define a server application as follows. A serveplaation
provides some service; its purpose is t0 accepuesyg
from clients and process them. Typically a server
application runs for a long time (indefinitely), qmessing
requests received from a variety of client appiara.
Most commonly server applications are used for neted
services. A server application is expected to pgeaaany
requests per unit of time and do so with minimurage

A request is the unit of work given to a server legapion.
The requests can be and usually are generatedvigea
range of client applications that can be runninthesi



locally or on wide area networks. Requests arrite a

random intervals at the server. The number of retguend
the rate of requests are usually not within thetrmbof the
server. A typical request is “small”, that is, thecessing
and resources required are usually small in corapario
the resources available on the server systems.

Here are a few examples of widely used serversfithtite
above description of servers and request types.

» Database servers.

« Web servers.

» Directory/name servers.
» Authentication servers.
e Mail servers.

3.2 Anatomy of server applications

A server application can be implemented in manfecéht
ways depending on the needs of the service antypleeof

environment in which it is used. Commonly we can

categorize servers based on state involved andhdmer
in which requests are processed.

A server may have to accumulate and maintain stadeit
a client for processing future requests from theesalient.
Such a server is said to tstateful.. A stateful server
typically requires the client to first open a coatien to the
server before making requests. The connection dsed
after all the requests are handled. To the sertles,

connectionis the client and the server usually stores the

state information about the client along with tleamection
object.

A server that does not maintain any state aboutlibat is

said to bestateless. Some server applications function this

way (eg: time servers or DNS servers).

The architecture of many servers is based on treadh
per-connection model The basic version of this
architecture creates a thread for each open cdpnect
which maintains the state information and also psses
all requests arriving on its connection. Two refirents of

this model are common: worker threads and service

threads.

It may be quite expensive to create a thread fahea
connection and keep the thread alive between régjues

This is the case, for example, on some Unix systehese

1 We use “thread” as a generic term meaning an ieniéent
thread of control. A “thread” can be implementedsieveral
ways: as an OS thread, an OS process, or as aleusér-
(lightweight) thread. The specific implementatiorhoice
depends most often on what the underlying OS pesvid

a “thread” must actually be implemented as a seépads
process. In that case, usually a fixed number ofkaro
threads (a pool of workers) are created and usdterifa
request arrives, it is put on a queue of requesiting to
be processed, from where it will eventually be pitkup
by a worker thread for processing. In this scemad
connection is a passive data structure that susubatween
requests and is handed to the worker thread togefitie a
request. Worker threads not only avoid the overhehd
creating/destroying a thread for each connectiot tha
level of concurrency can be adjusted simply byeéasing
or decreasing the number of worker threads.

It is not desirable to tie up the main worker thigdy
waiting for 1/O operations or requests to othervees to
finish. With a limited supply of threads, this megsult in
all threads being blocked even though there areestg
that could be processed. This can be handled bindnav
specialized service threads, for example, one @ad for
each disk. When a worker thread needs to read e wr
from a disk, it puts one or more 1/O request on doneue
for the appropriate disk, suspends processingetthrent
request and resumes processing of another reqUibst.
same idea can be applied when a server needs tiesteq
services from another server, for example, a datba
server sending a request to an authentication iserve

We predominantly focus on stateful multi-threadedssrs.
There are two notable trends. First, servers aréonger
fully monolithic pieces of code. Many server apations
load and use shared modules for processing a regdies
second trend is that the server applications aratesh
modules are increasingly implemented in C++ or othe
object oriented languages that rely more heavily on
dynamic memory allocation than traditional language

For instance let us look at what happens inside a
Microsoft's web server (IIS) when it processes quest.
The web servers maintain state for connectionscéiadts.
Besides the web server's connection state, several
additional code modules, may be loaded into theeser
application and called upon to process the request.
example, a request for legacy data access on ssembr

is processed by the web server code, by database
connector, and by page formatter modules. To atid)

up the 1/O threads for long duration, the serveplements

a pool of worker threads and delegates work froe It
service thread to the worker thread. We found thgtest
processing can impose loads as high as 1000
allocation/frees per request. For most part objatitcated
were small — 80% of allocations were for blocks 4df
bytes or smaller.

