
A Model of Completion Queue Mechanisms using 
the Virtual 

Naresh Patel' 
Network Appliance, Inc. 

naresh @ netapp.com 

Abstract 

In this paper we evaluate the performance of 
different completion mechanisms for the Virtual 
Interface (VI) Architecture from an application 
perspective. Based on this comparison we show that the 
completion queue model offers an optimal' way to 
receive messages in multi-threaded applications under 
moderate to heavy trafic loads. The application model 
presented in this paper demonstrates eficient ways of 
using the VI interface. 

1 Introduction and Background 

The Virtual Interface (VI) Architecture [ 1][2][8] 
provides a cluster communication mechanism that 
allows user processes to communicate without 
executing any kernel-mode code. VI provides protected 
user level communication with low latency and low 
CPU cost per message as compared to communication 
protocols like TCPAP and UDP. The VI architecture 
improves latency and CPU cost per message by 
reducing the need to make userkernel transitions and by 
making it possible for the Network Interface Card 
(NIC) to access user memory directly. 

VI is made of three components and an application. The 
three components are the VI interface, the VI provider 
and the Completion Queue (CQ) The VI interface is the 
mechanism used by the application to perform data 
transfer operations. A VI interface consists of a pair of 
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queues, a send queue and a receive queue, and a pair of 
doorbells. Each queue owns a doorbell. When an 
application needs to receive or send data it posts a 
descriptor on the corresponding queue and rings a 
doorbell to notify the VI adapter that it has posted a 
descriptor. The VI provider processes the descriptor 
asynchronously and then sets a status bit to notify 
completion. 

The VI provider is a combination of hardware and 
software that provides the communication model that is 
abstracted by a VI interface. The VI provider consists 
of a Network Interface Controller (NIC), and a Kernel 
Agent (U). The NIC provides the send and receive 
queues, the CQs and the actual data transfer. The KA is 
typically a driver that performs connection setup, tear 
down, interrupt handling, error handling, and memory 
management. The KA is never involved in error-free 
data transfers. 

The application represents an end-point of the VI 
architecture. An application may access the VI API 
directly by linking to a library. The library makes calls 
to the KA to create VIS, tear down VIS, manage 
memory and set up CQs. The library also abstracts the 
procedure for enqueuing and de-queuing descriptors 
from the queues in the VI interface. The library is 
shown in Figure 1 as the VI User Agent. 

Once a connection is made between, two nodes in a 
cluster data can be exchanged using one of two different 
modes: send-receive mode or RDMA (Remote DMA) 
mode. The send-receive mode of data transfer provides 
typical channel-based semantics. In this mode, the 
receiver posts a descriptor to receive the data that it is 
going to receive. A descriptor is a data structure that has 
among other things a pointer to a buffer for data. The 
size of the receive buffer must be the same size or 
bigger than the data that is to be received. The sending 
side specifies the location of the data that is to be sent. 
The send side then does a post of the data that is to be 
sent. This mode requires that both the sender and the 
receiver be notified of completion at both ends of the 
transfer. 
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VI also provides a mechanism to transfer data using 
memory semantics using RDMA. In this mode, the 
sender (better called the initiator) specifies both the 
source and destination buffer for the data transfer. 
There are two types of RDMA operations: RDMA Read 
and RDMA Write. In an RDMA Read operation the 
initiator specifies the source of the transfer on the 
remote node and the destination on the local node. In an 
RDMA Write operation the initiator specifies the source 
of the transfer in a local node and the destination on the 
remote node. On completion of RDMA operations no 
notification is given to the remote node. If the remote 
node needs notification then a RDMA write with 
immediate data can be used. If immediate data is used 
with an RDMA operation it would consume a pre- 
posted buffer on the remote node and both the initiator 
and the remote node will be notified of completion. 

The VI architecture provides several mechanisms to 
notify completion of a descriptor. The mechanisms on a 
send or receive queue are poll, wait, and notify. In a poll 
mode the application continually checks (i.e polls) a 
status bit to determine whether the VI provider has 
completed work on a descriptor. In the Wait mode the 
application goes to sleep on the send or receive queue 
and is woken up when the VI provider has completed 
the descriptor. In the notify mode the application hands 
to the VI provider a call-back function that is executed 
once the VI provider has completed the descriptor. 

