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Abstract

This paper presents a performance study of UDP/IP and M-VIA using Linux/SimOS. Linux/SimOS is a
Linux operating system port to a complete machine simulator SimOS. A complete machine simulator
includes all the system components, such as CPU, memory, I/O devices, etc., and models them in suffi-
cient detail to run an operating system. Therefore, a real program execution environment can be set up on
the simulator to perform detailed system evaluation in a non-intrusive manner. The motivation for
Linux/SimOS is to alleviate the limitations of SimOS (and its variants), which only support proprietary
operating systems. Therefore, the availability of the popular Linux operating system for a complete ma-
chine simulator will make it an extremely effective and flexible open-source simulation environment for
studying all aspects of computer system performance, especially evaluating communication protocols and
network interfaces. The contributions made in this paper are two-fold: First, the major modifications that
were necessary to run Linux on SimOS are described. These modifications are specific to SimOS 1/0
device models and thus any future operating system porting efforts to SimOS will experience similar
challenges. Second, a detailed analysis of the UDP/IP protocol and M-VIA is performed to demonstrate
the capabilities of Linux/SimOS. The simulation study shows that Linux/SimOS is capable of capturing
all aspects communication performance, including the effects of the kernel, device driver, and network
interface.
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1 Introduction

The growing demand for high-performance communication for system area networks (SANs) has led to
significant research efforts towards low-latency communication protocols, such as Virtual Interface Ar-
chitecture (VIA) [10] and InfiniBand Architecture (IBA) [11]. Before these protocols can become estab-
lished, they need to be accurately evaluated to understand how they perform and to identify key bottle-
necks. However, detailed performance analysis of network protocols is often difficult due to their com-
plexity. This is because communication performance is dependent not only on processor speed but also
on the communication protocol and its interaction with the kernel, device driver, and network interface.
Therefore, these interactions must be properly captured to evaluate the protocols and to improve on them.

The evaluation of communication performance has traditionally been done using instrumentation
[3], where data collection codes are inserted to a target program to measure the execution time. However,
instrumentation has three major disadvantages. First, data collection is limited to the hardware and soft-
ware components that are visible to the instrumentation code, potentially excluding detailed hardware
information or operating system behavior. Second, instrumentation codes interfere with the dynamic
system behavior. That is, event occurrences in a communication system are often time-dependent, and
the intrusive nature of instrumentation can perturb the system being studied. Third, instrumentation can-
not be used to evaluate new features or a system component that does not yet exist.

The alternative to instrumentation is to perform simulations [1, 4, 6, 13, 14]. At the core of these
simulation tools is an instruction set simulator capable of tracing the cycle-level interactions between
hardware and software. However, they are suitable for evaluating general application programs whose
performance depends only on processor speed, not communication speed. That is, these simulators only
simulate portions of the system hardware and thus are unable to capture the complete behavior of a com-
munication system.

On the other hand, a complete machine simulation environment [3, 2] removes these deficiencies.

A complete machine simulator includes all the system components, such as CPU, memory, I/O devices,



etc., and models them in sufficient detail to run an operating system. Therefore, a real program execution
environment can be set up on the simulator to perform system evaluation in a non-intrusive manner. An-
other advantage of a complete system simulation is that system evaluations do not depend on the avail-
ability of the actual hardware. For example, a new network interface can be prototyped by replacing the
existing model with the new model.

Based on the aforementioned discussion, this paper presents a performance analysis of network
protocols UDP/IP and M-VIA using Linux/SimOS. Linux/SimOS is a Linux operating system port to a
complete machine simulator SimOS [3]. The development of Linux/SimOS was motivated by the fact
that the current version of SimOS only supports the proprietary SGI IRIX operating system. Therefore,
the availability of popular Linux operating system for a complete machine simulator will make it an ex-
tremely effective and flexible open-source simulation environment for studying all aspects of computer
system performance, especially evaluating communication protocols and network interfaces. The contri-
butions made in this paper are two-fold: First, the major modifications that were necessary to run Linux
on SimOS are described. These modifications are specific to SimOS I/O device models and thus any fu-
ture operating system porting efforts to SimOS will experience similar challenges. Second, a detailed
analysis of UDP/IP and M-VIA protocols is performed, which clearly show the advantage of using
Linux/SimOS. Linux/SimOS is capable of capturing all aspects communication performance that in-
cludes the effects of the kernel, device driver, and network interface. These results help understand how
the protocols work, identify key areas of interests, and suggest possible opportunities for improvement
not only in the protocol stack but also in terms of hardware support.