A server application may have to handle very highuest

rates, often in the range of thousands of requpsts
second. To support a high request rate, it is aftressary



to run the application on an SMP systems. The most
common configuration today is four to eight processut
some systems go much higher.

4. REQUIREMENTS

Does this mean that server applications imposeerdifit
requirements on memory allocators than traditicsiadjle-
shot applications, like compilers, word processorsmail
clients? We claim that they do and attempt to eérptlae
requirements in this section.

Consider a web server running on an SMP system, with
say, eight processors. Assume that its basic aathite is

a simple thread-per-request with a worker poolyt tisa
when a request arrives it is put on a queue, a evdtitead
eventually picks it up for processing, and the veorthread
does all the processing required to complete tlogiast.
Also, assume that the server receives say 100@stsper
second at peak time and that the processing ofjaest
involves 1000 allocations. The peak allocatiom liatthen
10° allocate and 10free operations per second. A good
memory allocator must be designed to handle m#gliof
malloc-free operations per second on large SMReByst

Here is our list of requirements for dynamic memory
allocators targeted at any application augmenteth wi
requirements specific for server environment.

1. Fast— Speed is essential. Allocate and free are the
most common operations so they must be very fast.
Less frequently used operations like realloc,
compaction, or gathering statistics need not be
particularly fast.

2. High memory utilization — As always, reducing
overhead and wasted space is important. However
server applications tend to run on systems with
massive amounts of memory so this requirementts no
as critical as it might be on smaller systems.

3. Size independence- Speed should not be greatly
affected by the size distribution and ordering of
allocation requests. Given that object sizes canelng

* combination of

5. Scalable — The allocator must support highly
concurrent operations and execution in SMP systems,

ideally scaling linearly with the number of processs

6. Thread independence— A block must not be tied to
the thread that allocated it. A block should beefte
migrate among threads, that is, it should be péssib
for one thread to allocate a block, a second thtead
use it, and a third thread to free it (even if driginal
thread has already died). This makes it possibjeats
objects from thread to thread in a server systehis T
is a strict requirement for server applications.

7. Predictable speed — Servers are (soft) real-time
applications and need to exhibit not only low bisba
predictable response times. This means that the itim
takes to allocate or free a block should, idedltlg,
constant and independent of its size, the number of
allocated or free blocks, amount of memory in use,
allocation history, etc. In particular, occasiohahg
pauses for garbage collection or large-scale coilgs
are unacceptable.

8. Stability — For long running systems it is very
important that the memory allocator’s performance
remains stable over time. In other words, memory
utilization should not decrease or allocation times
increase over time if the load on the system remain
stable.

We do not claim that each one of points 5 to 7nisjue to
server applications. For example, animation sofeweseds
highly predictable speed (but not necessarily $xithg
and video conferencing clients are long running eace
greatly about stability. We do, however, believattthe
requirements is unique to server
applications.

5. PRIOR WORK

Many dynamic memory allocators have been designed
over the years. Wilson, Johnstone, Neely, and Boles

varied on server systems, some dependent on the[l5]have written an excellent survey of this workhe

nature of incoming requests, it is important to énav
size independence.

Maximize locality — Allocating chunks of memory
that are typically used together near each othbis T

main focus appears to have been on sequentialatdics;

with emphasis on speed and memory utilization. i

Zorn maintains a site [16] with links to dynamic mmay
allocators that are publicly available on the net.

reduces page and cache misses during execution andThe allocator designed by Doug Lea [10], here dalle

thus improves performance. This also has the patent
of reducing unused space.
These four are all quite standard requirementsappty to

all memory allocators. However, the subsequent @mes
more specific to server applications.

