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Abstract 

In this paper, we propose methods that allow network 
planners to explicitly account for both the stochastic nature of 
the fundamental traffic network planning problem and their 
attitude toward the risk of prematurely exhausting a switch. 
Some innovations to fundamental traffic network planning are 
introduced: 1) forecast uncertainty is tracked through real 
data; 2) risk analysis is performed in the rehome selection 
process; 3) the relief strategy is chosen based on cost, outlays 
for capital and labor, and risk. 

1. Introduction 

Fundamental planners must decide when and where to add 
switches to a telecommunications network. These decisions 
are typically made three to five years before the switch is 
installed. Therefore, all plans are based on forecasts and 
subject to error. In this paper, we propose methods that 
allow the planners to explicitly account for both the stochastic 
nature of the problem and their attitude toward the risk ef 
prematurely exhausting a switch. 

1.1 Fundamental Plannina Problem 

The first step in any plaD is to identify those switches that 
require relief and when the additional capacity is required. 
Figure 1 illustrates the three options available to a planner for 
each year: 1) continue with the present plans and risk the 
exhaust, 2) rehome some of the subtending traffic to other 
switches to defer the exhaust, and 3) build a new switch and 
rehome some traffic from the exhausting to the new switch. 
Some combination of these actions will determine the plan. 

If the planner decides to rehome some of the subtending 
offices away from the exhausting switch, then the selection of 
the offices to be rehomed will determine the probability of 
attaining the desired relief. This decision depends on the 
planner's attitude toward the risk of exhausting the switch in 
each year of the study. The planner will choose the plan that 
incorporates the best tradeoff between the risk that a switch 
will exhaust and the cost of implementing the plan. 

1.2 Prevloul Work 

Attempts have been made in the past to solve the traffic 
etwork planning problem as an optimization problem; 

however, most of these methods failed to take forecast 
uncertainty into account. Recently, the problem was 
formulated as a stochastic dynamic programming problem and 
it was shown that an inventory-type rehoming policy results in 
the minimum expected cost[1]. This was the first time that 
forecast uncertainty was considered in the model. 
Nevertheless, the conclusion was drawn based on the 
assumptions that the switch is termination limited and that 
only one relief switch is involved. One can show that if more 
relief switches are inVOlved, the inventory-type rehoming 
policy does not always produce the minimum expected cost. 
Furthe.rmore, many modem switches are attempt limited. 
Consequently, the application of this solution procedure is 

somewhat limited. 

1.2.1 New Approach 

In this paper, we propose a more general model, which will 
not have the shortcomings described above, to solve this 
problem and we use a different criterion for fonnulating the 
rehoming strategies. We generate a set of rehoming policies 
such that the plan cost, the risk of switch exhaust, and the 
outlays for capital and labor are all acceptable to the network 
planners. As a result of our method, we bring the following 
innovations to fundamental traffic network planning: 

1) Forecast uncertainty is explicitly tracked through the real 
data and no assumption on the form of the distribution 
function is made. 

2) For the first time, the network planners are able to plan 
for switch relief based on their attitudes toward risk. 

3) The best relief strategy is chosen based on the plan cost, 
the outlays for capital and labor, and the risk of a plan 
rather than only on the expected cost of a plan. 

4) There is no need to assume which of the two parameters, 
terminations and attempts, will determine switch exhaust. 

1.3 Outline of Paper 

The remainder of the paper is divided into two parts. 
Section 2 describes the planning procedure that should be 
followed to take advantage of our methods. This section 
shows how the planner would use our method to help make 
the required decisions. Section 3 contains the mathematical 
basis for our method and the calculations needed to support 
our method. 

2. The Plannina Pr~dure 

The planning procedure has three steps: 1) identify switches 
that will exhaust in each year, 2) specify a course of action, 
and 3) determine desirable rehomings. Each of these steps 
will be explained in the following sections. 

1.1 Switch Exhaust Forecastina 

The first step in solving the traffic network planning problem 
is to predict a switch exhaust. In the past, either a 
detenninistic forecast (e.g., [3]) or a stochastic forecast with 
an assumed distribution function (e.g., [2]) switch utilization 
was used with no effort to track and update the assumed 
distribution function. In order to more accurately reflect the 
stochastic nature of the forecasting process, we have devised a 
method to track and update the distributions associated with 
switch utilization. 

