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Abstract

The ongoing transition from uniprocessor to multiprocessmputers requires support from the op-
erating system kernel. Although many general-purposeipnattessor operating systems exist, there is
a large number of specialized operating systems which meggrting in order to work on multipro-
cessors. In this paper we describe the multiprocessor partctuster operating system kernel from a
producer of industrial systems. Our initial implementatigses a giant locking scheme that serializes
kernel execution. We also employed a method in which CP@teariables are placed in a special sec-
tion mapped to per-CPU physical memory pages. The giantdnckCPU-local section allowed us to
implement an initial working version with only minor chargg® the original code, although the giant
lock and kernel-bound applications limit the performanEewr multiprocessor port. Finally, we also
discuss experiences from the implementation.
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1 Introduction

A current trend in the computer industry is the transitianfruniprocessors to various kinds of multipro-
cessors, also for desktop and embedded systems. Apartriditiagnal SMP systems, many manufacturers
are now presenting chip multiprocessors or simultaneousthreaded CPUs [8, 15, 20] which allow more
efficient use of chip area. The trend towards multiprocessaquires support from operating systems and
applications to take advantage of the hardware.

While there are many general-purpose operating systenmttiiprocessor hardware, it is not always
possible to adapt special-purpose applications to run esetloperating systems, for example due to dif-
ferent programming models. These applications often relgupport from customized operating systems,
which frequently run on uniprocessor hardware. There ameynraportant application areas where this
is the case, for example in telecommunication systems oredddd systems. To benefit from the new
hardware, these operating systems must be adapted.

We are working on a project together with a producer of langistrial systems in providing multipro-
cessor support for an operating system kernel. The opgrsystem is a special-purpose industrial system
primarily used in telecommunication systems. It curremtigs on clusters of uniprocessor Intel I1A-32
computers, and provides high availability and fault totexaas well as (soft) real-time response time and
high throughput performance. The system can run on one obpegeoating system kernels, either the Linux
kernel or an in-house kernel, which is an object-orientegtating system kernel implemented in C++. The
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in-house kernel offers higher performance while Linux jpdeg compatibility with third-party libraries and
tools. With multiprocessor hardware becoming cheaper amet rost-effective, a port to multiprocessor
hardware is becoming increasingly interesting to hanhesperformance benefits of the in-house kernel.

In this paper, we describe the design and implementationitidli multiprocessor support for the in-
house kernel. We have also conducted a set of benchmarkalteaeythe performance, and also profiled
the locking scheme used in our implementation. Some streictames and terms have been modified to
keep the anonymity of our industrial partner.

The rest of the paper is structured as follows. Section 2riescthe structure and the programming
model for the operating system. Section 3 thereafter dessithe design decisions made for the added
multiprocessor support. Section 4 outlines the method veel disr evaluating our implementation, and
Section 5 describes the evaluation results. We thereafteuss some experiences we made during the
implementation in Section 6 and describe related and futiord in Section 7. Finally, we conclude in
Section 8.

2 TheOperating System
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Figure 1: The architecture of the operating system.

Figure 1 shows the architecture of the operating system. syeeem exports a C++ or Java API to
application programmers for the clusterware. The clusieewuns on top of either the in-house kernel
or Linux and provides access to a distributed RAM-residethldase, cluster management that provides
fail-safe operation and an object broker (CORBA) that piesgiinteroperability with other systems.

A cluster consists of processing nodes and gateway machihesprocessing nodes handle the work-
load and usually run the in-house kernel. Gateway machinmekinux and act as front-ends to the cluster,
forwarding traffic to and from the cluster. The gateway maekifurther provide logging support for the
cluster nodes and do regular backups to hard disk of the @sg¢alI he cluster is connected by redundant
Ethernet connections internally, while the connectionth&ooutside world can be either SS7 [7] or Ether-
net. Booting a node is performed completely over the netwgrRXE [6] and TFTP [19] requests handled
by the gateway machines.

2.1 TheProgramming M odel

The operating system employs an asynchronous programnodglirand allows application development
in C++ and Java. The execution is event-based and drivenltiack functions invoked on events such
as inter-process communication, process startup, tetimmaor software upgrades. The order of calling
the functions is not specified and the developer must addapisoHowever, the process will be allowed to
finish execution of the callbacks before being preemptetyeaallbacks will never execute concurrently
in one process.