A CQ can also be used to inform the application of a 
completed request. Once a VI is created, the send 
andlor receive queue may be associated with a 
completion queue. Once a send or receive queue is 
associated with a completion queue all completion 
notification must be handled on the completion queue. 
There are three mechanisms for notification on a 
completion queue; i.e poll, wait and notify. These 
mechanisms are identical to those on send and receive 
queues. An application may associate a large number of 
VIS with the same completion queue. This provides a 
mechanism to aggregate all the completion events for 
the VIS on one queue. 

Therefore from an application standpoint there are six 
different mechanisms to indicate completion: poll, wait, 
notify, CQ-poll, CQ-wait, and CQ-notify. These six 
mechanisms fall into two classes: interrupt-based (wait 
and notify) and poll-mode based. Since the polling 
mechanism wastes CPU time by busy spinning until a 
completion occurs, it is generally unattractive for 

transaction processing systems2. In this paper we focus 
primarily on various interrupt-based mechanisms. We 
first present a queueing model to analyse the 
performance of an interrupt-based completion 
mechanism. The results of this model suggest that a CQ- 
wait method would be optimal. Based on this result we 
developed an application model to compare these 
different completion mechanisms and to demonstrate 
that completion queue waits deliver messages with the 
lowest CPU overhead and latency. 

Application 

OS Communication Interface 

I I VI User 

SendJReceive 
RDMA I Open/Connect/ I I Memory 1 ReadlRDMA 

Figure 1: The VI Architectural Model [2] 

The metric that we use for this comparison is the CPU 
cost. It is defined as the total number of microseconds 
spent by all CPUs (all processors at the sender and 
receiver) divided by the number of messages transferred 
during an interval. For example, suppose the CPU cost 
to send and receive a message of size 8 bytes is 20 
microseconds (ps). This means that overall, it takes 20 
ps of CPU time to execute the instructions to both send 
and receive a message. Frequently, this includes 
software to start the transfer, and initiate PCI transfers 
to send the message. Once the message is received, it 
includes the time to run an interrupt service routine, and 
execute the code to collect the message. It also includes 
any OS activity such as context switches that occur 

An exception to this might be in those cases where the 
application runs on an SMP and the application threads 
are statically scheduled so that one or more processors 
are dedicated to messaging activity. In such a scenario it 
would be optimal to poll on the processors that are 
dedicated to messaging. 
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during the send and rece:ive process. Figure 2 shows a 
representation of this definition. 

1 VipPostSend 

Sender Ll Rt 

I I  

Message 

c2 

Transmit 

Receive 
otification 

Complete 
VipRecvDone 

Time t 
Figure 2: This shows a schematic of a message 
sent from a sender to a receiver. The figure on the 
right shows a time sequence of the events that go 
to make up the CPU cost to send-receive a 
message. The CPU cost is the sum of C, and C, The 
CPU cost is defined as though one CPU does both 
the send and the receive. It might also be the case 
that the components C, and C, might overlap in time 
but that does not alter the definition. Also, C, 
activity may continue after ringing the doorbell. 

To compare the performance of different completion 
mechanisms from an application perspective we 
developed a model of an application over VI. In this 
paper we present our model and the results obtained 
from that model. Our models were developed in the 
context of VI in which users have an option to handle 
completions directly through a descriptor or use a CQ. 
However, these models for CQs are also valid for 
InfiniBand [12]. In the InfiniBand standard all 
completion notifications have to go through a CQ. 

In the next section we discuss related work and present 
the motivation for this paper. In section 3 we present a 
queuing model and some closed-form formulas for the 
expected amount of interrupt aggregation and mean 
response time. In section 4 we present the application 
model that we used to generate the comparison data and 
in section 5 we present our results. The conclusion is 
presented in section 6. 