DLmalloc, has been found to be both the fastestraosit
memory efficient on several applications 9. Howeubhe
original version is neither thread-safe nor scaabl
Wolfram Gloger created a thread-safe and scaladiigion,
called Ptmalloc [4].

Vmalloc by K-P Vo [14] is more of an allocator
framework. Memory is divided into regions and each



region can be managed by different policies. ThecHic
allocators to be used are chosen at link time. Wages it
easy to experiment with different allocators forgiwen
application. Grunwald and Zorn [5] also investeghthow
to tailor allocators to specific programs, maintyimprove
speed but without too high a cost in memory space.

We have not found much work on parallel memory
allocators. The latest appears to be Arun lyengaosk

[7] [8], which is somewhat difficult to assess besa the
experimental results are for such an unusual macfen
dataflow machine). His most scalable allocator uses
multiple free lists, with a lock on each free li€iperating
system kernels for parallel machines also needabtmal
memory allocators. A paper by McKenney and Slingwin
[12] describes the kernel allocator used in Sedsient
version of Unix. Somewhat simplified, it has onélseiap

B: Approximate best fit. Searching for a free block starts
from the first list containing free blocks of suffnt size
and proceeds one list at a time. The first freelbfound is
taken. This is a combination of best fit and fitstIf the
free block found is on a small-block list, it isaganteed to
be the best-fitting block but not if it is found @nlarge-
block list because large-block list are not keptexh

C: Immediate coalescing When a block is freed, we
immediately try to coalesce it with its left and/dght
neighbor. This reduces fragmentation and improves
memory utilization. It also avoids postponing work,
providing more predictable speed, and improvesilgéiab
This policy requires that checking whether two B®can

be coalesced and performing the actual coalescimngy bre
very fast. To this end, we use two standard teclesq
namely boundary tags and doubly-linked free lishclE

per processor. No locks are needed on these subheapblock, whether free or allocated, carries size ayoke

because all allocation and deallocation is restridb one
processor. Unfortunately, this idea cannot be aplpdit the
user level because an application program typidadly no
control over which processor it runs on at any gitime.

Extensive research has been done on garbage amllect
techniques, especially incremental and concurranage
collection [18]. Appekt al [1] describe concurrent garbage
collection technique based on a virtual memory rmayk
technique. This allows concurrency between garbage
collection and the mutator (application program)hil&/
this and other refinements make garbage colleatione
efficient, it does not address issues with traddioheap
based allocation.

6. LKmalloc

This section describes our design of a memory attog
called LKmalloc, targeted for both traditional aipptions
and for server applications. We have concentratad o
scalability and speed. We describe not only thal fitesign
but also some of the not-so-successful attemptsgatibe
way.

Doug Lea’s allocator [10] has been found to be Hagt
and memory efficient. We adopted three of its kegign
features with little change.

A: Binning. Free blocks are kept in 128 bins, grouped by
size. All blocks are aligned on 8-byte boundari€kere
are 64 bins for blocks of size 512 or less, spadg/tgs
apart, each holding blocks of exactly the same. site
remaining (large-block) bins have coarser spacind a
bin may contain blocks of different size. The biase
implemented as doubly linked lists. DLmalloc keeps
blocks in large-block bins sorted by size but wd dot
retain this feature.

information in a 4-byte field at the beginning aatithe
end of the block. These techniques make it posdible
check and perform coalescing in constant time (aeny
fast).

LKmalloc does not maintain a cache of free bloakten
called quick lists or look-aside lists. The baspemtions,
including coalescing, are sufficiently fast thaerd was
little to be gained from quick lists and delayingatescing
tends to reduce memory utilization.