In the operating system, two types of processeajc anddynamic are defined. Static processes are
restarted on failure and can either be unique or replicatdldd system. For unique static processes, there
is only one process of that type in the whole system, whemagplicated processes, there is one process



per node in the system. If the node where a unique proceskeresiashes, the process will be restarted
on another node in the system. Replicated static procelisasagher processes to communicate with the
static process on the local node, which saves communicetists.

Dynamic processes are created when referenced by anotieasgr for example by a static process.
The dynamic processes usually run short jobs, for instaheeking and updating an entry in the database.
Dynamic processes are often tied to database objects ondhkrlode to provide fast access to database
objects. In a telecommunication billing system for examplstatic process could be used to handle new
calls. For each call, the static process creates a dynaméegs, which, in turn, checks and updates the
billing information in the database.

2.2 TheDistributed Main-Memory Database

The operating system employs an object-oriented disgtb®RAM-resident database which provides high
performance and fail-safe operation. The database stersstent objects which contain data and have
methods just like other objects. The objects can be accésmrsharently across nodes, but local objects
are faster to access than remote ones (which is the reasemprotesses to database objects).

For protection against failures, each database objecplgated on at least two nodes. On hardware
or software failure, the cluster is reconfigured and thelztega objects are distributed to other nodes in the
cluster.

2.3 TheProcessand Memory Model

The operating system base user programs on three basiegntiteads processesandcontainers The
in-house kernel has kernel-level support for threading, thneads define the basic unit of execution for
the in-house kernel. Processes act as resource holdetaining open files, sockets, etc., as well as one
or more threads. Containers, finally, define the protectiomain (an address space). Contrary to the
traditional UNIX model, the in-house kernel separates thecepts of address space and process, and
a container can contain one or more processes, although tleemally is a one-to-one correspondence
between containers and processes.

To allow for the asynchronous programming model and shietiiprocesses, the in-house kernel sup-
plies very fast creation and termination of processes. & gr several mechanisms behind the fast process
handling. First, each code package (object code) is locatadinique virtual address range in the address
space. All code packages also reside in memory at all times,similar to single-address space operat-
ing systems [2, 5]. This allows fast setup of new containgrsesno new memory mappings are needed
for object code. The shared mappings for code further mdaatdtiere will never be any page faults on
application code, and also that RPC can be implementedesffigi

The paging system uses a two-level paging structure on t#82IAT he first level on the 1A-32 is called
apage directonyand is an array of 102dage directory entrieseach pointing to page tablenapping 4MB
of the address space. Eggage tablein turn containgage table entriesvhich describe the mapping of
4KB virtual memory pages to physical memory pages. Duringdidnitialization, a global page directory
containing application code and kernel code and kernelidati@ated, and this page directory then serves
as the basis for subsequent page directories since mo& afltlress space is identical between containers.
The address space of the in-house kernel is shown in Figure 2.

The in-house kernel also keeps all data in-memory at allgjree there is no overhead for handling
pageout to disk. Apart from reducing time spent in waiting f®, this also reduces the complexity of
page fault handling. A page fault will never cause the faglthread to sleep, and this simplifies the page
fault handler and improves real-time predictability of flege fault latency.

The memory allocated to a container initially is very smallhe container process (which will be
single-threaded at startup time), starts with only two menpages allocated, one containing the page
table and the other the first 4KB of the process stack. Beaafiibés, the container can use the global page
directory, replacing the page directory entry for the 4MBioa which contains the entire container stack,
the global variables, and part of the heap. Any page faultiwog in this 4MB region can be handled
by adding pages to the page table. For some processes, ¢higtigh, and they can run completely in the
global page directory.
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Figure 2: The in-house kernel address space on Intel IA{i&%(gied).

Figure 3 shows the container address space handling in #ratipg system. In Figure 3a, the situation
right after process startup is shown. The container firss tise global page directory, with two pages
allocated: one for the stack page table and one for the pgatask. This situation gradually evolves into
Figure 3b, where the process has allocated more pages fatéable, the heap or global variables, still
within the 4MB area covered by the stack page table. When itheegs accesses data outside the stack
page table, the global page directory can no longer be uskd aew page directory is allocated and copied

from the global as shown in Figure 3c.
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3 Design of the Multiprocessor Support

In this section, we discuss the design of multiprocessopaerigor the in-house kernel. We describe the
locking scheme we adopted, the implementation of CPU-Ida#d, and optimizations made possible by
the special properties of the in-house kernel.