2 Motivation and Related Work 

User-mode communication mechanisms [ 1][3][4][5][8] 
[13] show low latencies for data transfer. Frequently, 
this low latency is obtained using a polling mechanism. 
The polling mechanism expends CPU cycles waiting for 
a message as described by Speight et al [3]. The CPU 
cost (processor cycles) to send and receive a message is 
important because at a given message rate, it determines 
the amount of CPU time that remains for doing 
computation or useful database transactions. Therefore, 
even if the message itself is transferred very quickly 
with low latency, the application performance, e.g. 
number of database transactions executed per second 
could be low because CPU cycles are wasted on 
polling. An upper bound on the number of transactions, 
T, could be obtained based on the CPU capacity of the 
system, computation and per-message cost. For 
example, in an n-processor system, if each transaction 
has a computation cost of Cp ps, a per-message cost of 
CH ps and a message to transaction ratio of M an upper 
bound on the number of transactions, T, would be 

(1) 
n106 

C,+MC, 
T, 5 

Hence, from an application standpoint the CPU cost per 
message, CH ps, is as important a metric as latency. VI 
provides an interrupt-based mechanism as an alternative 
to polling. This also suffers a CPU overhead in that 
each message runs an interrupt handler, a way to signal 
the application and possibly a couple of context 
switches. On a per message basis this can be a 
significant overhead, as shown in Table 3 in section 5, 
that could rob VI of much of its touted benefit. So, even 
though VI might offer latencies under 10 ps, the CPU 
overhead due to message completion can result in poor 
application performance. In this paper we analyse an 
interrupt-based completion mechanism and based on 
our analysis we present a model that demonstrates how 
an application may use VI with minimal CPU overhead 
per message and therefore achieve a high transaction 
rate or an increased amount of useful work. Speight et 
a1 [3] have presented a comparison of CPU utilization 
for polling and blocking, In constrast, our paper also 
discusses CQs, compares different blocking schemes, 
explores how an application should use a blocking 
mechanism to achieve high performance. We are not 
aware of any other published work that compares the 
CPU cost of completion mechanisms in VI from an 
application perspective. 
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3 Analytical Model of a Completion 
Mechanism 

In this section we outline a model of a system in which 
messages use an intermpt-based mechanism to 
complete. First, we outline some basic assumptions that 
enable a tractable model. 

Messages arrive according to a Poisson3 
process with rate h. 
Messages that arrive to an empty queue have a 
service time denoted by the random variable R 
with mean mR and second moment M ~ R .  
Messages that arrive to a non-empty queue 
have a service time denoted by the random 
variable B with mean mB and second moment 

A single Thread handles message completions 
and some application processing. 

0 

M2B. 

The random variable B represents the time to execute 
the completion thread for a single message when the 
thread has pending messages in the input queue. The 
random variable R is the sum of these three random 
variables: 

1. 

2. 

3. 

R R m  which represents the time taken for an 
interrupt to signal a thread 
R w ~  which represents the time taken for a 
thread to begin execution after it is signaled 
B which is defined above 

In other words, RRupr and RWM represent the overhead 
incurred when a message arrives to an empty queue. 

Our goal here is to derive an expression for the average 
amount of aggregation that we can expect for a given 
load and service time distributions. First we need some 
definitions: 

Let pn be the steady-state probability that n 
messages are in the input queue. This is the 
same as the probability that a departing 
customer leaves n customers behind it and also 
the same as the probability that a new arrival 
finds n customers in the queue (see [6] for 
more details). 
Let E[N] be the average number of messages 
aggregated in a single interrupt 

Let E[W] be the average response time for a 
message 

po is the probability that input queue is empty and since 
Poisson arrivals "see" time averages this is also the 
probability that an arrival will find the queue empty and 
cause an interrupt. Given an arrival rate h, the interrupt 
rate due to messages is h PO and so E[N] = l/po. 

The derivation of an expression for po is given in 
Appendix A and this leads to a simple expression for 
E[N]: 

E [ N ]  = (1 + h, - p)  /(I - p), where p = h, 

Note that the queue is stable if pc l  and stability is not 
dependent on mR. 

(1) 

Suppose, mR = mB + y where y is sum of the expected 
values of the random variables R R U ~  and R W m .  Hence 
equation (1) becomes 

E[N] = (I + ly)/(l - Rms) (2) 

From equation (2) we see if mB is close to zero the 
interrupt aggregation is restricted to that which can be 
achieved by an interrupt handler; so this suggests that 
an application should try to achieve a reasonable value 
of mB. Too high a value of mB would result in high 
latencies but too low a value would result in low 
aggregation. A high value of h results in a large 
aggregation hence the application benefits from high 
message rates. Since the number of messages to a VI 
cannot be changed by the application, a reasonable way 
to achieve a large value for h is to aggregate the 
completions of different VIS on a single queue. Hence 
from equation (2) it can be seen that a CQ based 
mechanism would help achieve a high value for h and a 
reasonable choice of value for mB would result in high 
aggregation without increasing the latency excessively. 
Based on this result we built a model for an application 
that evaluates different completion mechanisms to find 
the one that is optimal in terms of CPU cost. The 
application model also allows the value of mB to be 
varied so as choose a value that achieves high interrupt 
aggregation. 