DLmalloc organizes each small-block list as a gquéar
FIFO list). Large-blocks lists are kept sorted dock size
to make best-fit allocation faster. We changed pgbhécy
for small-block lists to LIFO, that is, blocks aaelded to
and deleted from the front of the list. The ideatds
improve cache locality (both for the allocator attte
application) by reusing blocks as quickly as pdssib
hopefully, before the block has been purged frora th
processor cache. Keeping large-block lists unsogsd
applying first-fit were also adopted so as to rexlgache
misses both during searching (fewer free blockshed)
and in the application.

Normally one expects searching to slow down as the
number of items searched increases. Here we see the
opposite effect. As the number of free blocks iases,
there will be fewer empty small-block bins, whidduces

the number of such lists that have to be checked.

The remaining key design decisions were driven @iy
by the need to support a high level of concurrency.

D: Lock on each free list A spin lock protects each free
list; there are no other locks. The lock on a fiseprotects
additions to and deletions from the free list, moghmore.
No locks are held when checking whether blocks loan
coalesced, nor when coalescing the blocks.



We use our own spin lock implementation, shown Wwelo
It is designed to minimize load on the memory bys b
performing the lock testing in the cache duringuaybwait.
When the lock becomes free, the thread tries taieedg.
(InterlockedExchange is a WIN32 funtion that atcaiiic
sets a variable to a new value and returns thevallae.) If

it fails to acquire the lock, it continues spinningusy
waits are bounded, i.e. a thread yields after stteated the
lock a maximum number of times. The bound was set t
4000 times in all our tests.

_inline static int S LOCK( |ong *Iladdr )

int cnt,
do {
cnt = MAXSPIN ;
/* check max MAXSPIN tines then yield */
/* spinning in cache until |ock changes */
whi l e( *| addr LOCKED ) {
cnt--
if( ent <0 ){
sl eeps++ ;
Sleep(0) ; /* yield */
cnt = MAXSPINS ;
}

}
} while( InterlockedExchange(l addr,
LOCKED ) ;
return(sl eeps) ;

}

sl eeps=0 ;

LOCKED)

E: Multiple subheaps Having a lock on each free list and
minimizing lock time reduced contention on the flests
to virtually nothing. Even so, it wasn’t enough € ¥ound
that the speedup was still less than two on a 4-gva§-
way processor.

The problem is caused by “cache sloshing”, thatths,
current value of a cache line rapidly migratingnfreéache
to cache. When different processors read and madtdy
same cache line frequently, the current value moat
never available in the cache when needed by a gsoce

In the current implementation, the number of supkea
must be determined when the library is initializadd
remains fixed thereafter. Choosing the number bhsaps
is an open gquestion but setting it slightly highiean the
number of processors is a reasonable first heauristi

F: Select subheap by hashing Given a call to allocate a
block for a particular thread, how do we quicklycitks
which subheap to use? LKmalloc does it by hasbmthe

ID of the thread. This has the virtue of being fast
simple because the library maintains no informatdout
existing threads. The drawback is the pseudo-random
assignment of threads to subheaps: multiple coentirr
threads may be assigned to the same subheap exaghth
there are currently unused subheaps. However, #mr o
scheme requires some explicit bookkeeping and
assignment of threads to subheaps. It is not dhesdtran
explicit scheme would do much better than random
assignment.

G: Memory striping. We must be able to grow and shrink
the memory area assigned to a subheap. A fixedidiviof
the address space won't do; a subheap must, ifseace
be allowed to grow arbitrarily large. LKmalloc dilés the
address space into fixed-size stripes (default 4i2¢B).
When a subheap needs more space it is assigneldeanot
stripe. A subheap can also return a stripe. A sy
keeps track of which stripes have been assigneghtoh
subheaps.

Initially, no physical memory is committed to aigé.
Physical memory is requested from (committed) and
returned to (decommitted) the operating systempae at

a time. The amount of memory committed to a stepe

to which pages within as stripe varies over timpeteling

on demand. When to decommit memory is a policy
decision. The current version decommits pages wresre
free block larger than two pages is created.

