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1.0 \~ovERVIEW OF RESEARCH PROJECT

is the final report (see Ref. 1 —3 for earlier intermediate re-
ports) oncerning a research project which focusses on the development of sche-
duling algorithms and the demonstration of the use of sequencing and scheduling
techniques research in the planning and ordering of Naval activities . A

r specific problem area deals wi th the scheduling of test activities at Naval
test, development and evaluation facilities. For_examp~~~ at the Naval Ocean

-- Systems Center in San Diegc~~~~ e Is presently under construction the Elec-

i 
L tronics Development and Testing Laboratory (EDATL) which has the mission

• 
~~~ 4see—Re# r-4-)-~~o provide facilities and technical support to permit complete

integration and simu l taneous multi-platform testing of total electronic corn-
man d con trol , comun ica tions , surve i llance , intelligence , and ocean surveil-
lance systems in an electromagnetical ly shielded and controlled environment.”~
The EDATL will contain a core of ADP equipment available for use by projects
on a resource shar ing bas is.

To fully utilize the EDATL facilities and equipments , scheduling
1 techniques that accurately predict workloads need to be developed and imple-

mented. The bi t problem is in the comon area, where many users requi re
similar system suits . Thus, an identification of users requiring a system

— con figura tion i s a mea ure of the requ i remen ts for processor , disk , tape
drive , and other standar type devices. Unfortunately, a piece of equip-

1. ment may only belong to one syste a time, and there may be periods where

r peop le needi ng EDATL serv ices are ef fective ~~~~~~~~~ die to unavailability
of equipments needed to complete their system configuration . This suggests
that perhaps the allocation and prediction of dedicated facility/equipment

• I requ i rements, and the movement of equipments from dedicated to coninon areas
an d v ice versa shoul d be schedu led on a pr ior ity bas is. Proper schedul i ng
will keep track of equipment availabilities projected over time, so that
effective, non-wasteful use is made of the facility .

The equipment assets in EDATL can be generally categorized as follows :

• (1) coninon user/shared use - equipment installed for the benefit of
al l customers who will use EDATL and available for use, on a
scheduled basis , to anyone who has a need

1!
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(2) customer owned/usable at non-interference times - equipment

• procured and Installed in EDATL by a customer who has agreed
to perm it other customers the use of the equ ipment when hi s
own schedule permits

(3) customer-owned/nonsharable - equipment procured and installed
in EDATL by a customer who has determined that the equipment

• 
will not be available to other users at any time.

-. Table A-i in Reference 1 provided an identification of the EDATL equipment
assets according to these categories .

All coninon user equipments are Interconnected via a High Speed
Data Switch (HSDS) which is capable of instantaneous hardware suit recon-
figuration to acconinodate demands from different users. The HSDS along
with the Shipboard Data Multiplex System (SONS) are the two pri nciple com-
ponents of the Signal and Data Distribution System (SADOS), whi ch is a ser ies
of electron ic interconnec t dev ices wh ich fac i l itate the conf igura tion of
multiple subsystem elements Into a total systems complex.

1 
- 

The EDATL schedu li ng problem Is thus concerned with how to schedule
the users of both coninon user equipment and that which is customer-owned but
usable at non-interference times, provided it is accessible through the High

• Speed Data Switch. In other words, the schedu l i ng research onl y focusses
on the use of “shara ble ” equ ipment wh ich can be accessed through the HSDS .
The scheduling of nonsharable equipment is assumed to be handled by the

• -- owners of this equipment.

t For all  practi cal pur poses the HSDS can simu ltaneous ly serv ice
• more cust’mers than could ever be expected to want to utilize the coninon

user/sharable equipment. Thus, the only constraint imposed on the ability
of the HSDS to service customers Is the availability of equipment configu-
rations desired together with the necessary supporting personnel .

Customers requesting “sharable” equi pment conf igura tions can be
basically characterized by five types of data , namely:

(1) user priority
I. (2) number and type of equipment configurations desired

[i
[i 2
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(3) time span of usage of each equipment configuration desired
(4) desired start date for testing activities
(5) desired completion date for testing activities

In addition , a customer may also have a preference for the order in which he
tests his selected configurations . The problem of concern in this research
then is to determine how to schedule, or order , these cus tomers accord ing
to their requirements so as to meet one or more objective cri teria.

- -  Generally speaking, the use of optimi zed scheduling procedures such
as the type discussed in this research report are not used at other test facili-
ties, however automated schemes are used to keep track of resources utilized ,

U downt imes , and the schedule of activities and events. For example, at the

- 
. •  Pac i f ic Miss i le Test Center , Pt. Mugu , the Range Operations Scheduling Office

basically uses a semi-automated scheduling system which consists of computer
storage of information regarding range and equipment availability as well as

• the schedule of users and their time allotments. User requests are then
manually scheduled based upon computer recall of previous , or planne d, coninit-
ments of resources. Similarly, at the Air Force Eastern Test Range, Cape

• 1 

Kennedy, a Mechanized Range Scheduling (MRS) System is used, which is basically
an In formation system, operating -In a conversationa l mode, that allows the users
to maintain an up-to-the-minute file fully describing the schedule of all tests

t 
~~
‘. on the range, including resource downtime and mi nor support. This system

embodies file maintenance, information display, and an indication of conflicts

• in resource usage between a proposed test and the tests already scheduled . An

1 integral part of this system is the Range (On-Line ) Scheduling & Information
4 1 Exchange (ROSIE) system which maintains historical data that Is later formatted

ft into reports on range schedul i ng by weekl y and monthly tests, including monthly
downtime. The overall MRS system together with ROSIE is then used as the basis