The components of the random variable R are affected 
by high loads in different ways. The mean of R~upr  will 
be high under high intermpt-level processor activity, 
especially on Windows NT because of deferred 
procedure call (DPC) queueing time delays. Generally, 
the mean of Rw- will be even higher under high CPU 
load at the same or higher thread priority level than the 

In general, the message arrival process will not be 
Poisson, but we can represent more bursty traffic 
(approximately) by using a Markov-modulated Poisson 
process. 
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completion thread, since this time includes the queuing 
delay for obtaining a processor. The random variable B 
is also affected by high priority traffic under high loads 
that may pre-empt the CQ thread. 

The mean response time for a message is given by the 
following expression (see Appendix B for a sketch of 
the derivation): 

(3) 
This is an extension of the Pollaczek-Khintchine result 
for M/G/l queues. It shows that the queuing delay is 
affected by the first and second moments of the two 
service times only (and not any higher moments). If the 
two service time distributions are the same, this 
expression simplifies to the standard M/G/l formula. In 
the next section, we describe an application model that 
was developed to validate the result that quantifiable 
performance gains are possible by using CQs. 

4 Application Model that Represents Multi- 
threaded Applications 

We developed a program to model the behavior of 
applications over VI that use a request-response model 
of communication. The motivation for using this model 
is that SAP R/3 ERP applications and numerous client 
to database or application server to database server 
applications use a request-response model. This 
application model allows the user to vary 
independently, the number of VI’S, the number of 
threads, the number of CQs. and the mode of 
completion. We ran this application model to compare 
the performance of different modes of completion. 
Based on our results we recommend the completion 
mode that provides optimal performance under high 
message traffic conditions. 

The model we used is a multi-threaded request-response 
test over native VI. The request-response test is a 
simple ping-pong test between VIS on the server and the 
client. The mechanism by which a message is received 
is defined by a user-specified parameter. Messages sent 
and received over each VI can be “completed” using 
one of three modes; poll, wait and notify. Further, the 
messages can either be completed by the VI directly or 
using a CQ with which the VI is associated. In addition 
when using a Wait mode on CQ it is possible for the 
application to either wait directly on the CQ (called 
CQWait mode) or create dedicated thread(s) that 
service the CQ (called CQWaitD mode). This dedicated 
thread is labeled CQThread. Therefore there are seven 
different ways in which a send or a receive operation 

may be completed. 

In addition, a send operation may be completed using a 
lazy mechanism. In this mechanism, after posting a send 
descriptor we do not wait to collect the send descriptor. 
We postpone collecting the send descriptor until we 
have posted, say ten messages. Then we “complete” all 
those send descriptors that correspond to the messages 
that have been sent. This lazy mechanism helps reduce 
the CPU overhead to send messages. In our latency test 
we use the lazy mechanism to complete the send 
operations. Hence in our application model the user can 
choose any of the seven completion mechanisms to 
complete a receive operation. 

Each CQThread can either poll or wait for completions 
on the CQ that it services. In the Wait mode each 
CQThread waits by sleeping on its CQ. Once it wakes 
up it picks up the VI from the CQ, goes to that VI, picks 
up the descriptor that completed, busy loops for a user- 
specified duration4, and then wakes up the application 
thread to which the VI belongs. At this point it checks 
the CQ to see if any more completions have occurred. If 
there are any it drains the CQ and only then it goes to 
sleep on the queue. Pseudo-code for the core of the 
application model can be made available. 

In the application model, in every completion mode the 
user can request that the thread that picks up the receive 
descriptor busy-loop for a specified duration. Typically, 
in a real application, the thread that picks up the 
message has to process the message before it can go on 
to send or receive another message5. The purpose of 
introducing this busy-loop is so that the user can 
accurately model the behavior of an application. All the 
results that are presented in this paper have a busy-loop 
duration of 40 p. We experimented with different 
values for this “busy loop duration”. We found that 
values greater than 40 pS do not achieve greater 
interrupt aggregation. A value for mB that achieves 
reasonable interrupt aggregation6 could be any duration 
over 25 p. 