6.1 Discussion

resulting in a cache miss and a memory read. Cache 5q 5 as we know, the idea of using a fixed numbkr

sloshing occurs not only on free list locks anddesza but
also on boundary tags.

To combat this, we decided to use multiple, indeleai
subheaps and assign each thread to a subheap.héagub
is a complete heap with its own set of 128 frets lend
memory arena. The address space is divided intipést
of fixed size (currently 4MB). An arena grows ardisks
one stripe at a time.

A thread always allocates blocks from its assigaigtheap
but can free blocks in any subheap. To which syblea
block belongs can be determined from its addresfrgly
determining which stripe (explained below) it bejsnto
and then looking up to which subheap that stripe is
assigned.

subheaps and assigning threads to subheaps byhgashi
new. Here is a brief explanation of why we adopted
solution.

Let's first consider the two extremes: a single rmdp
used by all threads and a completely separate apbloe
each thread. We tried using a single subheap aunddfo
that it scaled poorly even if when lock contentimas
reduced to virtually nothing. As mentioned abovke t
problem is probably bus saturation caused by many
processors accessing the same fast-changing dates it
(locks, free list headers, block headers and fedter

Using a subheap per thread is not viable for server
applications because the overhead of keeping tck
threads, creating/destroying subheaps and mappiegds



to subheaps could be substantial. Furthermore,oakbl
might survive longer than the thread that createdbyi
being transferred to another thread. If so, it id¢ olear
when to destroy a subheap and, most likely, memory
utilization would suffer.

Using a small number of subheaps and assigningdbre
subheaps by hashing improves scalability withoutirtta
to explicitly keep track of the mapping of threatts
subheaps.

7. EXPERIMENTAL RESULTS

This section reports on the observed performancévef
allocators on a simulated server-like workload. We
compare the performance of two versions of LKmalloc
with four other allocators.

1. Lkmalloc with 10 subheaps This version
identified by “Lkmalloc 10" in subsequent figures.

LKmalloc with a single heap Results for this
version are labeled “Lkmalloc 1” in the figures.

DLmalloc with a global lock. This is DImalloc (Doug
Lea’s malloc), which we made thread-safe with the
addition of a single, global lock. The lock is
implemented as a bounded spin lock. The label “dIm,
global” in the figures refers to this allocator.

DLmalloc with local locks. This is another thread-
safe version of DLmalloc with no global lock but
instead using a lock on each of its 128 free liéis.
had to slightly reorder the code and eliminate one
speed-enhancing device (a bit array used for quickl
finding a non-empty free list), which slowed doviret
allocator somewhat. The label “dIm, local” is uded
this allocator in the figures.

Ptmalloc. This is a third thread-safe version of
DLmalloc, designed by Wolfram Gloger [4], and
intended to be scalable. It uses a linked list of
subheaps where each subheap has a lock, 128 fre

is

lists, and some memory to manage. When a thread

needs to allocate a block, it scans the linked dist
subheaps and grabs the first unlocked one, allscate
the required block, and returns. If it can't finch a
unlocked subheap, it creates a new one and adds it
the list. In this way, a thread never waits on ekéul
subheap. Ptmalloc has no provisions for reducimy th
number of subheaps so memory utilization is likely
suffer, especially for long running server applicas.

Libc malloc. This is the allocator distributed in the
standard C library of Microsoft Visual C++ 5.0.i#
thread-safe, which is accomplished by means of a
single, global lock (actually a WIN32 critical siect).

It was not designed for scalability on SMP systems.

€,

Workload. The workload generated is intended to model a
server responding to client requests. It is based thread-
per-request model, creating a new thread for eaghest.
The number of threads running concurrently is agouin
parameter.

When a worker thread is created, it receives afblocks
already allocated. It then performs a sequenceanflam
replacements, that is, one of the existing blocks i
randomly selected and freed and a new block ofaand
size is allocated. We call this a malloc-free ofiera How
many such operations a thread performs is anothmut i
parameter. When the thread has completed its sequaf
malloc-free operations, it creates a new threadsgm its
currently allocated blocks to the new thread, and
terminates. After 30 seconds, all activity wagppid and
performance data collected. Threads do nothing stse
even the slow allocators perform several millionlloa
free operations during 30 seconds.