for manual scheduling of range activities . Manual scheduling also appears to
be utilized at both Vandenberg AFB , Californ ia and at White Sands Missile

L Range , New Mexico.

Upon contact with the Armament Development and Test Center (ADTC)

• 
at Egl in AFB , Flor ida , It was determined that the range scheduling staff
currently use an automated range scheduling program (Ref. 9) which is Inter—
active wi th a CRT terminal. The purpose of this program is to compare

I LIIi 3
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requested missions wi th resource availability to produce a mission schedule.
An optimi zation scheme using resource weighting is employed to determine the

I .  schedule of mission requests. This particular scheme considers scheduling
- priorities , the acceptability of alternative resources and the overall time
-
~~ limits in satisfying the maximum number of resource requests while avoiding

overtime support wherever possible. Scheduling priori ties are based on the ADTC
established priori ty of the project requesting the mission . These priorities
are derived directly from the Air Force Precedence Rating of the projects.
Wi th regard to the accep tab i l ity of al terna tive resources , a mission that
requires a particular resource and cannot use any alternative one would receive
schedul ing preference over another m iss ion that cou ld either use thi s resource
or some other alternative. Furthremore, the scheduling algorithm employed
attempts to place resource reques ts with in the des i red time usage interval

• 

• 

whenever possible. A mission that requires a particular resource at a specified
time of day has a better chance of securing this resource at this time than
ano ther miss ion tha t cou ld use thi s resource at any time dur ing the normal work
day. This automated range scheduling program is similar in its desired use

• objectives to the methodology which was developed in this research program,

-
~~ however the method employed is substantially different.

L In summary, the basic objectives of this research are to demon-
strate the use of sequencing and scheduling techniques in the planning of
Nava l activities and to show, in particular , how improvements can be obta ined
in the efficient use of test facilities. The Electronics Development and

I Tes ting Labora tory at NOSC has been selected as the “test bed” for the develop-
ment of these techniques and subsequent implementation . This is a new facil-
ity offering a complexity of user requirements and a broad variety of coninand
con trol an d commu n ica tions system users , hence is a suitable candidate to
provide the basis for this research. It Is expected that the techniques

j t•, developed will be sufficiently general that they can be used at other Naval
facilities .p( 

• 2.0 FORMULATION OF THE SCHEDULING PROBLEM

In the case of a Naval test facility , such as EDATI , where there
are a mul ti tude of users , each with a different set of test requirements,

• ~~~
-• the scheduling problem mathematical model cannot be expected to be as

i • •. Ii
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easily formulated or solved as in the case of the known, relati vely simple

cases of job scheduling or even assembly line balancing. In fact, because
of the varying resource requirements relative to space, supporting staff,

, ADP equI pment necessary, etc., and constraints such as special security
precau tions , t ime dea dl ines , user priorities , etc., the problem and its

• -- corresponding solution given by a scheduling algorithm are considerably
more complex than those problems being considered by many researchers today

in the area of sequencing and scheduling.

An approach to fo rmula tion of the mathematical mode l for the

• EDATL scheduling problem would be to use integer variables to characterize

• the test configurations desired by a user of the sharable equipment. For
example , if we define

N = number of types of poss ib le common user equ ipments and
tenant-owned but available upon permission when sche-
dule permi ts equ ipments, i.e., the number of “shara ble ”

- 

• equipments
- 

• 
U = in iti al number of cus tomers requesting use of sharable

- 

equipment
C. = number of equipment configurations desired for testing

• • .. by the j— customer
= amount of time the ith~ equipment configuration is desired

for testing by the j~ - cus tomer ,

then we could describe each potential user ’s test requirements by a set of

-‘
~~ 

(N+l)-tuples of the form
- - 

‘~ ~ 
(j)~ T‘11 ‘ 1 2  , ..., X IN ‘ I

I 
~ 

for I = 1, 2, ... , C,~ where

x lk~~ 
= number of Items of sharable equipment of the k~~- type

• desired in the i— test configuration by the j— user.
In other words , one could use a set of vectors whose first N coordinates
consist of non-negative Integers to describe the configuration needed.
A coordinate equal to 0 would mean that the equipment represented by this

j ~~~~
- 

- 
coordinate was not needed, whereas a non-zero coordinate would mean that

• ~~~~~ • one or more of this type of equipment Is needed.
f-I
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For example, if a customer ’ s test configuration requirements were
given by (0, 1, 1; 3) and (2, 0, 1; 2), then this would mean that he desires

t. to test two equipment configurations consisting of using one i teni each of

equipments #2 and #3 for a total of 3 time units in the first configuration
and of using two items of equipment #1 and one i tem of equipment #3 for a

total of 2 time units in the second configuration .

An add iti onal considera tion would be the specifi cation by a
customer of the desired time at which he would like to test a particular
configuration or the interval of time over which he would like to conduct

t all of his testing. This feature could be accounted for by defining

= desired time at which the j~~ cus tomer woul d l ike to
test his 1— equIpment configuration

E = desired time at which the j~~ customer woul d l ike to
have completed the test of his I— equipment configuration .

For the case of a customer with a fi nn requirement to start testing at a
particular time, then one would defi ne ~~~~ = ~~~~ + T1~~

). On the other
hand , if a customer desired to conduct the testing of a particular configura-

- 
tion over the interval [A ,B) and complete testing by time B, then one would
define S~~~�A and ~~~~ = B - ~~~~ To Incorporate this type of considera-
tion in the above characterization of test requests, test requ i rements coul d
be described by a set of (N + 3).-tuples of the form

‘ ~~ ~ ~~ ~~~~~~~ s (i) 
~~~~~~