3.1 Kernd Locking and Scheduling

For the first multiprocessor implementation, we employ apdénbocking scheme where the entire kernel
is protected by a single, “giant” lock (see Chapter 10 in J18he giant lock is acquired when the kernel
is entered and released again on kernel exit. The advanfabe giant locking mechanism is that the
implementation is kept close to the uniprocessor versi@inglthe giant lock, the uniprocessor semantics
of the kernel can be kept, since two CPUs will never executewaoently in the kernel. For the initial
version, we deemed this important for correctness reasmh$oaget a working version early. However,
the giant lock has shortcomings in performance since itddatger areas than potentially needed. This is
especially important for kernel-bound processes and proltessors with many CPUs. Later on, we will
therefore relax the locking scheme to allow concurrentsste parts of the kernel.

We also implemented CPU-affinity for threads in order to dwoéche lines being moved between
processors. Since the programming model in the operatisigisyis based on short-lived processes, we
chose a model where a thread is never migrated from the CPakistarted on. For short-lived processes,
the cost of migrating cache lines between processors waudecmajor additional latency. Further, load
imbalance will soon even out with many short processes. Wdith process turnaround, newly created
processes can be directed to idle CPUs to quickly even odtitohalance.

3.2 CPU-local Data

Some structures in the kernel need to be accessed privateyadh CPU. For example, the currently
running thread, the current address space, and the keswklrstust be local to each CPU. A straightforward
method of solving this would be to convert the affected stries into vectors, and index them with the
CPU identifier. However, this would require extensive ctemtp the kernel code, replacing every access
to the structure with an index-lookup. It would also requireee more instructions (on 1A-32) for every
access, not counting extra register spills etc.

This led us to adapt another approach instead, where eacta@Rlys runs in a private address space.
With this approach, each CPU accesses the CPU-local daia aaime virtual address without any mod-
ifications to the code, i.e., access of a CPU-local variablgone exactly as in the uniprocessor kernel.
To achieve this, we reserve a 4KB virtual address range faf-©al data and map this page to different
physical pages for each CPU. The declarations of CPU-larébles and structures are modified to place
the structure in a special ELF-section [21], which is paligrad by the boot loader.

The CPU-local page approach presents a few problems, hawekat, some CPU-local structures are
too large to fit in one page of memory. Second, handling of ithuétaded processes must be modified for
the CPU-local page, which is explained in the next sectidme Rernel stack, which is 128KB per CPU,
is one example of a structure which is too large to store imfXA&-local page. The address of the kernel
stack is only needed at a few places, however, so we addeeleofemdirection to set the stack pointer
register through a CPU-local pointer to the kernel stack Tdye global page directory (which needs to be
per-CPU since it contains the CPU-local page mapping) iglleann the same manner.

3.3 Multithreaded Processes

The CPU-local page presents a problem for multithreadethawers (address spaces). Normally, these
would run in the same address space, which is no problem oipeogassor system. In a multiprocessor
system, however, using a single address space for all CPUklwause the CPU-local virtual page to
map to the same physical page for all CPUs, i.e., the CPU-@acebles would be the same for all CPUs.
To solve this problem, a multithreaded container needs aragppage directory for every CPU which



executes threads in the container. However, we do not wardrtgpromise the low memory requirements
for containers by preallocating a page for every CPU.

Since multithreaded containers are fairly rare in the dpagaystem, we chose a lazy method for han-
dling the CPU-local page in multithreaded containers. Oethod allows singlethreaded containers to run
with the same memory requirements as before, while mudiittied containers require one extra memory
page per CPU which executes in the container. Further, thbadeequires only small modifications to
the kernel source code and allows for processor affinitynwiptitions without changes.

(a) startup, singlethreaded (b) single CPU, multithreaded (c) multiple CPUs, multithreaded
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Figure 4: Handling of container address spaces in the irséh&arnel for multiprocessor computers

Figure 4 shows the handling of multithreaded containers aitipnocessors in the in-house kernel.
The figure shows the container memory data structure, whashahcontainer page directory pointer and
an initial page directory entry as before (see Figure 3 amti@e2.3), but has also been extended with an
array of per-CPU page directory pointers.

When the process starts up it will have only one thread andithation is then as in Figure 4a. The
process initially starts without a private address spacestead uses the global address space (which is
CPU-local). The global page directory is modified with a ptadde for the process stack, global variables
and part of the heap. As long as the process is singlethreadkdses moderate amounts of heap or stack
space, this will continue to be the case.