Why pass allocated blocks between threads? In serve
applications, a small fraction of the blocks all@chby one
thread is typically passed to other threads, usedoime
way, and finally freed by some thread other thae th
creating thread. We refer to this as blocks “blagti
between threads. On a large web server, we observed
bleeding in the 2-3% range.

For the series of experiments reported here, thmitin
parameters were set as follows. Each thread retei080
blocks and performed 50,000 malloc-free cycles (2%
bleeding). Block size was randomly drawn from afanmmn
distribution with range 10 to 1000 bytes. Experinsenere
run on three different machines: a uniprocessotegys
with a 300 MHz Pentium Il processor, on a 4-prooess
SMP with 200 MHz Pentium Pro processors, and an 8-
processor SMP also with 200 MHz Pentium Pro
processors. All systems were running Windows NT. 4.0
The number of concurrently executing threads wagesda
from one to ten.

Metrics. We are mainly interested in how fast the
allocators are, how well they stand up to incredseeéls

of concurrency, and how effectively they use memory
which we assess by the following metrics:

1. Throughput in total malloc-free operations per second
(malloc-free pairs per second).

Speedup, defined as throughput when running
threads in parallel, divided by throughput when
running only one thread at a time (using the same
allocator).

Memory utilization, defined as the fraction of the total
arena size (memory requested from the OS) occupied
by application data. This metric takes into account
both external and internal fragmentation.



Figure 1: Throughput for 1P
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7.1 Results for 1P

Figures 1 to 3 show the results obtained on a ongssor
system. Not surprisingly, DLmalloc with a singleoléal
lock and Ptmalloc have the highest throughput bszau
they retain all the performance optimizations o gerial
version of the code. DLmalloc with local locks iswger
because some of these optimizations had to benrgted
when adding the locks. LKmalloc is slower yet besgaof
the overhead caused by retrieving and hashing hread
ID for every malloc call and locating the approgeia
subheap for every free call. Libc malloc is thewsist
allocator, especially when the number of concurrent
threads is high.

Figure 2 show the speedup. In the uniprocessor, ¢thee
objective is to achieve the same throughput regasdbf
the number of threads. Libc malloc clearly does not
achieve this. Relying on a single critical sectifor
synchronization causes too many context switcleseby
reducing throughput. Interestingly enough, usingirayle
(bounded) spin lock for synchronization does notehiis
effect, witness the line for “dlm, global”.

Figure 3 plots the memory utilization, except facl
malloc for which we couldn't get the data easily.
DLmalloc, regardless of lock type, and LKmalloc wia
single heap have high and stable memory utilizafborall
levels of concurrency. Ptmalloc and LKmalloc with
multiple subheaps are not as memory efficient. Roma
tends to waste memory because it creates a neweapbh
and arena as soon as there is a lock conflict., Ais@as no
policies or mechanisms for eliminating subheaps.

Figure 2: Speedup on 1P
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Figure 3: Memory utilization on 1P
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LKmalloc 10 spreads the allocated blocks over ten
subheaps, regardless of the number of concurrently
executing threads. The low memory utilization fawl
levels of concurrency may be caused by the desigheo
experiments but not for higher levels of concurgen&
highest memory utlization of less then 60% is diear
problem.  We run some experiments (not shown)
increasing the number of concurrently executingedlr
beyond ten but memory utlization did not improve.



Figure 4: Throughput for 4P
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Figure 5: Speedup on 4P
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7.2 Results on 4P

Figures 4 and 5 show interesting scalability eHeate
have allocators with negative scaling, allocatorth lat
performance and one allocator with significant pesi
scaling.

