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Mathematical and simulation models are developed to assess the efficacy of 
using artificially generated "load box" traffic to detennine load-service 
relationships. We indicate that for small systems, there can be a major 
difference between load box results and Poisson traffic results. A 
synchronization phenomenon is also investigated which occurs in tandem 
and toll environment. Here, work within a processor can be int~mally 
batched dependent on the variability of digit arrival times and produce 
excessive delays. The results appear to be con finned by field data. 

1. Introduction 

It is common to test voice switches using computerized load generation devices, commonly referred to 
as "load boxes". Sophisticated versions of these devices will generate an off-hook indication on a line 
(or trunk), wait for dial tone (or wink start), dial (or outpulse) prescribed digits, wait for ringing and 
answer, then hold the line for a period of time to simulate conversation and finally disconnect. After a 
"pause" period, these devices will generate another attempt on the line and continue the process. There 
are several parameters that can be varied with these devices. These include the type of ~all to be 
generated, the period of time to wait for a "start signal", length of conversation and the pause period. 

One of the main purposes of load boxes is to test that proper treatment is given various calls, to test 
overload control mechanisms, and for overload perfonnance testing. They allow precise generation of 
traffic and can be used to develop load-service relationships for a switch. It is this application that we 
will address in this paper. 

We develop mathematical models for load box traffic offered to a switching processor. We also analyze 
Poisson traffic offered to the same processor model. A simulation was developed to validate the 
mathematical models and to extend their results. In the course of the validation, surprising results were 
obtained which are explained by synchronization effects - work batching occurring within the processor. 
Parameters affecting the synchronization were studied and this indicated that synchronization can occur 
not only with load boxes but in Poisson traffic models as well. Field data substantiates our findings: 
tandem switches are susceptible to synchronization effects. In extreme cases, a 30% difference in 
capacity can result 

When parameters are chosen so that there are no synchronization effects we analyze the load-service 
relationships for the load box model and compare them with the Poisson case. We show that for large 
systems, having a capacity in the vicinity of 200,000 calls per hour, the load-service relationship 
obtained from load box traffic is close to that for Poisson traffic. For small systems, having a capacity of 
tens of thousands of calls/hour, there can be a significant difference in the results. With a 1" mean 
origination delay, there can be a 15% difference in occupancies between the load box (closed) system 
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and the Poisson (open) system. This is indicated in Figures 4 and 5. 

2. Background 

Because of the costs of provisioning, the number of lines and/or trunks which are available for testing is 
usually limited to a small quantity. In order to generate sufficient load to stress the real time capacity of 
various system components, the conversation times are made artificially small, usually only a few 
seconds. Thus, the line and trunk utilizations are made very high, with the pauses between successive 
calls kept to a minimum. There are two difficulties with these tests from a traffic perspective. 

First, the load generated is fairly constant. Calls generated on individual lines are staggered initially so 
as not to present the system with a sudden burst of traffic. But, the times between successive call 
generations is usually kept constant. Load is added to the system by adding additional lines during the 
test until system exhaust is reached. The second problem with load box testing is the finite source 
effect. As the system under test becomes stressed, dial tone delay (or wink start delay) will increase, as 
well as other call processing delays. This will increase the length of time of a call (from origination to 
disconnect) thus causing less call attempts per unit time on each line (trunk). Some load box devices 
will dynamically shorten the "pause" to maintain constant call duration, but unless the pauses are very 
long, the pause periods may become negligible, and the call attempt rate per line (trunk) may decrease. 

3. Simulation Model 

In order to validate the analytic results and to explore more detailed behavior, a call by call simulation 
of a switch processor was developed. The simulation is intended to approximate both the peripheral and 
central processors of modem digital switches. The simulation model assumes that the work schedule of 
a processor has a priority structure. Thus, if Q bQ 2, ... ,Qn are call processing queues internal to a 
processor, Q 1 will have precedence over Q2, Q2 will have precedence over Q3, etc .. The priority 
structure is assumed to be nonpreemptive. We will assume that the processor schedule has a basic 
cycle~ which begins with processor overhead to do critical audits, schedule work tasks etc .. Then, the 
processor begins work on Q 1, serving it until no work remains before moving on to Q 2 etc.. Q 1 is 
normally expected to be used for work that has somewhat critical servicing requirements. Thus, to 
insure that Q 1 is visited often enough, a maximum time interval is specified to service the sequence 
Q .,Q 2, ... ,Qn' This interval we will denote by T. 

After servicing a request, the time spent in the current base cycle is compared with T. If this time 
exceeds T, the base cycle is restarted, beginning with the overhead, then proceeding to Q 1 etc.. To 
insure good throughput performance, and system sanity, originations (or the first work on a call) are 
assigned to Qn. This results in the throttling of new inputs when there is excessive work in the system. 
Another throttling mechanism which is also used is to ignore incoming trunk originations (or send the 
call to treatment) when the origination is delayed more than, say, t. A justification of this "time-out" is 
that the origination in the case of an incoming call will be timed by the originating switch. In the event 
that the origination is not recognized by the destination switch within a specified time period, the 
originating switch will abandon the request. 