The distributions are constructed based on measurements of 
the total terminations and the total number of attempts at each 
switch. These measurements are compared to previous 
forecasts to derive the error distribution associated with each 
parameter as a function of time. The actual calculations to 
perform this construction are provided in Section 3.1. 
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Using the method described in [3] to forecast switch 
utilization and then the method described above to track the 
uncertainty of the forecast, we can construct the probability 
distribution functions for the total terminations and the total 
number of attempts. Since a switch is either attempt limited 
or termination limited, the exhaust probability is equal to the 
probability that an attempt or termination threshold is 
exceeded. 

11 NO CHANGE 

WORLD 

2) CHASING CAPACITY 

WORLD 

3) BUILDING A NEW SWITCH 
WORLD 

FIGURE 1 THREE PLANNING OPTIONS 

2.2 PIaD SpeclflcatloD 

The second step for solving the switch relief problem is to 
choose a relief strategy. First, the network planner specifies 
several alternatives; each consists of the years in which 
rehomings are desired and if a new switch is to be built, the 
year in which it will be built. In addition, the planner must 
specify 'the candidate relief switches in each year. These relief 
switches can be used by the planner to provide a desired 
number of years of deferral for the exhausting switch. The 
offices to be rehomed in each year are selected by solving an 
integer linear program which is fonnulated in Section 3.2, 
based on the network planner's attitude toward risk, and the 
constraints on outlays for capital and labor. The cost 
associated with each alternative is evaluated and the network 
planner reviews the costs to determine the best relief strategy. 

2.3 Rehome Selection Under Uncertainty 

An integer linear program similar to the one described in [3] 
is used to solve the rehome selection problem. The explicit 
consideration of risk in this process requires several additional 
inputs by the planner. These inputs reflect the planner's 
attitude toward risk based on knowledge about the 
distribution functions of the attempt and termination 
forecasts. The method for determining these inputs is 
described in Section 3.3. 

One factor that helps determine an acceptable level of risk is 
the year under consideration. Certainly a plan.'ler is more 
concerned about a switch with exhaust probability 0.7 in the 
second year than a switch with the same exhaust probability in 
the tenth year. In the latter case, no immediate action is 
necessary and the network planner can afford to wait for 
several years to see whether the switch is actually going to 
exhaust. Therefore, the acceptable level of risk should be 
increasing as a function of time. 

The network planner is presented, for a year in which 
rehomings occur, with a list of offices to rehome. The 

probability of exhaust associated with this set of rehomings is 
also displayed. Financial constraints may force the planner to 
reassess the acceptable level of risk. The final choice is made 
by balancing the constraints against the risk. The planner 
then proceeds to the next year in which rehomings occur and 
repeats the process. This procedure enables the planner to 
formulate a relief strategy that 1) is risk-acceptable, 
2) satisfies the financial constraints, and 3) will not exhaust 
the relief switches. 

3. Tramc Network Planninl Method. 

In this section, we will first describe how forecasts are tracked 
and how exhaust probabilities are generated from the tracking 
results. Then, we will explain how to plan for switch relief to 
account for the information about the probability of exhaust. 

3.1 Forecalt Trac:klnland Ellhault ProhabWt, Calculation 

In the fundamental network planning process, two items are 
tracked: 

a) accuracy of termination forecast, and 

b) accuracy of attempt forecast. 

Since , switch is either termination limited or attempt 
limited, the exhaust probability can be calculated based on 
the forecasts from the exhaust prediction tools in [3] and the 
information from a) and b). In the following, we will 
describe the procedure for tracking a forecast and how to 
calculate the exhaust probability. 

3.1.1 ForKast Tra~klnl Method 

The objective of the forecast tracking procedure is to 
determine the error distributions for the items we track. The 
key in this step is to compare forecasts with measurements. 
Since forecast errors tend to grow as the length of forecast 
interval increases, the error distributions are functions of the 
forecast interval. 

We now describe the procedure for calculating error 
distributions for a forecast. This procedure is used for both 
the attempt and termination forecasts in the traffic network 
planning process. Assuming that the tracking procedure is 
started in Year 0, we first introduce the following notation: 

I1lx),1=I, ... ,t: 

~(.%), 1=1, ... ,t: 

R~(.%), 1=1, ... ,Z: 

D,(x,y) 

the forecasted value for a 
particular item x in Year j made 
in Year i for Switch k. (For 
example, in Year i, we forecast 
the number of terminations for 
z switches in Year j.) 

the measurement for a particular 
item x in Year j for Switch k. 
(For example, the numbers of 
terminations for z switches 
measured in Year j.) 

the new samples obta4ted in 
Year j for the forecast errors with 
the length of forecast interval 
equals t. 
the forecast errors which are used 
to form the error distribution for 
a forecast x with interval length e 
in Year j. 

the error distribution for a 
forecast x with interval length e 
and parameter y. 