When the process becomes multithreaded the first time, asnsinoFigure 4b, a newontainer page
directoryis allocated and copied from the global page directofhe current CPU will then be set as the
owner of the container page directory. The CPU-local enfrihe page directory is thereafter setup to
point to the CPU-local page table of the CPU that owns theainet page directory. Apart from setting
the owner, this step works exactly as in the uniprocessaiaver Since the thread stacks reside outside
the 4MB process stack area, multithreaded processes will seed a private address space, so there is no
additional penalty in setting up the address space immagiathen the process becomes multithreaded.

As long as only one CPU executes the threads in the process Miill be only one page directory used.
However, as soon as another CPU schedules a thread in thespr@csingle page directory is no longer
safe. Therefore, the container page directory is copiedrtevaCPU-local page directory which is setup
to map the CPU-local page table. This is shown in Figure 4cteNtwat apart from the CPU-local page
table, all other page tables are identical between the CRWUsen scheduling the thread, the CPU-local
page directory will be used.

One complication with this scheme is page fault handlingwti or more CPUs run in a container, a
page fault will be generated for the CPU-local page dirgctdfe therefore modified the page fault handler
to always update the container page directory beside thelg€al page directory. However, there can still
be inconsistencies between page directories if the owrtbeafontainer page directory causes a page fault,

INote that a new page directory can be allocated for singlathed processes as well, if they access memory outside tBe 4M
area of the stack page table.



which would only update the container page directory. Arlatzess on the same page from another CPU
will then cause a spurious page fault. We handle this stindtzily by checking if the page was already
mapped in the container page directory, in which case wespsf the entry to the faulting page directory.
Note that this situation is fairly uncommon since it onlyeaffs faults on unmapped page directories, i.e.,
4MB areas. Faults on 4KB pages will be handled transparefiyr modifications since the page tables
are shared by all CPUs.

We also handle inconsistencies in the address translatiohec(TLB) lazily. If a page table entry
in a container is updated on one CPU, the TLBs on other CPUsu&Rrg in the container can contain
stale mappings, which is another source of spurious padgs f&purious page faults from a inconsistent
TLB can be safely ignored in the in-house kernel since pagersaver unmapped from a container while
the process is running. This saves us from invalidating thBsTon other CPUs, which would otherwise
require an inter-processor interrupt.

4 Evaluation Framework

We have performed an initial evaluation of our multiprocessplementation where we evaluate con-
tention on our locking scheme as well as the performanceefhltiprocessor port. We ran all per-
formance measurements on a two-way 300MHz Pentium Il SMippgd with 128MB SDRAM main
memory.

For the performance evaluation, we constructed a benchappication which consists of two pro-
cesses executing a loop in user-space which at configuratglievals performs a kernel call. We then
measured the time needed (in CPU-cycles) to finish both afetipgocesses. This allows us to vary the
proportion of user to kernel execution, which will set thalability limit for the giant locking approach.
Unfortunately we were not able to configure the operatingesygo run the benchmark application in iso-
lation, but had to run a number of system processes besidettamark application. This is incorporated
into the build process for applications, which normally cieapport for database replication, logging etc.
During the execution of the benchmark, around 100 threade atarted in the system (although not all
were active).

We also benchmarked the locking scheme to see the propoftione spent in holding the giant lock,
spinning for the lock, and executing without the lock (iexgcuting user-level code). The locking scheme
was benchmarked by instrumenting the acquire lock andgelleak procedures with a reading of the CPU
cycle counter. The lock time measurement operates for one &R time, in order to avoid inconsistent
cycle counts between the CPUs and to lessen the perturlfiadiarthe instrumentation on the benchmark.
The locking scheme is measured from the start of the bendhapglication until it finishes.

5 Evaluation Results

In this section we present the evaluation results for thkitacscheme and the application benchmark. We
also evaluate our CPU-affinity optimization and the slowdayf running the multiprocessor version of
the operating system on a uniprocessor machine. Consggiertiups are only seen when our benchmark
application executes almost completely in user-mode, s@thsented results refer to the case when the
benchmark processes run only in user-mode.

Executing the benchmark with the multiprocessor kernel oniprocessor gives a modest slowdown of
around 2%, which suggests that our implementation has catipely low overhead and that the multipro-
cessor kernel can be used even on uniprocessor hardwarainguhe benchmark on the multiprocessor
gives a 20% speedup over the uniprocessor kernel, whichesaghan we expected. Since the two bench-
mark processes run completely in user-mode and does noddhteith each other, we expected a speedup
close to 2.0 (slightly less because of interrupt handlingisetc.).