Our call by call simulation allows calls to originate either as a Poisson process, or simulates "load box" 
finite source traffic. In addition to processing the origination, processing time is also required for other 
phases of a call, e.g. digit translation and routing, and disconnects. For each call type, the simulation 
requires, as inputs, the sequence of queues ( Qi } that is to be traversed, the time it takes to process a 
particular call type in that queue, and after processing a request from a particular queue, the time that 
the call will appear in (possibly) another queue. In addition, the various times are modelled as random 
variables. 

4. Mathematical Models 

In order to gain understanding of load box behavior, a simple model can be constructed which ignores 

3.3B.2.2 



ITC 12 Torino, June 1988 

the details of the processor scheduling and only uses the total service time of the entire call. It is 
equivalent to assuming that all of the work of a call occurs at the instant that the origination is handled. 
There are N sources generating traffic. Each source can have a separate service time, si. After a call is 
served, each source will pause R seconds before initiating a new attempt. If R is constant then it is not 
hard to show that the waiting time (origination delay) experienced by the jth source is given by I 

N 
( L Si -R)+ 
i not j 

(1) 

The superscript + denotes that the expression is zero if the quantity is negative. Clearly, the waiting 
time can be averaged over all sources. The result is derived by observing that because R is constant, the 
initial order of arrivals is preserved for all time. Sutprisingly, comparisons with simulation indicate that 
equation (1) appears to be valid even if R is exponential. 

Comparing the results obtained from (1) with field data and the detailed simulation described earlier 
indicate that (1) predicts delays which are too high for light loads and too small for heavy loads. Thus, a 
more detailed mathematical model is warranted. 

This model is depicted in Figure 1. The first queue is served first-in-first-out (FIFO). After service in 
the first queue, the customer proceeds to an infinite server second queue, with general service time, 
mean 1/~. The service time in the first queue is exponential with rate depending on the number of 
customers being served in the second queue. After completion of service in the second queue, the 
customer instantaneously arrives in the first queue. The second queue is intended to model the time that 
a call is in the system after the origination is processed. It also includes the "pause" time. After the 
origination is processed, the call will offer work to the system and be served at a higher priority than the 
originations. We model the effects of the higher priority work by making the service time for 
originations dependent on the number of calls "in progress". 

Because the number of calls is finite, N, the service rate in the first queue can be made dependent only 
on the number of customers in the first queue by a relabeling. Because of this, standard network of 
queues results can be applied and the system exhibits a "product form" solution. We should also note 
that by insensitivity arguments, the state depends only on the mean service rate in the second queue and 
not on the distribution. Thus, we can without loss of generality assume the service time distribution in 
the second queue is exponential. 

It will be convenient to make a further observation, namely that the two queue model can be reduced to 
a single queue model which has a state dependent arrival rate. Here, Ai =(N -i)~ where i is the number 
of customers in the first queue. Then, it is easy to detennine the time average probability that there are 
i customers in the first queue, Pi, from the recursion below: 

Ai 
Pi+l = -,,-Pi 

Jli+l 
(2) 

Here, ~i is equal to JlN -i. The initial state, Po can be found in the usual manner by summing the 
probabilities to 1. The average delay in the first queue, W, can be computed through an application of 
Little's Law: 

N 

LPi 
i=1 

w=-N--

LAiPi 
i=O 

(3) 

It is ' actually easier to use the network of queues fonnulation to detennine the state probabilities and 
average waiting times because that fonnulation allows a computational attractive mechanism for 
recursing on N. 

Deriving waiting time distributions is much more complicated. Nonnally, if the state distribution at 
arrival instants is known, one can derive the waiting times conditioned by this state by adding the 
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number of service times required. Unfortunately, in our case, the service time can change while a 
customer is progressing through the queue because of each departure and new arrivals. What is needed 
is to account for the number of customers in the system as well as the number of customers ahead of an 
arrival. We will consider the virtual waiting time that a test customer will experience. Let WiJ(t) = 
Probability that the waiting time is greater than t, given there are j + 1 customers ahead (including in 
service) of the test customer and i behind. Then, it is possible to derive a differential equation for 
Wjj(t) : 

Wij(t) = J.li+j+2Wij-l(t) - (Ai+j+2 + J.li+j+VWiJ(t) + Ai+j+2Wi+1J(t) 

These equations yield a simple recurrence for j = 0, since in this case: 

W I,O(t) = -(Ai+2 + J.li+VWi ,o(t) + Ai+2Wi+l,O(t) 