1. ~ theory, a switch can also be usaae limited; however, it rarely happens 
Ul practICe, 
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DJex,y) the error distribution for a 
forecast x with interval length t 
and parameter y, estimated in 
Year j. 

In Year 0, we start the tracking procedure. In this year, a 

forecast is made and {F!l%), j=l, ... ,1I;k=l, ... ,z} 
are determined. Next year, the measurements are taken a..'ld 

{~(X), k=l, ... ,z} are obtained. Also, a new forecast is 

made and {I1lr), j=2, ,1I+1;k=1, ... ,z} are 

determined. Consequently, in this year, the forecast errors, 

{Rt1(X),k-l, ... ,z}, can be calculated by comparing the 

forecasted values, {J11(X),k=1, ... ,z}, with the 

measurements, {~(X), k-l, ... ,z}. Since this is the first 

time we calculate the error distribution with the length of 

forecast interval equals 1, and {Rtl (x)} are the only samples 

we have, {Et1(X),k=l, ... ,z} are the same as 

{Rt1(X), k=l, ... ,z}. Then, Dt(x,y) is calculated using 

{Et1 (X)}. 

In Year 2, both {I1j(X), i=3, ... ,11+2; k= 1, '" ,z} and 

{~ (x), k = 1, ... ,z} are determined. Comparing the 

forecasts made in Year 0 for Year 2, 

{I12(X), k-l, ... ,z},2 and the forecasts made in Year 1 

for Year 2, {I1l(X), k=l, ,z}, with the measurements 

taken in Year 2, {~(X), k=l, ... ,z}, we obtain the new 

samples for the 2 year forecast errors 

{~2(X)' k=l, ... ,z}, and those for the 1 year forecast 

errors, {~1 (x), k= 1, ... ,z}, respectively. Since the error 

distribution for t ... 2 has not been estimated before, {~l(X)} 

are the same as {~2(X)} and D1(x,y) is calculated through 

{~2 (x) }. To estimate Dl (x ,y), we can either use 

{~1 (x), k= 1, ... ,z} directly or update Di(x,y) by 

incorporating {~l(X)} into {Et 1 (X)} to form 

{~1(X)' k=l, ... '2z}. If Dl(x,y) has not changed from 

Year 1 to Year 2, the latter method will produce a better 
estimation for D1(x,y) because we have more samples. 
Therefore, we have to test whether Dlt,y) has changed from 
Year 1 to Year 2 before calculating Dl(x,y). 

2. If rehoming is performed in Year 1, {I12 (x) } should be adjusted to 

account for the rehoming performed . 

The chi-square test is used to test D1(x,y). First, we divide 
Dt(x,y) into cells of equal probability and create a histogram. 

Then, the distribution formed through {~1 (X)} is tested 

against Dt(x,y). If the test succeeds, {~1 (X)} are 

incorporated into {Etl (X)} to form {~l (X)} which are used to 

construct D:(x,y). Otherwise, the distribution constructed 

through {~1 (X)} is used for Dl(x,y). By doing this, we can 

react to the changes in the error distributions and increase the 
accuracy of error distribution estimation. 

From the cases described above, we can therefore summarize 
the steps to be performed in Year j for estimating 

{DI(X,y) , t= I, ... 'i} in the flowchart shown in Figure 2. 

1) Take measurements, {~(x), k=l, ... ,z}. 

2) Calculate {~I(X)' k=l, ... ,z} for t=l, ... ,i. 

~1(X) - ("!'J(x) - ~(x»/~_'J(X) .4 

3) Calculate DJ(x,y). 

a) Let ~j(x) ... ~ix) for k=l, ... ,Z. 

,z} to construct DJ(x,y). 

4) Calculate DJex,y) for t-l, ... ,j-I. 

~ Let X be the distribution constructed from 

te,-,·,(Z)} 

~ Let Y t be the distribution constructed from 

t~I(X) }. 

c) Use the chi-square test to test Y l and Xl' 

If "rejected", go to Step d). 
Otherwise, go to Step e). 

d) Let {~,(x)} = {~I(X)} and DJex,y) = yt. Next 

t. 

3.1.2 Exhaust Probability CalculP.tloD 

A switch exhausts when the termination or attempt capacity is 
exceeded. Therefore, the exhaust probability, P(A,i), for a 
particular switch A in Year j can be expressed as follows: 

3. ,,_ t }r) sho.uld be adjusted to account for the rehomini5 perfonned 
between Year Jot and Year j . 