Since the polling mechanism wastes CPU time by busy 
spinning on a CQ it is unattractive from an application 
perspective. Hence we have not presented any results 
using polling on a CQ. Alternately, one may use a notify 
mechanism on a CQ. In section 5 we explain why we do 
not consider the notify mechanism. 

This corresponds to the parameter mB in section 3. 
This delay mimics time spent by a transport stack to 

An aggregation of 6: 1 or greater 
process a message. 
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5 Results 

FMode ~~~ 

Poll 
Wait 
CQWait 
CQWaitD 

Notify 

reflect this added cost. The components of the CPU 
cost, broken up on a functional basis, are shown in 

~ ~~~ 

Latency(@) ~ 

L*(Message Size) + D L =  
L*(Message Size) + D + 20 
L*(Message Size) + D + 20 
L*(Message Size) + D + 20 
+ I  
L*(Message Size) + D + 20 
+ T  

0.0128 
D = 
10.89 

We ran the application model on a pair of Compaq 
Proliant 64OOr servers running Windows NT-2000 
(build 2128). The servers were interconnected using a 
pair of ServerNet I1 NIC’s. ServerNet I1 is Compaq’s 
implementation of the VIA standard. Based on the CPU 
cost results from single-threaded tests we chose the 
modes of completion that were most promising and ran 
tests to compare their performance in a multi-threaded 
environment with moderate to heavy traffic loads. 
These tests showed that the Wait mode on a CQ with a 
separate thread to service the queue was optimal in 
terms of the CPU cost to send and receive a message. 

Mode 
Poll 

wait 
CQWait 
CQWaitD 

I Notifv 

We first compared the performance of different 
completion methods by running the application model 
for different message sizes with one application thread 
and one VI. The results, averaged out over five runs for 
each completion method, are presented in Table 1 
below. From the data we can see that the one-way 
latency for a message completed using a Wait mode is 
about 20 pS greater than a Poll mode latency. The 
difference is the time it takes Windows 2oo07 to context 
switch the application thread into the CPU when it 
wakes up and to context switch it off the CPU when it 
sleeps on a receive. In addition, in the Wait mode, the 
VI interrupts need to be turned on when VipRecvWait 
is called and turned off once the interrupt has been 
dequeued from the interrupt queue. However, it turns 
out that sometimes, but not always, this operation is 
skipped depending on the relative timing of the two 
operations, and we call this “interrupts staying stuck on 
ON’. The Wait mode on a CQ without an extra thread, 
called the CQWait mode, is almost identical to the Wait 
mode and this can be seen from the latency and CPU 
costs in Tables 1 and 2. Since the the wait and CQWait 
modes are almost identical we do not consider the 
CQWait mode anymore. We restrict ourselves to the 
Wait mode for purposes of comparison. The Wait mode 
on a CQ with an extra thread, called CQTiread, to 
service the CQ adds an extra context switch into and out 
of the CQThread. This extra cost works out to 20 p. 
Hence we expect the CPU cost to be 20 ps higher than 
in a Wait mode. But, we see from the data in Table 2 
that it is higher. This is due to the cost of turning 
interrupts on and off. In the case of the Wait mode on a 
CQ with an extra thread, owing to the round-trip 
latencies, it is almost certain that the interrupts do not 
stay stuck on ON hence the latencies and the CPU cost 

CPU cost CPU cost(@) 
m*(Message Size) + C m=0.024 

C = 25 
w = I, + 20 28 
W 28 
W + 20 + I 63 
W + 20 + I + N 80 

This is not the latest or final build of Windows 2000. 7 

Table 1: This shows the one-way latency in ps to 
transfer messages over VI using different modes of 
completion. This was measured using a ping-pong 
test for messages ranging in size from 8 bytes to 
65536 bytes and averaged over five trials The poll 
mode data falls along a straight line defined by the 
parameters “L” and “De. The symbol I in the rows 
labelled CQWaitD and Notify represents the time to 
turn interrupts on and off. This is described and 
defined in Table 3. L = 0.0128 D = 10.89 

Table 2: This table shows the CPU cost in pS to 
send and receive a message over VI using different 
modes of completion. This data was measured 
using a ping-pong test.. The poll mode data falls 
along a straight line defined by the parameters “m” 
and “CO. The symbol “ W  denotes the CPU cost for 
a Wait mode and the symbol I is the same as in 
Table 3. The symbol N captures the overhead due to 
the Notify mechanism. 