X 11 ‘ 1 2  ~
X1N , i , i h i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• In terms of plausible criteria for the scheduling of users of

sharable equipment there are several options , namel y:

ft (1) maximize the total revenue to be derived from common user
equipment usage

ft COMMENT
This objective criterion Is based on the premise that common
user equipment is EDATL-owned and thus must be paid for out

• ~~~~
- L of operati ng expenses . The charge for equipment which is

customer-owned would be assumed to correspond to that which

J ~- -~ f
- .

~~~~~~~~ 
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L he pays to EDATL and so by “leasing” his equipment he can
- reduce his total occupancy charge. Since such “lease fees”

would represent a pass-through and EDATL would derive no
profit from this shar i ng arrangemen t, one would only consider

• the revenue from usage of that equipment which is EDATL-owned .
(2) maximi ze the total annual usage (in hours) of all common

user equ ipment
COMMENT
This objective criterion implicitly suggests that maximizing

• equ ipment usa ge i s good and , if the cost per hour of usage
were the same for each item of common user equipment, then
this criterion would be the same as (1). On the other hand,
the latter situation may not be the case because of the

L. initial allocation of costs on the basis of space usage and
then the proration of these costs on the basis of an annual
number of hours of operation. This criterion is consistent

- .  
with the desi re to ful l y uti l i ze the EDATL assets as muc h as
possible.

(3) minimi ze the total annual idle time of all common user

-; equipment
COMMENT
This objective criterion is equivalent to (2).

• (4) maximi ze the chances of higher priority requests being

scheduled
• COMMENT

This objective criterion is applicable to the situation

~ 1i where eIther users or specific test requests have higher

priority than other users and/or test requests, however
j 1’ it is not necessarily possible to schedule all test requests.

I 
-
. An objective function which would allow consideration of any one

of the above cri teria -Is given by
U

(2.1) fi ~iLI j=l i=l ~

E
~~

- 

~-• •~‘.1~ II



where th th
- ( 1 if the i— test configuration of the j— customer

y. .  = is scheduled
( 0 otherwi se

= “value” of scheduling the ~~ test configuration of the j~~customer
For cri terion (1),

• (2.2) 
~~ 

= Rk X Ikk=l

- 
where

-
~~~~~~~~~~~~~~ ; thRk = cost per unit time for use of the k— type of equipment;