This can be solved starting from i = N-2 which produces 

W N -2,O(t ) = e -J.lNt 

(4) 

(5) 

(6) 

From knowing Wj ,o(t), we can solve for Wj ,I (t); this in turn allows us to solve for Wi ;l(t) etc .. 
Although this appears straightforward, it is in fact tedious. However, exact expressions have been 
obtained for N = 5. Approximate solutions seem more appropriate. (We have also developed a model 
for the case where the server operates in a processor sharing mode. This model leads to a formulation of 
the delay distribution which is somewhat more tractable. Due to space limitations, the results of this 
model are not included.) After the Wj J (t) are obtained, in order to determine the test customer's 
distribution, the following sum must be determined: 

N-2 
Wet) = L W oJ (t)1tj (7) 

j:{J 

In the above expression, 1ti is the same as Pi but with one fewer source. This is necessary in order to 
relate the time average probabilities to the state seen at arrival instants. 

To develop a model for the Poisson (or open) system case, we first observe that the conversation times 
are normally substantially longer than those associated with load boxes. This tends to produce less 
correlation between the originations and other work on a call. Thus, a simpler model can be attempted. 
In fact, we will assume that the system behaves as an M/G/l queue. We will discuss the choice of the 
service time in the validation section. 

s. Simulation Results - Synchronicity 

Before we discuss the use of the simulation to validate and extend the analytic results, we need to 
discuss "anomalous" cases that occur which the analytic models do not handle. These "anomalies" are 
important in their own right since they indicate potential problems in switch performance that can occur 
and also indicate difficulties in interpreting load test results. 

The first of these anomalies occurred in validating the analytic modelling. Intuitively one would expect 
that load box test results would produce optimistic performance characteristics. The delays measured 
using load box traffic are expected to be less at the same occupancy than Poisson traffic. This is in fact 
nearly always the case. However, there are situations where the opposite can occur. 

As an example, consider the case where we have three phases of a call to process: origination, digit 
processing, and disconnect. Assume that after start dial is received, all of the digits are sent to the 
processor in a group 6 seconds later. Assume that after digit processing, the disconnect will occur 6.5 
seconds later. The time after disconnect until a new seizure is made by the load box was set to be a 
constant 1 second. Comparisons of the load box load-service relationship versus an (open system) 
Poisson offered load were made using the simulation. The digit arrival times were set to be the same as 
for the load box case, 6 seconds. The conversation time for this case was set to be 100" exponential. 
The average delay for processing originations for the load box system were higher, for the same 
processor occupancy, than the Poisson (open) system. ,The explanation for this phenomenon is the 
following. Because of the priority structure of the processor, originations tend to be processed in 
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batches. If there is a significant amount of higher priority digit and disconnect work, no originations will 
be handled for a period of time. Only after the higher priority work is completed will originations be 
processed. At this point there will often be a queue of originations, so many will be admitted into the 
system at the same time. Since the digits are scheduled to arrive at a constant time in the future, .there 
will be a large amount of digit processing activity at that time (6 seconds). This will cause originations 
to be queued and batched. Furthermore, after the processing of a batch of originations, disconnects will 
occur at a constant time in the future. Thus there will be a batch of disconnects occurring at the same 
time (6.5 seconds) in the future. This will also have the effect of further queueing and batching the 
originations. Also, the system may develop another synchronization whereby the digits from one batch 
of originations coincides with the disconnects from another batch of originations. Another 
synchronization also develops because if the disconnects are occurring in a batch, new load box 
originations will also occur in a batch. 

What is somewhat surprising is that this synchronization may be removed by making only a small 
adjustment to the load box parameters. For example, if the digits are set to occur 4 seconds after an 
origination is processed, the " results change dramatically. 

In retrospect, it may not be surprising that synchronization effects could occur with load box traffic 
because of the clocked nature of the events. What may be more surprising is that we have observed 
synchronization effects with open systems. Again, we will take the simple case where there are three 
phases of a call to process: originations, digits and disconnects. We will keep the "conversation" time to 
be the same throughout our analysis, 100" exponential. What we will vary will be the time from 
processing of the origination until digits arrive to be processed. Figure 2 illustrates the effects of 
changing the variance of the time that the digits arrive. The system parameters were chosen so that the 
call rates of interest were near 200,00Q calls/hour. This is often the typical size of many switches. As the 
figure illustrates, there is a large difference in switch performance. The smaller the variability of digit 
arrivals, the more synchronization effects are produced and the worse is the switch performance. 

The apparent "bending back" in the figure is due to the action of the time-out parameter, 'to In the 
example, it is set to 3 seconds. Upon time-out, the request is cleared from the system and reattempts 
with probability .6, thirty seconds (ex~nential distribution) in the future. As more calls are offered to 
the system, we often observed that the occupancy would slightly decrease with increased offered load 
and then continue to increase. This we believe is due to the fact that delays to originations reach a point 
where time-outs occur. This reduces the load on the system at some future time, but the synchronization 
of load keeps the delays high. In "Figure 3 we examine the effects of varying the mean time that the 
digits arrive. With a higher mean time, some of the synchronization effects disappear. 