Table 3. From these components it is possible to make a 
fairly accurate estimate of the CPU cost for any 
completion method. Such an estimate is often only 
fairly accurate because of two reasons. First, interrupts 
sometimes get stuck on ON, and second, the cost of 
servicing an interrupt often gets amortized over a 
number of messages whenever message aggregation 
occurs. Message aggregation is said to occur whenever 
more than one message is received on a single interrupt. 

A least squares fit shows an R-squared value of 99%. 

A least squares fit shows an R-squared value of 99% 
Data not shown in this paper. 

also. Data not shown in this paper. 
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If we had a situation in which a message arrived every 
second each incoming message would most likely cause 
an interrupt. If however, we had a situation in which a 
second message came in while the first message was 
still being processed then the second message will not 
cause an interrupt. This is because interrupts are 
enabled only after the first message is completely 
processed. Hence we could wind up processing more 
than one message on a single interrupt. This is called 
message aggregation or coalescing. Of course, message 
aggregation can only occur between messages that are 
received on the same VI or messages that are received 
on the same CQ. If two messages arrive simultaneously 
at two completely independent VI's no aggregation can 
possibly occur. Hence one way to ensure a high 
message aggregation would be to receive messages 
using a small number of VI's or CQs. Message 
aggregation can be measured as the ratio of number of 
messages received to the number of interrupts. In a 
simple single thread ping-pong test the message 
aggregation, denoted by the symbol P=E[N], is 1. 
Assuming interrupts are not always turned ON, then the 
CPU cost per message, denoted by the symbol y, would 
be 

CPU Cost 
Component 
Interrupt 

y =  (1, + 1s + cq + CA + v )  (4) 

In a test which shows message aggregation the CPU 
cost per message would be 

Sym Time( Description 
-bo1 ps) 
1, 8 CPU time spent in the 

because only one out of every pmessages causes an 
interrupt. From equation (5) we see that when 
p assumes large values (i.e greater than 10) the CPU 
cost becomes 

Processing 

Interrupt 
Switching 
CQThread 
Context 
Switch 
Application 
Thread 
Context 

A large value of p occurs when a large number of 
messages are received per second or whenever 
messages are received in bursts on a small number of 
VIS or CQs. In an application environment it may be 
difficult to restrict the number of VIS that are used to 
transfer messages so the only practical approach to 
achieve a high value for p would be to use a CQ. To 
demonstrate the effectiveness of message aggregation 
we ran a multi-threaded test to compare the Wait mode 
and the CQWaitD modes. The CQWaitD mode has the 
opportunity to benefit from message aggregation over a 
small number of CQs, namely 3 or 4. These results are 
presented in Table 4. From the CPU cost results in 
Table 4 we see that the CPU cost using the CQWaitD 
mode with 64 threads at a message size of 64 bytes is = 

ISR, the DPC, and the 
time between when the 
DPC is scheduled and 
when it starts running 

Is 15 CPU time taken to turn 
interrupts on and off. 

C, 20 CPU time to context 
switch the CQThread 
into and off the CPU. 

CA 20 CPU time to context 
switch the application 
thread into and off the 

W pS. This corresponds to what we would expect 
using equation (3). The Wait mode also benefits from 
message aggregation in this scenario under heavy traffic 
conditions i.e with more than 4 threads. This is probably 
because of the way the application model behaves. The 
application model sends and receives 

Table 3: This table shows the CPU cost 
components of the receive latency. The CPU cost of 
the send process is extremely small hence the CPU 
cost of a send-receive operation is defined entirely 
by the components in this table. The data in this 
table was obtained using software instrumentation 
in VI developed in-house 

Switch 
Test 

CPU. 
CPU time spent in the v 5  

Overhead I I I VI test. 