— c for criteria (2) and (3),
• 

N
• 

(2 3) f — 
~~~~~~I 

— 

k 1  
Xik I

r for criterion (4),

~
(2.4) f.. = priori ty of the i~~ test configuration of the13 customer

where “high” va l ues of f~ denote higher priority . (NOTE: In this case

the objective is to maximize the sum of the priorities , which would imply

that higher priorfty items have a greater chance of being scheduled.)

The problem then of interest is to find a schedule over a given
~ 

~
- ‘ U

time interval , say [0,1), which maximizes f~. y~. over all y1. = 0
j=l i=l ~

or 1 and subject to equipment availability constraints . An example of a
• constraint of the latter type would be If there are N items of equipment

of type k and the total time the v— item of equipment of type k is

ft unavai lable in [0,1] is Tvk, then a family of equipment availability con-
1 

• 

stra ln ts Is gi ven by

u C. Nk Nk
(2.5) 

~~ 
X

1~~~~ ~~~~ y1. � (T - Tvk ) = Nk I - T vk
-. I j=l 1=1 ~ v=l v - 1

• II
8
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L ~~~~~~~~for k = 1, ... , N. This type of constraint is based on the observaU~n that

- 
the tota l usage hours cannot exceed the tota l hours available for use .

• 1. Equipment availability constraints must include consideration of

- - 
whether or not a particular piece of equipment of the type desired is
ava ilable for the time interval needed. A method for characterizing
equipment availability is to define equipment availability functions of
the form th1 if the j— equipment of type k is availabl e

- .  
A ik (x) = •

~ for use at time x
( 0 otherwise

for k = 1, .., N and j = 1, ... , Nk. Thus , if a customer des ired to test
a particular configuration for I time units at time t1 and required one

equipment of type k , then this would be possible if at least one j could
be found for which Aj k (x) = 1 for x = t1, t1 + 1, ... , I - 1.

The use of equipment availability functions enables the formula-
tion of constraints that ure time dependent in the following sense. Con-
sider a test conf igura tion of the form (x 1, x2, .. ., x1~; T , t, t +
which represents a requirement to simultaneously test Xk equipments of
type k for T time units starting at time t. Define

(1 if the equipment of type k is used in
~

• ., . 

~~~. 
= 

) the test
jk 

~o otherwise

for k 1, ... , N and j = 1, ... , Nk. Then it would only be possible to
- 

r schedule this particular configuration for testing at time t if the follow-

t 1. ing conditions were satisfied :

• Nk
Condition A Z.k = X

kj=l ~
1- I / t+T- l \

Condition B Zjk ~~ 
A
ik (x) - I) = o

• 
- Condition A states that the number of equipments of type k assigned to the

test request must equa l the number required , namely , x . Condition B
• states that if the j— equIpment of type k is assigned then It must be

initia lly available at time t and then must be available for a total of I
time units thereafter; that is, Ajk(t )  = Ajk(t+l) = ... = Ajk(t+T_l) = 1.

9 
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Since it is reasonable to expect that users of sharable equipment

in the EDATL facility will generally desire to conduct tests at either
- - specified times (such as Mondays at 0700) or within a specified time

period (such as Tuesdays between 0800 and 1300), a sc hedul ing problem
• L formulation which more readi ly recognizes this type of consideration and

• which can be easily formulated as a 0-1 linear programing problem is the

following:

(2.6) maximi ze IEELIG(t) f1 (t) y

- 
subject to

(2.7) Z l.k = X. k  y. for I in ELIG(t) and
j=1 ~ 

-1 1 k=l , ..., N
• It+T.-l

(2.8) z . ( ~~ A. (x) — ~ = 0 for i in ELIG(t) ,
x=t -~ 

1 / j=l , ...
~~~ 

N~ and
k=l , ..., N

I’ (2.9) z. 
~k ~ A. k (t) for j=l , ..., Nk and k=l , ... , N

1EELIG(t) 13 3

(2.10) z. k’ y. = 0 or 1 for i in ELIG(t), j=l , .. ., Nk13 1 and k=1 , ..., N

In this problem formulation, the objective is to determine the “best”

• test configurations to schedule ~~~
- time t out of all those which are

eligible to be tested at time t, as denoted by the set ELIG(t). The

test configuration in ELIG(t) has the form

- 

(x 1, x12, ... , XIN; T~’ S, E1)

where S = t , or , if the customer is indifferent to the start time, then
S ~ t provided that t + I �E . We also define the 0-1 variables In this

~ ft 
formulation as follows :

~• - _.~v •  •

1 — T~
10
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1 If the j~~ equipment of type k Is assigned to the i~~zilk 
= configuration

0 otherwi se
• 

= 
1 if the l~~- configuration Is scheduled
0 otherwise

Constraints (2.7) and (2.8) are conditions A and B, respectively, as defined
previously. Constraint (2.9) is necessary In order to prevent the same piece
of equipment from being assigned to more than one test configuration simul-
taneously. The function f1 (t) is chosen to be time dependent to allow dif-
ferent criteria to be employed at different times. An example of the use of

F this feature would be to increase the priority of a test configuration which
was el igible to be scheduled earlier , but was not selected as part of the
optimal solution at an earlier time.

The preceding formulation is to be regarded as the formulation of
the EDATL scheduling problem. In Section 4.0 a procedure is discussed for

- the solution of this problem and an example is presented.

3.0 SCHEOULABILITY OF TEST CONFIGURATIONS

The problem given by (2.6)—(2.lO) is potentially one of large
dimension since, if there are N equipments of type k, N equipment types,

H C
1 
test requests by the j— customer, and U customers , then

:~~ (3.1) ~~ximum number = (
~ 

N
k) 

(N) (
~ ~1) 

(U)
0 Z

11~~~S k=l 1=1

and / U  \
• I: maximum number = ( E ~ (U)of y1 ’s 

\i=i 1/
Therefore, at wors t case , the dimensionality of the problem is given by

(
~ 

cj )~u~ [(
~ 

N
k)

(N) + 1].
j=l k=I

This discussion suggests that, wherever possible, steps should be taken to
reduce the dlmensionality of the problem.

L 
-
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The determination of whether or not the elements In a set of test
configurations can all be scheduled within the allotted time span is compli-
cated by the presence of “free” configurations . A free configuration Is a
test configuration which can be scheduled i ndependently of any other config-
uration In a given set of test configurations . For example , in the set of

-- conf igurat ions given by

= ~(l , 0, 0; 1), (0, 1, 0; 2), (0 , 0, 1; 3)}

al l configurations are free since they have no equipment requirements in
common, whereas In the set of configurations given by

= {(i , 0, 0; 1), (1, 1, 0; 2), (0, 0, 1; 3)}

only (0, 0, 1; 3) is a free configuration . Because of the potentially large
number of possible orderings of test configurations to be considered in

• 
determining which ones would be scheduled , it is des i rable to remove the
free configurations from consideration thus reducing the number of com-

- 

bin-ations which need to be considered.

A technique for accomplishing this can be described as follows.
• 

- 

Suppose we are given the following eligible test configuratIons at a given
- - j point in time:

(x 11, x12, ... , X
~ tF~ 

T1)

• (x21, X 2211 ~~~ 
X2N; 12)

(X C1, XC2, ... , XCN Tc ),

where
x = number of items of sharable equipment of the kth~ type

desired in the it— test configuration
T1 = amount of time desired for testing the I~~ equipment

confi guration

- 
• 

~~~~~~ let Nk = number of items of equipment type k available and assume that all
- : items of equipment are available for use during the time period of interest

(I.e., the equipment availability functions are all equal to 1.0). Now,c define
1~~.

12

L i —- - •-•---- 

• - . .•c — - - - ‘~~~~~
-

• - .~~~~~~~~~ - . . 
• •-~~~
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- ~O i f N  - LX .  ? 0ft (3.3) ek 
= 

k 1=1
(i otherwise

for k =  1 , ... , N, and

~l lf~~~ x.k ek = O
(3.4) F(i)= -

~ k=l 1

(o  otherwi se

thfor i = 1, ..., C. We assert that if F(i) = 1 then the i— test configu-
ration is free, and if F(i) = 0 then the i~~- test configuration is not free.C

• This result follows from the observation that Nk 
- XIk denotes the totali=l j~

• possible demand for equipments of type k; thus if Nk 
- x~1~ 2 0, then the

I demand for equipments of type k can be met simu ltaneously with no waiting .

- 
Whenever the equipment requirements of a given test configuration are such

- 
that in conjunction wi th the corresponding equipment requirements of the
other configuratIons under consideration all requirements can be met (i.e.,

-: C
for each choice of k we have Nk - 2 0), then this configuration would

• 
I

be free. Th i s w ill occur if, and only If, F(i) 1 where I corresponds to
- .  the configuration being examined. In the preceding examples, assumIng only
- -  one equipment of each type, for the set~~ we have e1 = e2 = e3 = 0, thus all

• configurations are free, whereas for the set we have e1 = 1 and e2 = e3 = 0
• which Implies that only (0, 1 , 1 ; 3) Is free. If we changed N1 

= 1 toft N1 = 2, then all elements of~~ would be free.

Therefore, free configurations are ones which can be automatically
scheduled and thus removed from consideration in solving the optimization
problem given by (2.6)—(2.lO). This would then reduce the dimensionality
of the problem and thus would facilitate easier computation of the optimal

• i~• ~ schedule.

