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As Ethernets have attained gigabit speeds, it has become obvious that NIC and device driver
designs that work well at slower speeds introduce performance problems at gigabit rates. In this
paper we present a systematic evaluation of the effects of frame size and interrupt coalescing
strategy on the performance of three benchmark workloads on a gigabit LAN. We show that the
use of large frames and interrupt coalescing can produce significant performance benefits, but
that the proper degree of interrupt coalescing is strongly dependent upon the characteristics of

the workload.

INTRODUCTION

As Ethernet bit rates have increased in speed from 100
million bits per second (Mbps) to one gigabit per sec-
ond (Gbps) and beyond, performance problems associ-
ated with both the traditional size of the maximum
transfer unit (MTU) and the practice of consuming one
packet per interrupt have been reported in several stud-
ies [CHASO1, PRATO01, ZAGA02, HOEF04, GRAY02]. At
one Gbps the interarrival time between 1518 byte link level
frames is approximately 12 microseconds. If the network
interface controller (NIC) generates an interrupt on the ar-
rival of each frame, more than 80,000 interrupts per second
must be handled by the CPU. Link, network and transport
layer headers must also be processed at the same rate.
This load is sufficient to drive all but the very fastest pro-
cessors into a state described by Mogul and Ramakrishnan
[MOGU97] as receive livelock. Even if the processor is fast
enough to avoid receive livelock, a substantial waste of pro-
cessing power occurs. Furthermore, no current processors
are up to the task of handling the 800,000 interrupts per
second that might be encountered on a 10 Gbps interface.

Consequently, a variety of techniques have been suggested
as ways to improve throughput and reduce CPU overhead
in very high speed Ethernets. These include: offloading the
TCP checksum to the NIC; offloading the entire TCP/IP
protocol stack to the NIC [MARTO5]; moving the TCP/IP
stack to user space[PRATO1]; the use of polling as an al-
ternative to interrupts [PRAT01, MOGU97]; “zero copy”
mechanisms that transfer data directly from the NIC to
application buffersfMART05, PRATO1]; support for link
level frames larger than 1518 bytes [CHASO1]; and the

use of interrupt coalescing mechanisms[ZAGA02, CHASO1,
GRAY02]. All of these mechanisms require some level of
support in the operating system, the NIC, or both.

The focus this paper is on the effectiveness of the combined
use of large frames and interrupt coalescing. These two
mechanisms are particularly attractive because of their rel-
ative non-invasiveness. Operating system support for both
is fully contained within the typical device driver, and, from
a hardware perspective, they are simple enough to imple-
ment that they are already available in commodity gigabit
NICs.

Large frames

At gigabit speeds, the use of 15K byte frames reduces the
upper bound on interrupt arrival rate from 80,000 per sec-
ond to a manageable 8,000 per second. The associated
reduction in the number of link, network, and transport
layer protocol headers that must be processed yields addi-
tional performance benefits.

Interoperability problems are the principal obstacles to
the use of large frames. Although the “Jumbo Frame”
[CHASO1], having an MTU of 9000 bytes, has been pro-
posed as a standard for high speed Ethernets, there is no
single maximum size frame that is supported by all NICs.
Many 100 Mbps NICs and some low end gigabit NICs and
switches still do not support large frames at all. Never-
theless, in a homogeneous system such as a blade server
where interoperability is not an issue the use of large frames
can provide significant improvements to the performance



of applications requiring substantial blade-to-blade network
traffic.

Interrupt coalescing

Even when large frames are employed, it is often possible to
further reduce the interrupt rate by another order of mag-
nitude via interrupt coalescing. Gigabit NICs often have
a mechanism whereby the NIC will delay a programmable
amount of time after a frame arrival before raising an in-
terrupt. If a new frame arrival commences during this de-
lay, the interrupt is deferred until the new frame arrival
completes. This process is repeated until either no new
frame arrival commences during the delay period, some
programmable upper bound on total interrupt delay is ex-
ceeded, or the number of available receive buffers reaches
some low water mark. When the NIC finally generates an
interrupt, all of the packets that arrived in the burst may be
consumed by the operating system at the cost of a single
context switch.