4. Forecast errors are calculated in percentage . 
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FORECASTS FROM 
PREVIOUS YEARS 

FOR YEAR j 

{Frj (Xl} 

COMPUTE ERRORS FOR 
INTERVALS OF LENGTH l, 

.I. .1.2 •.. .. 

{R~,} 

CONSTRUCT ERROR 
DISTRIBUTIONS WITH 

R ·1.2 • . .. . 
{Y.,} 

CONSTRUCT ERROR 
OISTRIBUTlONS WITH 

R ·1.2 • . .. . 
{x .. } 

FIGURE 2 TRACKING PROCEDURE IN YEAR j 

P(A,]) ... PrObf'(}) > C, or V.(l) > c .. } 

= PrOb{V,(}) > c,} + prOb{VCI (}) > c.} 

- prOb{V,(j) > C, and V.(}) > C.} (1) 

where V, (j) = the termination utilization for Switch A in 
Year j, 

Ct ... the termination capacity for Switch A, 

V,,(j) = the attempt utilization for Switch A in Year j, 
and 

C. = the attempt capacity for Switch A. 

From Equation (1), it is clear that to calculate P(A,j) we have 
to know the distribution functions for both V, m and V. (j). In 
addition, we also have to know 
Prob{Ut(j) > C, and V.(}) > Ca}' This can be done through 
numerical integration once we know the distribution functions 
for both V,(j) and V.()). However, for simplicity, we can 
skip calculating Prob{U,(}) > C, and V,,(l) > e.} by using the 
following approximation: 

P(A,j) :::: maX{Prob{V,(}) > C,}, Prob{Va (}) > CCI}} . 

In the previous section, we have described how to estimate 
the error distributions; therefore, the problem here is how to 
use the error distributions we estimate to construct the 
distributions for both U, and U.. Suppose in Year i, we have 

estimated the error distributions, {D~(T'Y) ,t=1,2, ... ,,.} and 

{DHA,y) ,t= 1,2, ... ,,.}, for termination and attempt forecasts 

with forecast interval ranging from 1 to n following the 
procedure described in Section 3.1.1. Consequently, D~(T,~) 
and D~ (A,y) represent the probabilities that the t-year 

termination and attempt forecasts have erron smaller than x 
and y, respectively. Let F~(T) and F~(A) be the termination 
and attempt forecasts for Year j forecasted in Year i. Hence, 
the forecast interval, t, for these two forecasts is equal to (j
i). Since V,CD and V.m represent the termination and 
attempt utilizations in Year j, the t-year termination and 
attempt . forecast erron can be expressed as 

(F~(T) - V,(}) )/F~(T) and (F~(A) - V .(}) )/F~(A), 
respectively. Thus, the distribution functions for V,m and 

V. U) can be derived from the following: 

= 1 - D~ [T,(F~(T)-t)IFJ(T)] 

Prob{V,.(j) s a} ... 1 - DdA,(Fj(A)-a)IFj(A)] 

Therefore, 

Prob{V,()) > C,} = D~ [T,(F}(T)-t)IFj(T)] 

Prob{V,(}) > C.} = D~ [A,(F~(A)-a)IFJ(A)] 
The attempt forecast is a multiple-hour forecast. However, in 
the tracking process, we only track the attempt forecast for 
the busiest hour and apply the resulting error distributions to 
all hours in the rehoming selection process. We believe that 
this will not seriously affect the rehome selection since only 
the number of attempts in the busiest hour is used to 
determine whether the attempt capacity has been exceeded. 

Also, as described in [3], the attempt forecast is made by 
forecasting the number of trunks by signaling type terminating 
on a switch and mUltiplying these numbers by their associated 
attempt per trunk ratio. Therefore, in the tracking process, 
instead of tracking the total number of attempts, we can track 
the number of attempts by signaling type and convolve the 
resulting error distributions to form the distribution function 
for the attempt forecast. 

3.1 Rehome Selections and Risk Analysil 

For each year in which rehomings are performed, an integer 
program is solved. The objective of reh~me selections is to 
lower the risk of switch exhaust to the level specified by the 
planners in the most economical way. We now provide the 
formulation of the integer program. 