The rest of the paper is organized as follows. Section 2 presents the related work. Section 3 dis-
cusses the Linux/SimOS environment and the major modifications that were necessary to port Linux to
SimOS, as well as changes required to run M-VIA, which is an implementation of the Virtual Interface
Architecture for Linux, on Linux/SimOS. Section 4 presents the simulation study of UDP/IP and M-VIA.

Section 5 concludes the paper and discusses some future work.



2 Related Work

There exist a number of simulation tools that contain detailed models of today’s high-performance micro-
processors [1, 2, 3, 4, 6, 13, 14]. SimpleScalar tool set includes a number of instruction-set simulators of
varying accuracy/speed to allow the exploration of microarchitecture design space [6]. It was developed
to evaluate the performance of general-purpose application programs that depend on the processor speed.
RSIM is an execution-driven simulator developed for studying shared-memory multiprocessors (SMPs)
and non-uniform memory architectures (NUMAs) [1]. RSIM was developed to evaluate parallel applica-
tion programs whose performance depends on the processor speed as well as the interconnection network.
However, neither simulators support system-level simulation because their focus is on the microarchitec-
ture and/or interconnection network. Instead, system calls are supported through a proxy mechanism.
Moreover, they do not model system components, such as I/O devices and interrupt mechanism that are
needed to run the system software, such as the operating system kernel and hardware drivers. Therefore,
these simulators are not appropriate for studying communication performance.

SimOS was developed to facilitate computer architecture research and experimental operating
system development [3]. It is the most complete simulator for studying computer system performance.
There are several modifications being made to SimOS. SimOS-PPC is being developed at IBM Austin
Research Laboratory, which models a variety of PowerPC-based systems and microarchitectures [16].
There is also a SImOS interface to SimpleScalar/PowerPC being developed at UT Austin [17]. However,
these systems only support AIX as the target operating system. Therefore, it is difficult to perform de-
tailed evaluations without knowing the internals of the kernel. Virtutech’s SimICS [2] was developed
with the same purpose in mind as SimOS and supports a number of commercial as well as Linux operat-
ing systems. The major advantage of SimICS over SimOS is improved simulation speed using highly
optimized codes for fast event handling and a simple processor pipeline. However, SimICS is proprietary
and thus the internal details of the simulator are not available to the public. This makes it difficult to add

or modify new hardware features. The motivation for Linux/SimOS is to alleviate these restrictions by
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Figure 1. The Structure of Linux/SimOS.

developing an effective simulation environment for studying all aspects of computer system performance

using SimOS with the flexibility and availability of the Linux operating system.

3 Overview of Linux/SimOS

Figure 1 shows the structure of Linux/SimOS. An x86-based Linux machine serves as the host for run-
ning the simulation environment. SimOS runs as a target machine on the host, which consists of simu-
lated models of CPU, memory, timer, and various 1/O devices (such as Disk, Console, and Ethernet NIC).

On top of the target machine, Linux kernel version 2.3 for MIPS runs as the target operating system.

3.1 SimOS Machine Simulator

This subsection briefly describes the functionality of SimOS, and the memory and I/O device address
mapping. For a detail description of SimOS, please refer to [3].