One can argue that our simulation model is somewhat ideal and that the results are simply mathematical 
anomalies. Field data indicates that this is not the case. We have extensive field data from a pure 
tandem switch in which the digit arrival times are expected to have a small variance. The field data is 
very close to the behavior indicated in figure 2 for the Uniform (3,8) case. 

Fie~d data obtained from local exchanges where the digit arrival times are expected to be much more 
random tend to more closely resemble the Uniform (1,10) case depicted in Figure 2. We believe that 
this analysis provides evidence for the need to allow originations and other work to a processor to arrive 
in a smooth, controlled manner. We are currently exploring means of doing this. 

6. Validation of Mathematical Models 

In order to validate the mathematical models, parameters had to be chosen so that synchronization 
effects would not be present. This is necessary since the mathematical models do not model possible 
synchronization effects. As we also noted above, synchronization thus far only appears to occur in a 
minority of applications. 

To apply the mathematical model for the closed system, we must first decide on the fonn of the service 
rate J.1.i' We should first note that 1/~. which is the work done on an origination. is typically small in 
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comparison to the other work done on a call. Thus, for purposes of comparison, a simple fonn of 1I1li 
can be chosen : l/~i = l/J..lo(1 +(N -i)C I~). Here, C is equal to the work done on a call after the 
origination is processed. More complex expressions for l/~i can be used which correspond to a more . 
accurate characterization of the high priority "busy period", but this was not deemed necessary for the 
parameters considered. 

Comparisons were made between the mathematical models for choices of parameters where 
synchronization was not a factor. In the cases exammed, the average delays of the closed model were 
about a factor of 2 higher than the simulation results. This is not too sUIprising because of the 
(necessary) choice of an exponential service time distribution in the mathematical model. The service 
times chosen for each of the phases of a call in the simulation were constant. This is appropriate if there 

-is mainly one type of call being processed. For multiple call types, it appropriate that the service time 
distributions have a higher variance. This tends to make the simulation approach the analytic results. In 
fact, when the simulation holding times were chosen to be exponential the results agree reasonably well. 

If we chose the service time distribution for the open model to be exponential, the average delays for the 
open mathematical model were also about a factor of two higher than the simulation, as expected. The 
selVice time distribution for the open mathematical model should be tailored to the call mixture 
anticipated and the·\ resulting selVice time variance. For purposes of relative comparison, however, the 
analytic results give satisfactory accuracy. 

7. Comparison of Load Box Results and Poisson Model 

To ascertain the accuracy of load box testing in developing load-service relationships, parameters were 
again set to avoid synchronization. Figures 4 and 5 summarize some of the results. The term "Large 
System" is used to indicate processors whose capacity is in the vicinity of 200,000 calls/hour. "Small 
System" is used to denote processors whose capacity is in the tens of thousands of calls/hour. "Open 
System" refers to Poisson input, digit arrivals occurring Uniformly between I" and 10", and exponential 
100" conversation times; while "Closed System" represents load box traffic with 6" constant 
conversation time, digit arrivals occurring Uniformly between 1" and 10", and a 2" pause interval. Load 
boxes can approximately generate a "Uniform" digit arrival stream by making the number of digits 
dialed different among the load boxes. 

For the Large System, the difference in the load-service relationships is relatively small. For example, 
choosing a 1.0" average origination delay as a comparison point and capacity reference, we see that the 
difference in occupancy levels is less than 1 %. For the same 1" average delay with the small system, the 
difference in occupancy levels is about 15%. For other criteria, the differences are somewhat greater. 
Choosing 0.5" as the target average delay, the difference in the Large System is about 3%, while that for 
the Small System is close to 20%. Other comparisons can be made, e.g., using offered calls instead of 
occupancy as the figure of merit. For a 1" average delay, the first offered calls for the Small System 
were 17% different, while the total offered calls (including reattempts) differed by 10%. 

8. Conclusions 

We have indicated that synchronization effects can greatly alter system performance both for load box 
tests and in field .conditions. This phenomenon has only recently been explored, much more needs to be 
done. With new automated services being offered, synchronization needs to be kept in mind when doing 
performance analysis. As a consequence, attention must be place on designing task schedules for 
processors so that work is allowed into a system in a smooth, controlled mariner. Preliminary analysis 
indicates that it is possible to remove many of the synchronization effects through judicious "load 
smoothing" . 

The issue of relative perfonnance of load box tests versus field conditions needs further study. A key 
question that still has to be answered is whether param~ters can be altered. in load box tests to reliably 
predict actual system performance, especially for small systems. 
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