An advantage of interrupt coalescing is that it imposes no
obstacles to interoperability in a heterogeneous network.
However, unlike the use of large frames, interrupt coalesc-
ing provides no reduction in protocol processing overhead.
That is, an interrupt coalescing scheme that consumed one
hundred 1518 byte frames per interrupt at 1 Gbps bit rate
would generate only 800 context switches per second, but
it would still be necessary to process over 80,000 sets of
protocol headers per second!

In the remainder of this paper we report the results of
a systematic study of the effect of frame size and inter-
rupt coalescing on the performance of three benchmark
workloads. Our work extends results of previous studies
[CHASO1, GRAY02] in which the focus is on the perfor-
mance of a single TCP connection. Performance is charac-
terized with respect to four measures: sustained through-
put in Mbps; system mode CPU time consumed; interrupt
rate; and packets processed per interrupt. We show that
for good throughput with reasonably low system overhead
it is desirable to employ both large frames and interrupt
coalescing, but that neither very large frames nor extreme
levels of interrupt coalescing are necessary to obtain excel-
lent performance on a one Gbps network.

The remainder of the paper is organized as follows. In
section two the testbed and workloads used in the study
are described. Results obtained with each benchmark are
presented and analyzed in section three. A model charac-
terizing system mode CPU overhead is derived in section
four, and concluding remarks follow in section five.

EXPERIMENTAL DESIGN

In this section we describe the testbed upon which the
performance measurements were made, the test workloads
that were measured, the parameters used in the tests, and
the performance measures that were captured.

Testbed Architecture

The network on which the tests were performed is a 265
node Linux Beowulf cluster whose primary use is distributed
graphics rendering [GEIS02]. Each node has a single 1.6
GHz Pentium 4 processor, 512MB of memory, and two
NICs. The 32 bit wide PCI bus runs at 33 Mhz, making
it marginally fast enough to consume a simplex one Gbps
transfer. All systems run the RedHat 7.1 distribution of
Linux and the 2.4.7 kernel. Nodes are connected via an
Extreme Black Diamond 6804 switch which supports two
virtual local area networks (VLANs). The primary NIC
in each node is a 100 Mbps Intel Pro 100. This NIC is
a member of the management VLAN which carries NFS,
NIS, and remote login traffic.

The secondary NICs are members of the graphics VLAN
which, in normal operation, carries graphics rendering com-
mands and pixel data. Most of these NICs are 100 Mbps
3Com 3C905Cs. The standard Linux device driver for this
NIC does not support large frames, but the hardware sup-
ports a maximum frame size of 8191 bytes. We have pro-
duced a variant of the device driver that supports this max-
imum.

The remaining 32 nodes are equipped with Intel Pro 1000
gigabit interfaces. Intel refers to the specific variant of the
Pro 1000 used in these studies as the 82540EM. It supports
TCP (but not UDP) checksum offloading, and this feature
was enabled in the TCP study. All of our experiments
were conducted on the graphics VLAN at times when no
graphics rendering was being performed.

Test workloads

Three different workloads were evaluated. For each work-
load and each network configuration, ten independent repli-
cations of the experiment were conducted. Sample mean
and standard deviation were computed for each metric.

The UDP workload

In this test, 10 nodes, each having a 100 Mbps interface,
served as traffic sources, and one node having a 1 Gbps
interface served as the traffic sink. A single process on each
of the ten source nodes sent a simplex flow of UDP packets
to a receiving process running on the sink. This is not a file



transfer benchmark. The contents of the application layer
buffer are not modified between sends. The senders were
started simultaneously, and the network monitor process
on the receiver is started immediately thereafter.

The duration of each test is two minutes of real time which
is sufficient to transfer almost 15 billion bytes of data. To
avoid introducing IP layer fragmentation and reassembly,
application level reads and writes were set to the current
MTU minus the length of IP and UDP headers.