SimOS supports two execution-driven, cycle-accurate CPU models: Mipsy and MSX. Mipsy
models a simple pipeline similar to MIPS R4000, while MSX models a superscalar, dynamically sched-

uled pipeline similar to MIPS R10000. The CPU models support the execution of the MIPS instruction



Device

Virtual Address Space Device Registry|  npoels
OXFFFFFFF ([ Console ||, (Consold
Kernel Cached Range Routing
0xC0000000 (kseg2) Timer | |/ Timer
Kernel Range Routing
Uncached Disk | | Disk
oxa0000000|  (ksegl) Range Routing
NI
Kernel Cached Rance _.
(kseg0) \ g
0x80000000
hysical Address Space
Kernel/User >
Cached 3584 MB
(kuseg)
0x00000000 512 MB
(Kernel Resident)

Figure 2. Address mapping mechanism in SimOS

set [12]. SimOS also models a memory management unit (MMU), including the related exceptions.
Therefore, the virtual memory translation occurs as in a real machine. SimOS also models the behavior
of I/O devices by performing DMA operations to/from the memory and interrupting the CPU when 1/O
requests complete. It also supports the simulation of a multiprocessor system with a bused-based cache-
coherent memory system or a Cache-Coherent Non-uniform Memory Architecture (CC-NUMA) system.
Figure 2 represents the SimOS memory and I/O device address mapping. The virtual address
space is subdivided into four segments. Segments kseg0 through kseg2 can only be accessed in the ker-
nel mode, while segment kuseg can be accessed either in user or kernel mode. The kernel executable
code is contained in kseg0 and mapped directly to the lower 512 Mbytes of the physical memory. The
segments kuseg and kseg2, which contain user process and per process kernel data structures, respec-
tively, are mapped to the remaining address space in the physical memory. Therefore, communication
between CPU and main memory involves simply reading and writing to the allocated memory. On the
other hand, I/O device addresses are mapped to the uncached kseg1 segment, and a hash table called the
device registry controls its access. The function of the device registry is to translate an I/O device register

access to the appropriate 1/0 device simulation routine. Therefore, each I/O device has to first register its



Table 1. I/O device address mapping.

Device Start address Size in bytes
Timer OxAOE00000 4
Console 0xAOE01000 8
Ethernet NIC 0xAO0E02000 2852
Disk 0xAOE10000 542208

device registers with the device registry, which maps an appropriate device simulator routine at a location
in the I/O address space. This is shown in Table 1. In response to device driver requests, I/O device
models provide I/O services and interrupt the CPU as appropriate.

SimOS provides several I/O device models, which includes console, SCSI disk, Ethernet NIC,
and a timer. These devices provide the interface between the simulator and the real world. The console
model allows a user to read messages from and type in commands into the simulated machine’s console.
The SimOS NIC model enables a simulated machine to communicate with other simulated machines or
real machines through the Ethernet. By allocating an IP address for the simulated machine, it can act as
an Internet node, such as a Web browser or a Web server. SimOS uses the host machine’s file system to
provide the functionality of a hard disk, maintaining the disk’s contents in a file on the host machine.
Reads and writes to the simulated disk become reads and writes to this file, and DMA transfers require
simply copying data from the file into the portion of the simulator’s address space representing the target

machine’s main memory.

3.2 Linux/SimOS Interface

In this subsection, the major modifications that were necessary to port Linux to SimOS are discussed, i.e.,
Linux/SimOS interface. Most of the major modifications were done on the I/O device drivers for Linux.
Therefore, the description will focus on the interfacing requirements between Linux hardware drivers and

SimOS I/O device modules.
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Figure 3. Linux/SimOS console output with Linux boot message.

3.2.1 Timer and Console
SimOS implements a simple real-time clock that indicates the current time in seconds past since January
1, 1970. The real-time clock keeps the time value in a 32-bit register located at address OXAOE00000 (see
Table 1). A user program reads the current time using the gettimeofday() system call. The Linux timer
driver was modified to reflect the simplicity of the SimOS timer model. The SimOS real-time clock has a
single register, while a timer chip in a real system has tens of registers that are accessed by the driver.
Also, the Linux timer driver periodically adjusts the real-time clock to prevent it from drifting due to tem-
perature or system power fluctuation. Since these problems are not present in a simulation environment,
these features were removed to simplify debugging.