Minimize ~ C,~,' 

Subject to 
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and, 

where 

J 

K 

0jA = 

-t 

and 

l: s/jXI } :s 'i} for all j£J 
"I 

XI} ( (0,1) 

the set of offices subtending the exhausting switch, 

the set of existing relief switches, 

the set of switch busy hours, 

(4) 

(5) 

(6) 

the cost of rehoming Office i to Switch j, iEl and j(J, 

the indicator, XI) = (1,0) = (rehome, do not 
rehome) Office i to Switch j, 

the forecasted number of attempts removed in 
Hour k from the exhausting switch through rehoming 
of Office i, 

the forf',casted number of attempts to be added to a 
relief switch in Hour k through rehoming of Office i, 

the number of attempts to be removed from the 
exhausting switch in Hour k such that the resulting 
exhaust probability is equal to the risk specified by 
the network planner, 

the upper bound on the number of attempts to be 
added to relief Switch j in Hour k such that the 
resulting exhaust probability is equal to zero, 

the forecasted number of terminations removed from 
the exhausting switch through the rehoming of 
Office i, 

the forecasted number of terminations added to the 
relief switch through the rehoming of Office i, 

the number of terminations to be removed from the 
exhausting switch such that the resulting exhaust 
probability is equal to the risk specified by the 
network planner, 

'iJ " the upper bound on the number of terminations to be 
. added to Switch j such that the resulting exhaust 

probability is equal to zero. 

Equation (1) ensures that each subtending office is rehomed 
to at most one relief switch. Equations (2) and (4) guarantee 
that the resulting rehoming policy is acceptable for the 
network planner. Equations (3) and (5) ensure that the relief 
switches will not exhaust within the planning horizon. 

Before this integer program is solved, the values for 

{a. }, {b".-} ,t, a.Tld {Sj} have to be determined. These values 

depend on the acceptable risk level specified by the planner. 
Once the acceptable risk level, 'Y, for a particular ye·ar is 

specified by the planner, {at}, {b~}, t, and {S}} are 

determined based on the distribution functions for the attempt 
and termination forecasts. 

Since the method for calculatin1 each set of values is the 

same, we only describe how {a. are calculated. Let Ft be 

the distribution function for the number of attempts in Hour k 

and Zt be the smallest number such that (l-Ft (z,t»:S 'Y. 
Then, Zt is the attempt capacity needed in Hour k that will 
insure the risk of switch exhaust to be within the ltwel 
specified by the planner if no rehoming is performed. Le.t C. 
be the forecasted attempt capacity in Hour k. Consequently, 
the difference between Ct and Zt is the number of attempts in 
Hour k that we want to reduce through rehoming. Therefore, 

The integer program can be solved by the method described in 
[4]. After the integer program is solved, a set of offices to be 
rehomed away from the exhausting switch to the relief 
switches or the new switch in a particular year is produced. If 
the cost and labor associated with rehoming these offices are 
feasible, the planner can then proceed to the next year in 
which rehomings will occur. Otherwise, the planner may 
have to rehome only a subset of the offices. 

If the financial constraints force the planner to rehome only a 
subset of offices, the final choice is made by balancing the 
constraints against the risk. In this case, the planner has to 
raise the acceptable risk level and rerun the integer program 
until the financial constraints are met. However, if the 
resulting risk of switch exhaust is too high under the existing 
financial constraints, the planner has a strong case to request 
more capital. 

Based on the discussion above, we can then summarize the 
steps to be performed in a particular year in which rehomings 
occur: 

1. The planner specifies the acceptable risk level 'Y. 

2. Adjust the attempt and termination forecasts to reflect 
the rehomings selected in the previous years. 

3. Calculate the exhaust probability p. 

4. If p :s 'Y, go to next rehoming year. 
Otherwise, go to next step. 

5. Calculate {at}, {b~}, t, and {.9. 
6. Solve the integer program and identify the offices to 

rehome. 

7. Calculate the cost and labor associated with rehoming 
the offices identified in Step 6. 

8. If the cost and labor are feasible, go to next rehoming 
year. Otherwise, go to next step . 

9. The planner specifies a higher risk level and repeats 
steps 5·7 until the cost and labor associated with 
rehoming are feasible. 

10. The planner either adopts the rehoming produced in 
Step 9 or requests for more capital. 

4. Conclusion 

Like most of the planning process, forecasting plays an 
important role in fundamental traffic network planning. 
Because of the stochastic nature of the forecasting process, 
one must take forecast uncertainty into account in the 
planning process. In this paper, we have presented the 
methods for tracking a forecast and utilizing the traCking 
results in analyzLTlg the risk associated with a switch relief 
plan. Although these methods are developed for fundamental 
traffic network planning, they can be easily modified to apply 
to many other planning processes. 
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