~ll
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I
II *~~• --- - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 71- -  _ _ _



r _ _ _ _ _ _

I-

Using the concept of freeness, a simple test for schedulability of

a given set of test configurations can be derived as follows , under the
• assumption that all equipments are Initially available throughout the entire

test period [0,1]. Consider C configurations where the i~~- test configura-
• tion has the form (x11, x12, ...~~~ ~~~ T )  and def ine “pairwise freeness”

- •  between two distinct configurations i and j (i.e., we say that I is free
relative to configuration j) to mean that Xik + XJk �Nk for all k = 1, ... , N.

-- 
Now, let

I F = Jo i f configuration I i s free relative to configuration j
ij 

~1 otherwi se

(ST)
~ 

= start time for testing of the i~~- configuration

• (EL) 1 = elapsed calendar time until completion of testing of
• the i~~- confi guration .

If the confi gurations are considered for testing in the order 1 , 2, ..., C,
then it is easily verifi ed that

(3.5) (ST )1 = max ~~ (EL) .
• L_ 1<1 3

and the total elapsed calendar time through testing of the first i configura-
tions Is given by

(3.6) (TEL) 1 ,2,~~,1 
= 

1
(EL )~ = ~..1

rnax 
1
.{(ST )

1 + T1}

Therefore , the number of those configurations which can be tested in [0, 1)
1 !  is the largest value of i , say i~ , such that

& 
• (3.7) (TEL)12, 1~ �T and (TEL)1 2, i*+l >1

If (TEL )1,2, ..,c �T
~ 

then all configuratIons can be scheduled within [0, 1].

1 As an Illus trative example,let us consider the following three test

configurations :

1 .  Configuration 1: (1 , 1, 0, 0; 2)

r Configuration 2: (1, 1, 1, 0; 4)
• Configuration 3: (0, 0, 1, 2; 3),

1

.v•- Li 14
,& ~

-
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• where we are assuming four types of equipment, all initial ly available through-

L out the test period , there is only one item of equipment of types 1 , 2 and 3,
and there are two equipments of type 4. Performing the pairwise test for
“freeness ”, the F

11
’s can be represented by the following 3x3 matrix:

/ 1 1 0

~ IT (3.8) F = ( 1  1 1
\o 1 1

s ince F11 = 1 for I = 1, 2, 3. If we consider the test interval [0, 7)
• 

- 
and apply this previously described test for schedulability , then we obtain
the following results :

Candidate Total
Schedule Schedulabl e Elapsed

- Order Sub-Order Time
1 , 2, 3 1 , 2 6
1, 3, 2 1, 3, 2 7
2, 1, 3 2 , 1  6
2, 3, 1 2, 3 7

• 3, 1 , 2  3 , 1 ,2 7
• 3 , 2, 1 3 , 2  7

-. Since both configurations 1 and 3 are free of each other , it follows that
both configurations can be scheduled at time 0 and then configuration 2
can be scheduled at time 3 which is the completion time for testing of
configuration 3.

Under the assumption that all i tems of equipment are initial ly

• 
available in the time period [0,1), then a simple necessary condition for

whether or not the given set (x1 ~ 
I i ), ~~~~ ‘,,,,. - .

I ) x2N ; 12) ~~~ XC2, ~~~ 
XCN; 1c~ 

of C test conf igurations can all

- 

be scheduled in the interval [O,T] is as follows . If all C configurations
are schedulable , then it must be true that

(3.9) T~~max ~~
— E x

I. k—1 ,...,N k 1—1 1k

L 15
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Inequality (3.9) follows from the observation that the total usage time

V C
for equipments of type k, given by Xik T1, must not exceed NkT for

• 1=1
each k, i.e., we must have

C
• 

(3.10) T� J4
1- ~~ x T

¶ I for k = 1, ... , N; hence the inequality follows.

- 
As an i llustration, consider the case of three equipment types• ) where N1 = 1, N2 = 3 and N3 

= 2. Figure 3.1 shows that the following six
test configurations can be scheduled In a minimum of 8 time units :

Number Configuration

1 (l,l ,O;2)
2 (O,l ,1;4)

- 3 (1,2,O;3)

ft 4 (0,l ,l;2)
5 (0,3,0;l)

- 6 (l ,l,1;2)