Console is used as a primary interface between the simulated machine and the external world.
Linux commands are entered through the console, and the command execution results are printed on the

console. A sample console output with Linux boot message is shown in Figure 3.



3.2.2 SCSI Disk

The SimOS disk model simulates a SCSI disk, which has the combined functionality of a SCSI adapter, a
DMA, a disk controller, and a disk unit. Therefore, the registers in the SimOS disk model represent a
combination of SCSI adapter registers, DMA descriptors, and disk status and control registers. This is
different from a real SCSI disk, which implements them separately, and thus how the Linux disk driver
views the disk. In particular, the problem arises when application programs make disk requests. These
requests are made to the SCSI adapter with disk unit numbers, which are then translated by the disk driver
to appropriate disk register addresses. But, the SimOS disk model performs the translation internally and
thus the Linux disk driver is incompatible with the SimOS disk model. Therefore, the SimOS disk model
had to be completely rewritten to reflect how the Linux disk driver communicates with the SCSI adapter

and the disk unit.

3.2.3 Kernel Bootloader

When the kernel and the device drivers are prepared and compiled, a kernel executable is generated in
ELF binary format [15]. It is then responsibility of the SimOS bootloader to load the kernel executable
into the main memory of the simulated machine.

When the bootloader starts, it reads and looks for headers in the executable file. An ELF executa-
ble contains three different type headers: a file name header, program headers, and section headers. Each
program header is associated a program segment, which holds a portion of the kernel code. Each program
segment has a number of sections, and a section header defines how these sections are loaded into mem-
ory. Therefore, the bootloader has to use both program and section headers to properly load the program
segment. Unfortunately, the bootloader that came with the SimOS distribution was incomplete and thus
did not properly handle the ELF format. That is, it did not use both program and section headers to load

the program. Therefore, the bootloader was modified to correct this problem.
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3.2.4 Ethernet NIC

The SimOS Ethernet NIC model supports connectivity to simulated hosts as well as to real hosts. The
Ethernet NIC model is controlled by a set of registers mapped into the memory region starting at
O0xAOE02000 (see Table 1). The data transfer between the simulated main memory and NIC occurs via
DMA operations using descriptors pointing to DMA buffers. Typically, the Linux NIC driver allocates
DMA buffers in the uncached kseg1 segment. Since the device registry controls this memory region in
SimOS, two modifications were necessary to differentiate between I/O device accesses and uncached
memory accesses. First, the Linux Ethernet driver was changed to allocate DMA buffers using the device
registry. Second, the device registry was modified to handle the allocated DMA buffer space as an un-
cached memory space.

Network simulation in SimOS can be performed using a separate simulator called EtherSim [3].
The main function of EtherSim is to forward the received packets to the destination host. Although Eth-
erSim is not directly related to the Linux/SimOS interface, its functionality and the modifications that
were made to facilitate network simulation with Linux/SimOS are briefly discussed.

EtherSim basically takes care of the activities of sending simulated Ethernet frames and receiving
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IP packets on behalf of SimOS (i.e., a simulated host). EtherSim can be configured to have any number
of real and simulated hosts. A simulated host communicating with another host via EtherSim is shown in
Figure 4. EtherSim maintains the address information of the simulated host(s), which includes the IP and
Ethernet addresses as well the socket address of the simulated NIC. A simulated host sends a simulated
Ethernet frame to EtherSim using UDP. EtherSim then extracts the IP packet from the simulated Ethernet
frame and forwards it to the destination host. In the case of a receive, EtherSim captures IP packets des-
tined for one of the simulated hosts by running its host’s Ethernet interface in promiscuous mode. It then
forms a UDP packet from the captured packet and forwards it to the simulate host.