The two allocators relying on a single global logikc
malloc and DLmalloc with a global spin lock) havear
negative scaling, that is, as the number of threads
increases, the total throughpiecreases. Three allocators
(DLmalloc with local locks, Ptmalloc and LKmallodttva
single subheap) gain virtually nothing from the raxt
processors. Their throughput appears to be linitgdbus
saturation caused by cache sloshing. LKmalloc with
multiple subheaps is the only one gaining signfigafinom

the additional processors. A maximum speedup ob8.a

4 processor system is outstanding.

Memory utilization is plotted in Figure 6. As oneowd
expect, Ptmalloc’s memory utilization is lower thian the
uniprocessor case. With four processors, there higghaer
probability of finding no unlocked subheaps andatirgy a
new subheap. This results in more subheaps andver lo
memory utilization.

7.3 Results for 8P

The 8P results shown in figures 7 to 9 (on nextepag
amplify the findings for 4P. The allocators relyiran
global locks continue to scale negatively and thenes
three allocators gain virtually nothing from thevee
additional processors. LKmalloc with 10 subheaps
continues to scale well, reaching a maximum spedd8p
out of 8. We had set a goal of a millignalloc-free
operations per second and reached 1.1 million.

Figure 6: Memory utilization on 4P
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Figure 9 shows the same pattern for memory utibraas
figures 3 and 6. The dip in the Lkmalloc 10 cufae 9
and 10 does not indicate a trend — it did not slgwin
other runs. Again, Lkmalloc shows a high memory
utilization of only 60%.



Figure 7: Throughput on 8P

1200000

1000000 -
800000 -
600000 -
400000 -

Malloc-free ops/sec

200000 -

0,
0 2 4 6 8

No of threads

10

—&—Lkmalloc 10 —#—Lkmalloc 1 —A— ptmalloc

dim, local —%—dIm, global —®@—Ilibc, malloc

8. Summary and conclusion

Long-running server applications behave differeritign
traditional client applications and impose diffaren
requirements on dynamic memory allocators. We first
described what server applications typically do v
they are architected. We identified several addélo
requirements on memory allocators intended for exerv
applications: good scalability on SMP systems, dtire
independence, stability, and predictable perforraanc

We then described the design of a new allocatdedal
LKmalloc targeted for both traditional applicatiormsd
server applications. LKmalloc uses several subhesgsh
one with a separate set of free list and memomaaré
thread always allocates from the same subheapautree
a block belonging to any subheap. A thread is assigo a
subheap by hashing on its thread ID. This sligbtignplex
scheme was necessary to achieve any significalathslity

— all simpler schemes failed.

On uniprocessor systems, LKmalloc was about 25%esio
than the fastest allocator we tested. On 4-way &mady
SMP systems, LKmalloc scaled far better than anthef
other allocators tested. Two allocators relyingaosingle
global lock showed negative scaling on SMP systéhag,

is, throughput decreased when the number of procgss
increased. Allocators with multiple locks but a g
common arena showed positive but limited scaling (a
speedup of less than 1.5 on an 8-way SMP).

The main lesson learned from our experiments is as
follows. To build a highly scalable allocator, it is not
sufficient to minimize lock contention. One must also
reduce bus traffic by reducing the frequency of access to
shared, fast-changing data items like list heads, counters,
block headers and block footers.

Figure 8: Speedup on 8P
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Figure 9: Memory utilization on 8P
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LKmalloc’s memory utilization is definitely too lowhen
multiple subheaps are used. For ten subheaps aadfi
more concurrent threads, it needed almost twicenash
memory as the most memory efficient allocatorsetbst
We are looking into ways of automatically adjustitige
number of subheaps based on the level of concwyrenc
exhibited by the application. The problem is how to
improve memory utilization without losing too mudh
scalability.

We believe that LKmalloc results in fewer cache sess
not only within the allocator itself but also in@igation
code. However, additional experiments are needed to
determine whether this is true.
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