It is readily observed that

7 f o r k = l
C

- 
(3.11) 1 

~~~~~~~~~~~~ 
= T 

f o r k = 2  ;

1 4 f o r k = 3

1 hence
• t. (3.12) max {7 , -~~~~~ , 4 } =  7�8

In terms of sufficient conditions for schedulability the obvious
C

condition is that T1ST for C given test configurations. The formula-
• 1=1

tion of other, less obvious conditions generally requires the development
• 

• IL of a scheme which generates a schedule. Thus, if through the use of the

I
t

~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Figure 3.1 Illustrative Example of Least
Time Schedule

1

Elapsed Time

.~~~~~~~~ 9
1 Idle 1 #1 #6 #3

2 F #5 #1 Idle #3

2 #5 f # 2 I # 3 I
• Equipment 

________________________________________________________Type 2 1 #5 #4 #6 Idle

3 [idle 1 #2 Idle I
3 [ Idle I #4 #6 1 Idle

ft

~
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scheme a given set of test configurations can be scheduled within the desired
time period of interest, then the conditions of the scheme, in essence ,
become the corresponding sufficient conditions. Several such schemes for
accompl ishing this are: (1) the schedule-according-to-decreaslng-tlme-
requirements method and (2) the schedule-as-soon-as-possible method. Each
of these methods will be described in the following paragraphs.

Consider C test configurations of the following form: (x11, x12,
xlN; T

~~~
, (x21 x22, .. ., x~~; T2), ... , (x Cl, XC2$ XCN; TC),

where there are no specified start or completion times for each of the
test requests. The schedule-according-to-decreaslng-time-requlrements
method requires that these configurations be ordered so that
Then configurations are scheduled as soon as possible according to their
time requirements. The steps in this procedure are as follows:

(1) Set n = l d n d  j
~ 

= 0

(2) Let j = largest integer x such that E xik �Nkn

for a l l k = l , ...,N.
(3) Set 1n =

- -  
(4) Test C-in. If�0, go to (6); If>O, go to (5).
(5) Replace n by n+1 , and go to (2).

(6) Compute T = E L1max 1=1
(7) If Tmax �T then the C requests are schedulable In [O,T].

• For example , consider the case of four equipment types with N1 
= 1,

N2 = 2, N3 = 3 and N4 = 4, and the following test requests:

Number Configuration
1 (0,0,1 ,O;6)
2 (1,0,0,1 ;5)
3 (0,2,O,O;4)

‘‘I! L 4 (O,0,2,3;4)

F.
~~~~~
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Number Conflg~rat ion
5 (l,2,O,l;3)

- 

$.~ 6 (O,0,0,3;3)

• 
7 (O ,O,2,3;2)
8 (0O,3,0;2)
9 (l ,l,2,2;l)

Applying the first six steps of this procedure, it is easily observed

that:

i-I = 4 L~ = 6
= 6 12 =

.13 = 7 L3 2
14 = 8 L4 = 2

.15 = 9 15 = 1

I - thus, from step (6),
.15

(3.13) Tmax = E L~ 14
L 1=1

Therefore, steps (1)—(7) provide a sufficiency test for whether the nine

~ 
~~

• given test configurations can be scheduled in an interval of at most 14
time units .

- The procedure described by steps (1)—(7) Is basically one in
- which test configurations are scheduled in groups. In the preceding example,

configurations 1— 4 are schedulable in the first 6 time units , configure-
- .  tlons 5 and 6 are schedulable in the next 3 time units, configuration 7 Is

schedulable in the next 2 time units , configuration 8 Is schedulable in the
• 

• next 2 time units , and configuration 9 is schedulable in the next 1 time
unit; hence it is possible to schedule all configurations within 14 time

ft units. Of course, it is not known whether or not these test confIgurations

- 
could be scheduled more efficiently in terms of less than 14 time units. A
potentially more efficient method for “grouping” the test configurations

I 

~~ can be described as follows:
- F*

I -  • ••

L1= 
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H.
(1) Set S = 1 , j * l a n d l = 1 .
(2) Put configuration I In the schedulable group given by I~.
(3) Replace I by 1 + 1.
(4) Test C - 1. 1f20, go to (5); if<O , go to (9).

(5) Compute X ik + E Xvk. If �Nk for all k = 1,, ... , N, then put
v€1

1 -

configuration I In the set I~ and go to (3). If>N k for at least
one k = 1, ..., N, then go to (6).

(6) Replace j b y j + l .
(7) Test S - j . If 20, go to (4); if <O , go to (8).
(8) Replace S by S + 1, put configuration i in the set I~~ set j = 1

and go to (3).
(9) Compute S -

Tmax = E max
j= 1 i(I

1
(10) If Tmax ST then the C requests are schedulable in [0,1).

To illustra te this revised procedure for the schedule-according-
to—decreasing-time-requirements method , consider the preceding example with
nine test configurations. In this case, applying steps (l)—(8), it is

• easily shown that

= ~l, 2, 3, 41
12 

= 
~5 , 6 ,8I

= ~7}
‘4 =

thus, from step (9),

(3.14) T = maxmax j=l 1EI~
(3.15) = 6 + 3 + 2 + 1 = 12

This Impl ies that, by “regrouping”, the nine test configurations can actually
be scheduled in an interval of at most 12 time units . For arbi trary 1,

I
20
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H,
steps (1) — (10) thus provide a sufficiency test for whether or not a given

• set of C test configurations can be scheduled In the interval [0,1].

The schedule-as-soon-as-possible method is based on the idea that
given an ordering of test configurations for consideration then starting
with the first configuration in the ordering each other configuration is
scheduled as soon as possible based on its relative freeness to other test
configurations . To illustrate this procedure, suppose we are given C test
configurations of the form (x 11, x 12, .. ., xlN; T