The TCP workload

As with the UDP workload, a fan-in approach with 10
senders and one receiver was used. Each sender trans-
mitted 600 million bytes through a 100 Mbps interface.
Application layer reads and writes were held at a constant
16K bytes independent of MTU. The send buffer is not
modified between writes. Data collected by the network
monitor indicated that no packet drops nor retransmissions
occurred.

The NFS workload

These experiments employed four nodes all with gigabit
NICs. Three nodes functioned as network file system (NFS)
version 2 servers and exported their /usr directory trees.
Three NFS client processes ran on the node on which traffic
was monitored. The client processes were started concur-
rently, and each client read all of the files in one of the
three NFS mounted /usr trees. Each /usr directory tree
contained 1.67 billion bytes of data. Unlike the UDP and
TCP workloads, disk access speed is a throughput con-
straining factor here. Although some versions of NFS now
run above TCP, the version 2 code in use on these systems
employed UDP as a transport protocol.

Workload parameters

Two parameters were varied during the testing. For the
results reported here MTU values of 1500, 3000, 4500, and
6000 were used. All systems participating in any test were
configured to use the same MTU. The Linux MTU includes
the length of transport and network layer protocol headers
but does not reflect the length of link layer headers. Thus
a UDP packet with a 20 byte IP header and an 8 byte UDP
header has a maximum application layer payload of 1472
bytes. Each link level frame is 18 bytes longer than the
specified MTU, and the throughput, which is captured at
the NIC, includes these bytes. Thus, for the UDP workload,
the application layer throughput with a nominal MTU of
1500 is 1472/1518 of the value reported. The NIC operates
in full duplex mode for all tests. In this mode each link level
frame carries an eight byte preamble and is followed by a 12

byte interframe gap[HOEFO04]. Thus, for a nominal MTU
of 1500 bytes, the throughput seen at the NIC is bounded
by 10° x 1518/1538 = 987 Mbps.

The other parameter of interest controls the degree of in-
terrupt coalescing. It is referred to by Intel as the RxAbslnt-
Delay. Its value, expressed in units of 1.024 microseconds,
defines the maximum time an interrupt can be delayed.
Other operational parameters of the Pro 1000 were fixed
as shown below.

TxIntDelay 1400
TxAbsIntDelay | 65000
RxDescriptors 256
TxDescriptors 256
RxIntDelay 1200

Table 1: Pro 1000 configuration

These settings effectively permitted the RxAbsIntDelay to
define the level to which interrupts were coalesced and
caused all recovery of transmit buffers to occur during the
processing of receive interrupts.

Performance measurements

Performance measurements are captured by a modified ver-
sion of Intel's e1000 device driver. The modifications pro-
vide a mechanism whereby an application program may
periodically acquire and log atomic binary snapshots of rel-
evant performance measures. Measures used in this study
include: the number of link level bytes transmitted and re-
ceived; the number of packets transmitted and received;
the number of interrupts in which receive operations were
serviced; the current real time as reflected by the TSC reg-
ister, a 64 bit register that counts the number of processor
cycles since the system was powered on; and the standard
Linux kstat measures of CPU utilization.

The kstat values account for CPU consumption in units
known as jiffies. They contain the total number of jiffies
the CPU has spent executing in application mode, nice
mode, and system mode since boot time. The length of a
jiffy is configurable, but we use the 10 millisecond jiffy, the
default in Linux 2.4 kernels.

RESULTS AND ANALYSIS

We describe in this section the impact of MTU and Rx-
AbsIntDelay on our four measures of system performance.
For each measure the results are presented in a graphical
form. A separate line is plotted for each MTU with Rx-
AbslntDelay indexing the x-axis. The minimum value of
RxAbsIntDelay is 10 units in all cases. All data points are
means of 10 runs and are plotted with vertical error bars of
length equal to two standard deviations. For all measures



except system mode CPU time, the standard deviations are
negligible.