Some modifications were necessary to run EtherSim on a host running Linux operating system.
The modifications made were mainly to improve portability. The original EtherSim that comes with the
SimOS source distribution was written for Sun Solaris operating system, which could not be ported di-
rectly to Linux. Therefore, several of the Solaris operating system specific network library calls were
replaced with libpcap [9] and libnet [8], which are standard libraries related to network packet capturing.
As a result, the modified version of EtherSim can run on any Linux host, even on the same host running

Linux/SimOS.

4 Simulation Study of UDP/IP and M-VIA

This section presents the performance measurements of UDP/IP and M-VIA [12] to demonstrate the ca-
pabilities of Linux/SimOS. The measurements were performed in a simulation set-up, where
Linux/SimOS is used to model two host machines connected through a network. To evaluate the per-
formance of these two protocols, test programs were run on Linux/SimOS that accepts command-line op-
tions specifying send/receive, a message size, and address. UDP/IP performance was measured by having
a client program send/receive a message to/from a server program. On the other hand, vpingpong was
used to evaluating M-VIA. vpingpong employs a number of library functions provided by VIP Provider

Library to initiate message transfer over M-VIA network protocol. The program has two modes of op-
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eration, send and receive which are selectable with a command-line option. When vpingpong starts, a
given number of messages are exchanged between a sender and a receiver. The vpingpong program is

one of the test programs included in the M-VIA 1.2b2 source code distribution [12].

4.1 Simulation Environment

The CPU model employed was Mipsy with 32 Kbyte L1 instruction and data caches with 1 cycle hit la-
tency, and 1 Mbyte L2 cache with 10 cycle hit latency. The main memory was configured to have 32
Mbyte with hit latency of 100 cycles, and DMA on the Ethernet NIC model was set to have a transfer rate
of 240 Mbytes/sec. The results were obtained using SimOS’s data collection mechanism, which uses a
set of annotation routines written in Tcl [18]. These annotations are attached to specific events of interest,
and when an event occurs the associated Tcl code is executed. Annotation codes have access to the entire
state of the simulated system, and more importantly, data collection is performed in a non-intrusive man-
ner.

The UDP/IP performance was evaluated by directly sending messages through the legacy proto-
col stack in Linux/SimOS. On the other hand, M-VIA consists of three components: VI provider library
(vipl) is a collection of library calls to obtain VI services; M-VIA kernel module (vipk_core) contains a set
of modularized kernel functions implemented in user-level; and M-VIA device drivers (vipk_dev) provide
an interface to NIC. In order to run M-VIA on Linux/SimOS, some modifications were necessary. First,
because M-VIA was released only for x86-based Linux hosts, some of the source codes had to be modi-
fied to run it on Linux/SimOS. In particular, the code for fast traps (vipk_core/vipk_ftrap.S) had to be re-
written because the MIPS system supports a different system call convention than x86-based systems.
Second, the driver for M-VIA had to be modified (similar to the discussion in Subsection 3.2) to work

with SimOS Ethernet NIC.
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4.2 Overall Performance

The performance study focused on the latency (in cycles) to perform send/receive. These simulations
were run with a fixed MTU (Maximum Transmission Unit) size of 1,500 bytes with varying message
sizes. The total cycle times required to perform send/receive as a function of message size are shown in
Figure 5. The send results are based on the number of clock cycles required to perform the socket call
sendto() for UDP/IP and VipPostSend() for M-VIA. The receive results are based on the time between
the arrival of a message and either when the socket call recvfrom() for UDP/IP or VipPostRecv() for M-
VIA returns. These results represent only the latency measurement of major operations directly related to
sending and receiving messages and do not include the time needed to set up socket communication for
UDP/IP and memory region registration for M-VIA. These results also do not include the effects of
MAC and physical layer operations.

The results in Figure 5 clearly show the advantage of using low-latency, user-level messaging,
especially for small messages. For message sizes less than the MTU size, the improvement factors for M-

VIA send and receive latencies over UDP/IP are 11~14.1 and 2.6~5.6, respectively. For message sizes
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greater than the MTU size, the improvement factors for M-VIA send and receive latencies over UDP/IP

are 4.2~6.3 and 2.7~2.8, respectively.