Table 1 shows the lock contention when the benchmark apioliceun completely in user-mode, both
the uniprocessor and the multiprocessor. For the unipsaceacquiring the lock always succeeds imme-
diately. From the table, we can see that the uniprocessodspground 36% of the time in the kernel.
On the multiprocessor, all times are shared between two CBubswe see that 20%-23% of the time is



Table 1: Proportion of time spent executing user and keroeéc
User-mode Kernel Spinning
uUpP 64% 36% <0.1%
SMP  55%-59% 20%-22%  20-23%

spent spinning for the giant lock. Since the in-kernel timeampletely serialized by the giant lock, the
theoretically maximum speedup we can achieve on a dual gsocsystem is;% =~ 1.47 according to
2

Amdahl’s law.

There are several reasons why the speedup is only 1.2 foremahimark. First, the benchmark pro-
cesses do not execute in isolation, which increases therimektime and consequently the time spent
spinning for the lock. Second, some heavily accessed shiatadstructures in the kernel, e.g., the ready
gueue cause cache lines to be transferred between pragemsarthird, spinning on the giant lock effec-
tively makes the time spent in-kernel on the multiprocetmuger than for the uniprocessor.

CPU-affinity does not exhibit clear performance benefitshwhe benchmark finishing within a few
percent faster then without affinity. This is likely causezt@use of the high proportion of in-kernel ex-
ecution. We also tried some other optimizations such agifiziog the benchmark processes over other
processes and different time slice lengths, but did notggsagnificant benefits over the basic case.

6 Implementation Experiences

The implementation of multiprocessor support for the indekernel was more time consuming then we
had first expected. The project has been ongoing part-timevoyears, during which a single developer
has performed the multiprocessor implementation. Ihjtiale expected that a first version would be
finished much sooner, in approximately six months. The meagur the delay are manifold.

First, the development of a multiprocessor kernel is gdlygrarder then a uniprocessor kernel because
of inherent mutual exclusion issues. We therefore wantgketéorm the development in the Simics full-
system simulator [14], and a related project investigatehing the operating system on Simics. It turned
out, however, that it was not possible at that time to boosytstem on Simics because of lacking hardware
support in Simics. Second, we performed most of the impleatiem off-site, which made it harder to
get assistance from the core developers. Coupled to theéhatthe system is highly specialized and
complex to build and setup, this led us to spend significarduarhof time on configuration issues and
build problems. Finally, the code base of the operatingesyss large and complex. The system consists
of over 2.5 million lines totally, of which around 160,000 eelevant for our purposes. The complexity
and volume of the code meant that we had to spend a lot of tirgeasp the functionality of the code.

In the end, we wrote around 2,300 lines of code in new files aadified 1,600 existing lines for the
implementation. The new code implement processor startdgapport for the locking scheme whereas
the modified lines implement CPU-local data, acquiring aldasing the giant lock etc. The changes to
the original code is limited to around 1% of the total relévemde base, which shows that it is possible
to implement working multiprocessor support with a relelyvmodest engineering effort. We chose the
simple giant lock to get a working version fast and the fosusdw on continuous improvements which
we discuss in Section 7.

7 Related and Future Work

The operating system studied in this paper has, as mentlmafede, a number of properties that are dif-
ferent from other cluster operating systems. It providesrgegal platform with high availability and high
performance for distributed applications and an evergrdeid programming environment based on fast
process handling. Most other platforms/programming @mritents are mainly targeted at high perfor-
mance and/or parallel and distributed programming, e.&l, [¥6] or OpenMP [17]. These systems run on
networked computer nodes running a standard operatingraysind are not considered as cluster operating
systems.



There exists some distributed operating systems runningjusters of Intel hardware. One such ex-
ample is Plurix [4], which has several similarities with thgerating system. Plurix provides a distributed
shared memory where communication is done through shaijedtebThe consistency model in Plurix is
based on restartable transactions coupled with an opiirsigichronization scheme. The distributed main
memory database in the operating system serves the sanm@spuHbowever, to the best of our knowledge,
Plurix only runs on uniprocessor nodes and not on multisess in a cluster. Plurix is also Java-based
whereas the operating system presented in this paper sajyodn C++ and Java development.