messages back-to-back. In a test with a large number of 
threads this results in a situation where we have 
messages being sent in a batch. These messages are then 
echoed in a batch so we have a burst of arrivals. If these 
arrivals are separated by an inter-arrival time that is less 
than the execution time of the interrupt service routine 
we are likely to see message aggregation in the Wait 
mode. In the CQWaitD mode, since there are only a 
small number of CQThreads each CQThread sees a 
higher message arrival rate than each VI would. In 
addition, since each 
CQThread spends a user-specified duration on a 
message before checking for new arrivals, the inter- 
arrival time between successive messages to the same 
CQ can be higher without lowering the message 
aggregation rate. One approach to validate this 
explanation for the data shown in Table 4 would be to 
modify the application model so that each thread pauses 
or delays for some time between successive send- 
receive operations. This delay may in fact be viewed as 
an inter-arrival time between messages on a VI. We 
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plan to study the variation in CPU cost with different 
distributions for this inter-arrival time. In summary, the 
poll mode of completion wastes too much CPU time for 
transaction processing systems, as can be seen from 
Table 2. Hence the only reasonable modes of 
completion would be a wait, notify, CQWait or 
CQWaitD. 

Table 4: Comparison of the CPU cost of the Wait 
and CQWaitD modes for varying number of 
application threads. In the CQWaitD mode all the 
presented data corresponds to tests with one 
CQThread and one CQ. 

Wait 

6 
12 
16 
20 
24 
32 
64 

W 
W 
W 
W 
W 
W 
W 

W 
W 
W 
W 
W 
W 
W 

W=28 J.LS 

The wait and CQWait modes are almost identical. The 
CQWaitD mode has a higher CPU cost than the Wait 
mode with low message aggregation but consistently 
lower CPU cost at high message rates. The notify 
mechanism [2] allows a user to name a function that 
will be run by VI using a notify thread when a message 
is received. This thread performs the following 
operations: context switches into the CPU, runs the 
function, picks up a message, wakes up the application 
and then context switches out of the CPU. Hence each 
message requires four context switches, two for the 
notify thread and two for the application thread. In the 
case of the CQWaitD mode with message aggregation 
the number of context switches can be reduced to a 
value close to two as shown in equation (6). Assuming 
that the work that need to be done once a message is 
dequeued is the same, the notify mode takes about two 
context switches more than the CQWaitD mode. Hence 
it can, at best, show as good performance as the 
CQWaitD mode. 

6 Conclusions 

In conclusion, we have shown that the CQ mechanism 
offers an optimal way (in terms of CPU cost) to receive 
messages in multi-threaded applications under moderate 
to heavy traffic loads. The analysis of CPU cost in this 
paper can be used to estimate an upper bound for the 

number of transactions that can be executed on a given 
system by an application. For a given application, if one 
measures the message arrival rate, and the average 
message inter-arrival time one can estimate a value for 
p using the latency data in Table 1. Given the data in 
Table 3, a value for p, and using equation (5) in section 
5 one can estimate the CPU cost due to messaging. 
Then using equation (1) in section 2 one can estimate an 
upper bound on the number of transactions that can be 
executed on a given system. 

7 AppendixA 

Here we derive expressions for the probability of 
finding and empty queue in a WG/1 system with 
different service time distributions for the customers 
arriving to empty versus non-empty queues. We will use 
the same terminology as in the body of the paper and so 
do not repeat it here. Further information about queues 
can be found in [6 ] .  

Suppose arrivals after time 0 0  occur at time points Al, 
Az, ... and departures occur at time points D1, DZ, ... 
and a departure at time Di leaves behind a queue of size 
Xi (for i=O, 1 ,..). Since the arrival process is Poisson, the 
sequence XI, Xl ,... is an embedded Markov chain 
(since the state Xi+, depends only on the state Xi, bo).  
Let Z, be the number of arrivals during the service time 
S, that completes at time D,. 

{ X f l - - l ~ Z ,  i fx ,  >o 
i f X , = O  Xn+l = 

For the random variable Z,,, let b, = P(Z,=j) and 

Given a service time of length x, we can write down an 
expression for the number of Poisson arrivals as 
follows. 

P(2, = j lSn+ ,  =x)=-  (W' e-h j 2 0  j !  

Integrating this by x, and applying the law of total 
probability, we obtain: 

Multiplying both sides by z' and summing over all j, we 
obtain: 
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Here the Laplace-Stieltjes transforms for the service 
times are defined as follows: References: 
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