4.3 Layer-Level Performance

The latencies for UDP/IP and M-VIA send/receive were then divided based on the various layers avail-
able for each protocol. This allows us to observe how much time is spent at each layer of the protocol and
how each layer contributes to the final result. The latencies for UDP/IP were broken into layers associ-
ated with APPL, UDP, IP, DEV, and DMA. APPL includes the time required to initiate sendto() or
recvfrom() and perform socket operations. UDP and IP are times for executing UDP and IP protocols,
respectively. DEV represents the device driver and includes all the operations between IP and host-side
DMA, including DMA interrupt handling. Finally, DMA represents the time to DMA data between host
memory and NIC buffers.

Similarly, the latencies for M-VIA were broken into layers associated with APPL, TRANS, DEV,
and DMA. APPL represents the time required to initiate VI provider library functions, VipPostSend() and
VipPostRecv(). This involves creating a descriptor in the registered memory and then adding the de-
scriptor to the send/receive queue. The transport layer then performs virtual-to-physical/physical-to-
virtual address translation and fragmentation/de-fragmentation. Therefore, TRANS represents the time
spent on the transport layer, but also includes part of the device driver, mainly DMA setup. This is due to
the fact that M-VIA implementation does not separate the two layers for optimization purposes. Thus,
DEV includes only the DMA interrupt handling time. Again, DMA represents the time to DMA data be-
tween host memory and NIC buffers.

The results of send and receive latencies are summarized in Figures 6 and 7, respectively, where
each message size has a pair of bar graphs for M-VIA (left) and UDP/IP (right). The results are also pre-
sented in a tabular form in Table 3. The maximum message size in Table 3 is 32 Kbytes due to the fact

that M-VIA’s data buffer size was limited to 32 Kbytes. Also, 32-Kbyte results were not included in Fig-
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ures 6 and 7 since they would overshadow the other results.

For UDP/IP send shown in Figure 6, APPL and UDP remain relatively constant. However, IP and
DEV dominate as the message size grows. In particular, for 16-Kbyte and 32-Kbyte (see Table 3) mes-
sages, IP layer increases significantly as a function of messages size. This is because IP handles both

packet fragmentation and data copying from user space to socket buffer. Therefore, IP portion increases
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Table 3. Message send/receive latency vs. message size.

Message Size (bytes
Protocol Layers 4 16 64 256 1k 4K 16k 32k
APPL 347 347 347 347 347 347 347 394
VLviA | TRANS 622 622 622 622 696 | 1495 | 4996 8290
Sond | DEV 437 437 437 437 $37 | 1187 | 4570 6678
DMA 3 12 49 213 853 | 3413 | 13653 | 27306
Total 1409 | 1418 | 1455 | 1619 | 2333 | 6442 | 23566 | 42668
APPL 349 349 349 359 359 359 369 383
VLviA | TRANS 690 714 834 | 1223 | 2648 | 9506 | 29327 | 59569
Reoeivs | DEV 350 350 350 350 350 875 3465 8050
DMA 3 12 49 213 853 | 3413 | 13653 | 27306
Total 1392 | 1425 | 1632 | 2145 | 4210 | 14153 | 46814 | 95308
APPL 3648 | 3648 | 3648 | 3648 | 3648 | 3658 | 3658 3698
UDP 2165 | 2165 | 2165 | 2165 | 2165 | 2165 | 2175 2205
UDP/IIP | IP 6402 | 6448 | 7812 | 9404 | 12077 | 22774 | 64014 | 116095
Send | DEV 6694 | 6684 | 6785 | 7031 | 6928 | 8754 | 18343 | 29760
DMA 3 12 49 213 853 | 3413 | 18243 | 27306
Total 18912 | 18957 | 20459 | 22461 | 25671 | 40764 | 106433 | 179064
APPL 566 566 576 576 616 656 716 716
UDP 2680 | 2718 | 2954 | 3533 | 5218 | 9393 | 34297 | 80940
uDP/IIP | IP 2045 | 2163 | 2163 | 2183 | 2143 | 19370 | 61921 | 122273
Receive | DEV 2554 | 2374 | 2661 | 2094 | 2274 | 5143 | 17840 | 31790
DMA 3 12 49 213 853 | 3413 | 13653 | 27306
Total 7848 | 7833 | 8403 | 8799 | 11104 | 37975 | 128427 | 263025