Many traditional multiprocessor operating systems haedved from monolithic uniprocessor kernels,
e.g., Linux and BSD. Such monolithic kernels contain largegpof the actual operating system which
make multiprocessor adaptation a complex task. Early proltiessor operating systems often used coarse-
grained locking, for example using a giant lock [18]. The mailvantage with the coarse-grained method
is that most data structures of the kernel can remain ungesteand this simplifies the multiprocessor
implementation. For example, Linux and FreeBSD both ithtimplemented giant locks [1, 12].

For systems which have much in-kernel time, the time speitingafor the kernel lock can be sub-
stantial, and in many cases actually unnecessary sincedhegsors might use different paths through the
kernel. Most evolving multiprocessor kernels thereforevesotoward finer-grained locks. The FreeBSD
multiprocessor implementation has for example shiftedaroa fine-grained method [12] and mature
UNIX systems such as AlX and Solaris implement multiprooesspport with fine-grained locking [3, 9],
as do current versions of Linux [13].

Like systems which use coarse-grained locking, masteestgstems (refer to Chapter 9 in [18])
allow only one processor in the kernel at a time. The diffeeeis that in master-slave systems, one
processor is dedicated to handling kernel operations (tiester” processor) whereas the other processors
(“slave” processors) run user-level applications and @agess the kernel indirectly through the master
processor. Since all kernel access is handled by one parcésis method limits throughput for kernel-
bound applications.

In [10], an alternative porting approach focusing on impdetation complexity is presented. The
authors describe thapplication kernel approachwhereby the original uniprocessor kernel is kept as-is
and the multiprocessor support is added as a loadable mumtiie uniprocessor kernel. This allows the
uniprocessor kernel to remain essentially unchangeddengthe complexity of in-kernel modifications.
The approach is similar to master-slave systems perforesasige since all kernel operations are performed
by one processor in the system. Neither the master-slav@agp nor the application kernel approach
provide any additional performance benefit over our giank|@and incrementally improving the giant
locking with finer-grained strategies is easier.

The in-house kernel uses a large monolithic design. Theskeamtains very much functionality such as
a distributed fault-tolerant main-memory database angatgor data replication between nodes. There-
fore, adding multiprocessor support is a very complex amdlehging task. In the operating system, a large
portion of the execution time is spent in the kernel, makingven more critical when porting the kernel
to multiprocessor hardware. As described earlier in thjgepave chose a giant lock solution for our first
multiprocessor version of the in-house kernel in order taageorking version with low engineering effort.
As a result of the single kernel-lock and the large portiokerhel time, this locking strategy resulted in
rather poor multiprocessor performance.

Future work related to the multiprocessor port of the indekernel will be focused around the follow-
ing. The speedup is low when running on more than one CPU beazfuhe giant lock and kernel-bound
applications. Therefore, one of our next steps is to implgraemore fine-grained locking structure. As
an example, we are planning to use a separate lock for logalHeterrupt handling to get lower interrupt
latency. Further, we will also identify the parts of the kalrwhere the processor spend most time, which
could be good candidates for subsystem locks. Another dngassible improvements is the CPU sched-
uler were we will investigate dividing the common ready geiénto one queue per processor, which is
done in for example Linux 2.6 [13].

Finally, we would like to further explore CPU-affinity optimations for short-lived processes. For
example, although the processes currently will not movetdteer processor, it might be started on another
processor the nexttime itis created. Depending on the Indldeinstruction cache, keeping later processes
on the same processor might be beneficial by avoiding potiwf the instruction caches.



8 Conclusions

In this paper, we have described the design decisions balmimgitial multiprocessor port of an in-house
cluster operating system kernel. The in-house kernel igla pérformance fault-tolerant operating system
kernel targeted at soft real-time telecommunication apgibbns.

Since our focus was to get an initial version with low engnirag effort, we chose a simple “giant”
locking scheme where a single lock protects the entire kérom concurrent access. The giant locking
scheme allowed us to get a working version without makingomatjanges to the uniprocessor kernel, but
it has some limitations in terms of performance. Our mode¢rehCPU-local variables are placed in a
virtual address range mapped to unique physical pagesfenatif CPUs allowed us to keep most accesses
of private variables unchanged. We also show how this methade applied to multithreaded processes
with a very small additional memory penalty.

The evaluation we made shows that there is room for perfoceanprovements, mainly by relaxing
the locking scheme to allow concurrent kernel executionr @©qerience illustrates that refactoring of a
large and complex industrial uniprocessor kernel for rputitessor operation is a major undertaking, but
also that it is possible to implement multiprocessor supwihout intrusive changes to the original kernel
(only changing around 1% of the core parts of the kernel).
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