The first measure is receive interrupt rate. The second,
which is approximately the inverse of the first, is the num-
ber of packets received per interrupt. While these measures
provide direct assessments of the effectiveness of an inter-
rupt management strategy, the other two measure are op-
erationally more important. The third measure is the link
layer throughput in bits per second and the forth is the
total system mode CPU time consumed during the run.

The UDP workload

Performance characteristics of the UDP workload are
shown in Figures 1, 2, 3, and 4. For small values of Rx-
AbsIntDelay, the number of packets received per interrupt
may appear anomalous. The time to receive a 6018 byte
link level frame is almost 50 microseconds. However, for all
MTUs, a 10 unit RxAbsIntDelay yielded 2.000 packets per
interrupt with a standard deviation less than 0.0005. Intel
does not publish a detailed functional specification for the
Pro 1000, but this result would indicate that the absolute
interrupt delay timer does not start until a packet has been
received, and that any packet reception that is in process
when the timer does expire is allowed to complete before
the interrupt is raised. For larger values of RxAbsIntDelay
the number of packets processed per interrupt grows lin-
early and tracks the expected value reasonably well. At a
delay of 960 (not shown) an average of 80, 41, 27, and 22
packets were processed per interrupt.
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Figure 1: UDP:Rx interrupts per second

Figure 3 shows that throughput in Mbps quickly climbs to
its a maximum value. The points, specified as (MTU, Rx-
AbsIntDelay, Mbps), at which the throughput curves be-
comes essentially flat are (1500, 160, 986.7), (3000, 80,
993.1), (4500, 80,995.3), and (6000, 10, 996.4). When
the preamble and interframe gap are are factored in, the
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Figure 2: UDP: Packets received per interrupt
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Figure 3: UDP: Throughput in Mbps

maximum possible throughput as measured at the NIC is
996.7 Mbps for a 6000 byte MTU.

Although large values of RxAbsIntDelay yield no measur-
able throughput gains, they do reduce the interrupt rate
and consequently the system mode CPU utilization. This
value, shown in figure 4, is the percentage of the elapsed
run time during which the CPU is executing in system
mode. For the larger MTUs the benefits of further in-
crease beyond 640 appear to be small, but at an MTU of
6000 doubling the delay from 640 to 1280 units yields a
significant 15% reduction in system mode CPU time.

The TCP workload

Figures 5 and 6 show that interrupt reduction in the TCP
workload is qualitatively similar to that of the UDP work-
load. The number of packets received per interrupt grows
approximately linearly, but at a slightly slower rate than is
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Figure 5: TCP: Rx interrupts per second

the case with UDP. However, unlike UDP the linear growth
cannot continue indefinitely. Instead, as the RxAbsIntDe-
lay grows beyond the values shown, the number of packets
per interrupt asymptotically approaches an upper bound.
This upper bound is a function of the MTU, the number of
active connections, and the TCP offered window size. For
the 10 connections used in this test, convergence to this
upper bound occurs at an RxAbsIntDelay exceeding 3000
units.

As shown in figure 7, significantly larger interrupt delays
are needed to achieve maximum throughput with TCP than
with UDP. The points at which link layer throughput ceases
to grow are: (1500, 960, 970.4); (3000, 800, 991.4); (4500,
480, 993.5); (6000, 480, 994.5). Also unlike UDP, when
RxAbsIntDelay becomes large enough to interfere with the
timely return of acknowledgments throughput will begin to
decay. For an MTU of 6000, this effect was observed at an
RxAbsIntDelay of 2000, but, as with the maximum number
of packets per interrupt, its onset is a function of MTU,
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Figure 6: TCP: Packets received per interrupt
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Figure 7: TCP: Throughput in Mbps

TCP window size, and the number of active connections.

Figure 8 shows that the system mode CPU utilization,
while quantitatively similar to that of the UDP workload,
decays more rapidly with the TCP workload. Furthermore,
increasing RxAbslIntDelay beyond 480 produces no further
benefit of consequence for any MTU. This difference is at-
tributable in part to differences in the applications. The
TCP receivers consume 16K bytes per system call regard-
less of the MTU, but the UDP application consumes only
(MTU - 28) bytes per system call. For all MTUs, the UDP
application therefore generates more system calls than the
TCP workload.