substantially for messages greater than the MTU size. In addition, DMA also takes a significant portion of
the latency for message size over 4 Kbytes. For M-VIA send, latencies are relatively evenly spread
among APPL, TRANS, and DEV for message size up to 1 Kbyte. However, as message size increases be-
yond 1 Kbytes, DMA takes up most of the latency and increases rapidly. TRANS and DEV also increase
significantly for message sizes larger than 1 Kbytes due to fragmentation and interrupt handling, respec-
tively.

Figure 7 shows the receive latencies. When messages are larger than the MTU size, all the
UDP/IP layers, except APPL, increase rapidly. Among them, UDP and IP increase are the most notice-
able. Again, IP increase is caused by de-fragmentation, but UDP increase is due to copying data from
socket buffer to user space. This is because in Linux, user data copying in UPD/IP occurs in two different
layers for send and receive. In the case of a send, the IP layer handles both packet fragmentation and data
copying from user space to socket buffer. On the other hand, for receive, packet de-fragmentation occurs

at the IP layer while data copying from socket buffer to user space occurs at the UDP layer [26]. For M-
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VIA, TRANS has the most noticeable increase due to extra data copying required from DMA buffer to
user space. In addition, for messages larger that the MTU size, de-fragmentation contributes significantly
to the TRANS layer.

For DEV and DMA layers, both UDP/IP and M-VIA protocols show similar results. This is be-
cause M-VIA uses a same type of device driver to communicate with the Ethernet NIC model. The pri-
mary function of the DEV layer is to set up NIC’s DMA and receive interrupts from NIC. As can be seen,
the latency of DEV remains relatively constant for message size up to 1 K bytes, but increases signifi-
cantly when the messages are larger than the MTU size. DMA also varies linearly with the message size.
This is consistent since DMA initiation and interrupt handling are already reflected in the DEV layer;

therefore, DMA transfer time is dependent only on the message size.

4.4 Function-Level Performance

The pie charts shown in Figures 8 (send) and 9 (receive) give a more detailed picture about what contrib-
utes to the amount of time spent on each layer. For UDP/IP, APPL layer was further subdivided into
APPL_LIB and APPL_SOCK. APPL_LIB represents the latency between a system call (i.e., sendto and
recvfrom) and the start of socket operation (i.e., sock_sendmsg and sock_recvmsg). APPL_SOCK
includes the time for socket layer operations. DEV layer was also subdivided into DEV_LINK,
DEV_INTR, and DEV_DRV. DEV_LINK is for a device-independent interface between IP and network
devices, which forwards packets to a specific device depending on the packet type. DEV_DRV includes
the time for initializing the host-side DMA. DEV_INTR includes time for interrupt handling for the com-
pletion of a DMA transfer. For UDP/IP receive, DEV_DRYV is always zero because DMA is initiated by

NIC when packets arrive.
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Figure 8. Latency breakdown for 256-byte message.

M-VIA layers were also subdivided to focus on the effects of doorbell mechanism, interrupt han-
dling, and memory translation table lookup operations. APPL was further subdivided into APPL_LIB and
APPL_DBELL. APPL_LIB represents the latency between a VIA library call (i.e., VipPostSend or Vip-
PosrRecv) and start of the doorbell operation. APPL_DBELL is the time to execute a doorbell operation.
The doorbell is a mechanism to start the NIC for servicing VIA library calls. These library calls eventu-
ally lead to the execution of the device driver. However, the library calls cannot directly call the device
driver. Instead, system call ioctl() is used to start the device driver. The indirect invocation of the device
driver is needed because the NIC is assumed to be a traditional NIC, rather than a VIA-aware NIC.
Therefore, the latency for indirect invocation of the device driver is included in APPL_DBELL. TRANS
was also subdivided into TRANS_MTX and TRANS_ETC. TRANS_MTX is the overhead for memory
translation table lookups, and TRANS_ETC represents the rest of the transport layer operations.

As can be seen from the figures, APPL_DBELL for M-VIA represents a significant portion of the

overall send and receive latency. For example, an ioctl() system call for a 256-byte message send requires

18



UDP/IP Send(Message Size=4KB) UDP/IP Receive(Message Size=4KB)

APPL_LIB
4% APPL_SOCK APPL_LIB APPL_SOCK

DMA | &% DMA 1% 1%
upP

10% | [ 12%
DEV_INTR UDP DEV_INTR 33%

15% % 15%

DEV_DRV

%
DEV_DRV o

19%  DEV_LINK P DEV_LINK /
5% 35% 1% P
37%
M-VIA Send(Message Size=4KB) M-VIA Receive(Message Size=4KB)
APPL_DBELL APPL_DBELL
5% APPL_LIB 2%

APPL_LIB

1% 0%

TRANS_MTX
2%

TRANS_MTX
3%

TRANS_ETC
20%

DMA DEV_INTR
53% 6%
DEV_INTR TRANS_ETC
18% 66%

Figure 9. Latency breakdown for 4-Kbyte message

around 300 cycles and represents 86% of the APPL layer. This suggests that a hardware doorbell mecha-
nism will be very effective for small messages. Using VIA-aware NIC that uses a control register for
doorbell support would virtually eliminate the APPL_DBELL overhead. For 256-byte message,
DEV_INTR constitutes 27% and 16% of send and receive latencies, respectively. As message size in-
creases to 4 Kbytes, DEV_INTR still represents 18% and 6% of send and receive latencies, respectively.
DEV_INTR increases slightly as message size increases because every fragmented packet generates an
interrupt for both send and receive. One solution for reducing DEV_INTR is to provide interrupt coalesc-
ing feature on the NIC. Using this solution, DEV_INTR can be kept constant regardless of the message
size. Finally, TRANS_MTX represents only a small portion of the transport layer for both 256 bytes and 4
Kbytes messages, thus memory translation table lookup has minimal effect on latency. However,
TRANS_ETC for M-VIA receive dominates for 4 Kbyte message size, indicating VIA-ware NIC capable

of DMAing data directly from NIC buffer to user space would significantly reduce receive latencies.
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5. Conclusion and Future Work

This paper presented a detailed performance analysis of UDP/IP and M-VIA using Linux/SimOS. Our
study confirms that Linux/SimOS is an excellent tool for studying communication performance, and is
able to provide details of the various layers of the communication protocols, in particular the effects of the
kernel, device driver, and NIC. Moreover, since Linux/SimOS open-source, it is a powerful and flexible
simulation environment for studying all aspects of computer system performance.

There are numerous possible uses for Linux/SimOS. For example, one can study the performance
of Linux/SimOS acting as a server. This can be done by running server applications (e.g., web server) on
Linux/SimOS connected to the rest of the network via EtherSim. Another possibility is to prototype a
new network interface. One such example is the Host Channel Adapter (HCA) for InfiniBand [11], which
is in part based on Virtual Interface Architecture. Since the primary motivation for InfiniBand technology
is to remove 1/O processing from the host CPU, a considerable amount of the processing requirement
must be supported by the HCA. These include support for message queuing, memory translation and
protection, remote DMA (RDMA), and switch fabric protocol processing. The major advantage of
Linux/SimOS over hardware/emulation-based methods used in [19, 24] is that both hardware and soft-
ware optimization can be performed. This prototyping can provide some insight on how the next genera-

tion of HCA should be designed for InfiniBand Architecture.
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