The NFS workload

Based upon the UDP and TCP workloads, one might con-
clude that the use of an RxAbsIntDelay of at least 640
is indicated. Nevertheless, one might also suspect that an
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Figure 8: TCP: System mode CPU utilization
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Figure 9: NFS: Rx interrupts per second

aggressive interrupt coalescing strategy might well degrade
the performance of a request/response type protocol more
strongly than it would impact the performance of a fully
pipelined protocol such as TCP. The NFS workload shows
that this is indeed the case.

Figures 9 and 10 show the expected benefits of increasing
both MTU size and the RxAbsIntDelay. Because the ver-
sion of NFS in use never sends a packet that exceeds the
capacity of a 4500 byte MTU, 4500 is the largest MTU
shown. The interrupt rate decays very rapidly on the left
side of the graph with the knee of the curve occurring at
a value of approximately 160. At a value of 240 all three
curves have virtually converged, but the interrupt rate con-
tinues to decay reaching a value of slightly more than 800
interrupts per second at an RxIntDelay of 640. The num-
ber of packets per interrupt increases in a slightly sub-linear
fashion but is clearly still experiencing robust growth at an
RxAbsIntDelay of 640.
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Figure 10: NFS: Packets received per interrupt
250 T T T T T
1500 ——
£ 4500 ——
200 | \’\1 ]
150
[%2]
o
Q0
=
100
50

0
0 100 200 300 400 500 600 700
Rx Abs Int Delay

Figure 11: NFS: Throughput in Mbps

However, in contrast to the UDP and TCP workloads for
which throughput remained nearly constant and optimal
over a wide range of increasing values of RxAbsIntDelay,
Figure 11 shows that maximum throughput occurs at an
RxAbsIntDelay of between 10 and 20 for MTUs of 3000 and
4500 and at a delay of 40 for an MTU of 1500. Beyond
these optimal values throughput decays approximately lin-
early and for all MTUs the throughput achieved at an Rx-
AbslntDelay of 640 is less than 50% of the maximum.

Figure 12 shows that system mode CPU utilization is still
strongly decreasing at an RxAbsIntDelay of 640. This be-
havior is in marked contrast to that observed in UDP and
TCP.

This is also an example of how utilization can be a mislead-
ing indicator of performance. The same amount of work is
being done by the CPU, but it is simply being amortized
over a longer interval because NFS throughput is decaying.
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Figure 12: NFS: System mode CPU utilization
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Figure 13: NFS: Aggregate system mode jiffies

Therefore, the total amount of system mode CPU time
consumed provides better insight. Figure 13 shows the
total number of jiffies consumed for each configuration.
Significant reduction in system overhead occurs only until
the interrupt delay reaches 80, and little, if any, reduction
occurs beyond 320.

Note that, unlike the UDP and TCP workloads, there is no
value of RxAbsIntDelay that yields both high throughput
and low overhead. If high throughput is the primary objec-
tive, an interrupt delay of 40 or less is appropriate, but a
value near 100 yields a reasonable balance of throughput
and CPU overhead.

CPU OVERHEAD MODEL

In this section we present a simple model for system mode
CPU overhead and demonstrate its use on the NFS and
TCP workloads. The model distinguishes three sources of

system mode CPU overhead. The per megabyte cost, «,
reflects the byte level cost of software checksumming, if
required, and copying the data to user space. The per
thousand packet cost, 3, reflects CPU usage associated
with processing individual packets. This includes manage-
ment of kernel buffers, header processing, and protocol and
queue management operations. The cost per thousand in-
terrupts «y reflects the CPU overhead of context switching.
The total system mode CPU overhead is then modeled as,

T =aNyp + BNkp +YNkr

where Ny g,Nkp, and Ng; represent the millions of
bytes, thousands of packets, and thousands of interrupts
associated with a test workload.

The model is clearly a simplification of the real underly-
ing system in that: system mode jiffies are not captured
with 100% accuracy; some system mode CPU time that
is captured is associated with tasks other than network
processing; and the system call overhead produced by the
receiver processes is not explicitly modeled. Furthermore,
since protocols may differ in the number of times they copy
packet data and in per packet processing requirements, it
should not be expected that a single set of parameters rep-
resents the overhead of UDP, TCP, and NFS. Nevertheless,
we shall see that a reasonable linear fit is realizable on a
per protocol basis.

Model fitting

Each of the test workloads described in the preceding sec-
tion produces a set of observations,

Th = OéNMB’m +,8NKp7m +7NKI,m {m =1,2, ,M}

in which each combination of MTU and RxAbsIntDelay
yields a single observation. For each workload, Ny, is
invariant, Nk p,,, varies with MTU but not RxAbsIntDelay,
and T3, and Nk, vary with both MTU and RxAbslnt-
Delay. For notational convenience we will express these
equations as

T = Qg + By + V2m {m = 1,2, ..., M}

The first step in fitting is to normalize the equations so
that they all have a common value of T'. This is done
by multiplying each equation by K/T;, where K is any
convenient constant. The next step is to find the mean or
centroid of the normalized (2., Ym, 2m),

M M M
(Cm,Cy,Cz) = (Z Tm; Z Ym, Z Zm)/M
m=1 m=1 m=1

The 3 x 3 covariance matrix {m; ;} is given by

M
mi; = § :Um,ivmvj
m=1



where

Vm = (mm —Cxy,Ym — Cy,%m — Cz)'
It is well known that the eigenvector (e,,ey,e;) corre-
sponding to the smallest eigenvalue of the matrix {m; ;}
is the normal to the plane that contains the centroid and
minimizes the sum of the squares of the distances from the
points (Z,, Ym, Zm) to the plane. The normal to the plane

K=oz +py+vyz

is (a, 8,7). Therefore,

K
(aaﬂa’}/) = E(ew:ey:ez)
where
Ky =ezcg +eycy +ec,.

NFS example

Data from the NFS study is shown in table 2 after being
normalized using a K value of 10000 jiffies. The first block
of values corresponds to an MTU of 1500, the second to
3000, and the third to 4500.

Fitting this data using the procedure described above yields
a = 0.81 system jiffies per million bytes, 5 = 0.27 system
jiffies per thousand packets received, and v = 1.11 system
jiffies per thousand receive interrupts. It can be seen in the
table that the maximum deviation of the predicted value
from the target value of is 10,000 is 185, a difference of
1.85%.

CPU overhead as a function of MTU and PPI

This model may be reformulated to predict system CPU
time as a function of MTU and the number of packets
processed per interrupt (PPI). For a billion byte trans-
fer, NMB = 1000, NKP ~ IOG/MTU, and NKI =
Nkp/PPI ~ 10%/(MTU x PPI). The predicted over-
head in system jiffies per billion bytes transferred in the
NFS workload expressed as a function of MTU and PPl is
then:

106 1.11

2 —
MTU(O 7+ )

T =1000 x 0.81 + PPI

This equation reflects facts stated in the introduction.
There is a certain fixed cost per megabyte that is unaf-
fected by either interrupt coalescing or frame size. The
use of large frames reduces both protocol processing costs
and context switching cost. Interrupt coalescing reduces
interrupt but not protocol processing costs.

Thus, increasing the MTU has a much more significant
impact on the overall cost than does increasing the PPI.

Absint | Ny | Nxkp | Nikr | Model | Delta
Delay Jifs Jifs
10 6417 | 4876 | 3130 9990 -10
20 6668 | 5067 | 2807 9886 | -114

40 7558 | 5744 | 2035 9933 -67

80 8176 | 6214 | 1480 9945 -55
120 8501 | 6460 | 1259 | 10030 30
160 8627 | 6556 | 1124 | 10008 8
240 8791 | 6681 924 9953 -47
320 9108 | 6921 845 | 10185 185
640 9052 | 6879 | 648 9911 -89

10 | 7888 | 3408 | 2538 | 10138 138
20 | 7990 | 3452 | 2360 | 10034 34
40 | 8274 | 3575 | 2131 | 10044 44
80 | 8976 | 3878 | 1540 | 10039 39
120 | 9227 | 3986 | 1319 | 10027 27
160 | 9463 | 4088 | 1201 | 10115 115
240 | 9607 | 4150 | 1009 | 10036 36
320 | 9740 | 4208 | 906 | 10045 45

640 | 9874 | 4266 | 708 | 9950 -50

10 | 8676 | 2694 | 2141 | 10147 147
20 | 8559 | 2658 | 2028 | 9918 -82
40 | 8853 | 2749 | 1772 | 9896 | -104
80 | 9399 | 2919 | 1457 | 10036 36
120 | 9506 | 2952 | 1303 | 9961 -39
160 | 9622 | 2988 | 1176 | 9924 -76
240 | 9922 | 3081 | 1026 | 10026 26
320 | 9971 | 3096 | 909 | 9939 -61
640 | 10166 | 3157 | 701 | 9884 | -116

Table 2: Model fitting data

In this example, at an MTU of 1500, the CPU overhead
cost per billion bytes is bounded below by 180 jiffies as
PPl — oo which is twice the cost obtained with an MTU
of 4500 and a PPI of 8.

TCP example

As expected, the TCP transfer yielded somewhat different
coefficients with o = 0.13 system jiffies per megabyte,
B = 0.37 system jiffies per thousand packets received, and
v = 1.43 system jiffies per thousand receive interrupts.
The large decrease in « is likely attributable to the fact that
checksumming was done in hardware for the TCP transfers
but must be to be done in software for NFS over UDP.

Figure 14 shows the surface

106 1.41
5035+ 5p7)

PPI
along with the sample data points from the TCP workload.
From this diagram, it is clear that for efficient operation
frame size must be larger than 1500, and that some level

T =1000 x 0.13 +




of interrupt coalescing is very desirable for any frame size.
It also shows that frame sizes larger than 6000 and inter-
rupt coalescing factors larger than 8 packets per interrupt
provide little additional reduction in CPU overhead.

CONCLUSION

The use of large frames is an absolute necessity if optimal
throughput with reasonable CPU loads are to be achieved
on a heavily loaded gigabit LAN. With large frames in use,
interrupt coalescing can provide additional benefits in both
increasing throughput and decreasing CPU overhead, but
it can never fully compensate for the penalty associated
with using small frames. At low to moderate loads in the
range of 200 Mbps, the NFS workload shows that the CPU
does not become a throughput constraining bottleneck, but
use of a small MTU and small interrupt delay does cause
significant amounts of CPU time to be consumed.

For any request/response type protocol, such as the version
of NFS used in this study, the window of interrupt delays in
which high throughput may be expected is small in size and
located in the region of small interrupt delay. Furthermore,
it does not overlap the window in which low CPU overhead
may be achieved. For these reasons, the use of stop and
wait type protocols within gigabit LANs should be avoided
where possible.

For any protocol in which packets must be acknowledged,
there exists an interrupt delay beyond which throughput
will steadily decay. The value of this critical point increases
with both the number of active connections and the max-
imum size of the window of unacknowledged packets. For
ten TCP sources on 100 Mbps interfaces the window of
interrupt delays in which good performance may be ob-
tained is reasonably wide. However, the NFS workload
demonstrates that this result should not be interpreted as
a general guideline.

The fact that there is no single configuration that provides
optimal performance for all workloads suggests that inter-
rupt delay should be adjusted dynamically depending upon
workload characteristics. In fact, Intel’s €1000 device driver
supports a mode in which this is the case. However, it has
been demonstrated that for the 10 source TCP workload a
fixed interrupt delay provided significantly higher through-
put at lower CPU utilization for all MTUs[YALLO5]. This
indicates a need for further research into the development
of new algorithms for dynamic adjustment of interrupt de-

lay.
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Figure 14: System mode CPU as a function of MTU and PPI