~~~
, (x21, x22, ... , ~~~ 12),

... , (x Cl, XC2~ ... , XCN; TC~’ 
where there are no specified start or com-

pletion times. This method involves the following steps:

(1) S e t j = l a n d i l.
(2) 0efine t~~=O a n d R

3
=Ø .

(3) Put configuration i in the set I~.
(4) Replace i by i + l .
(5) Test C - 1. If�O , go to (6); If<O , go to (7).

(6) Compute Xlk + E Xvk~ 
where A1 

= IJIk - U R~. If �Nk for all

k = 1, ... , N, then put configuration i in I~, set (ET)~ = T1 + t~ and
go to (4). If>N k for at least one k = 1, ..., N, then go to (4).

(7) Tes t ~1, 2, , C} - 

~J I~ If empty , go to (13), if non-empty, go

ft to (8).
(8) Rep lacejbyj +l.

• 
(9) DefIne t

1 
= mm ~(ET) 1 : (ET) 1 >t1 1  and ie ~Y1 ‘k}

(10) DefIne R1 =~~1 : ie U ‘k and t
1

?(ET) 1}

(11) Define x1 
= mm ~i : 1,1 U Ik}

(12) Replace I by x and go to (6).• I- 
I

• ft

_ _ _  
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(13) Compute Tmax = max (El)1I

• (14) If Tmax ST , then the C requests are schedulable in [0,1).

- - To illustrate the schedule-as-soon-as-possible method, cons ider
-. the previous example of nine test configurations with four equipment types
~ such that N1 = 1, N2 = 2, N3 = 3 and N4 = 4. Referring to Figure 3.2 , it

is readily observed that, apply1n~ the steps of this procedure to the

:1 ordering of configurations given by 1 , 2, ... , 9, the fol low ing results
- - 

are obtained:

t1 
= 0 Il Ii , 2, 3, 4 1

-

• 

~~
i • t2 = 4  12 161

t3 = 5  I3~~~ 5}

t4 = 6  l4 1 8 ~
t5 = 7  15 0

t6 = 8 16 = 
17 1

t7 = 10 17 =

J This implies that these nine configurations can be scheduled in an interval
of at most 11 time units . For arbitrary T, steps ( l )—( 13)  thus provide a

-. sufficiency test for whether or not a given set of C test configurations
- .  can be scheduled in the interval [0,1].

It is important to recognize that the schedule-as-soon-as-possible
- - method presupposes a given ordering of test configurations. As a result,

the value could be expected to differ depending upon the presupposed
- ordering. For example, if the ordering assumed had been 5, 9, 8, 6, 7, 4, 3, 2,

~~~- 1, then it can be shown that the following results would have been obtained:

= 0 Il 15 , 6, 81
t2 = 2 12 J l}

t3 = 3 ‘3

I
~‘ ‘ 

~ 22
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Schedule-As-Soon-As-Possible Method
V

Elapsed Time
— 0 1 

~ ~ 
10 11

- a.

1 #2 #5 Idle #9 ]

- 
2 #3 1 Idle( #5 I Idle I #9

2 L #3 j Idl~ #5 Idle I
3 I # 1 I #8 #7 I #9

d 

3 1 #4 Idle #8 #7 I #9 I
- Equipment

Type 3 #4 Idle I #8 I Idle I
- - 

4 r #2 #5 I # 7 I #9
I 4 I #4 I #6 lIdlel #7 j #9 1

- 4 I #4 I #6 f Id le l #7 I Idle 1
r 

4 I #4 #6 Idle

4 ~~~~~~~~

I

’ 

~
}
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- 
• t4 = 4 14 

= 12 , 3, 7 1
t5 = 6 15 = 141

- 
Tmax = 10

Thus , these nine configurations can actual ly be scheduled in an interval of
-- at most 10 time units.

Appendix A presents a computer listing (in Fortran IV) which pro-
-- vides for using either the cchedule~according~to~decreasing_time

_ requirements
- method or the schedule-as-soon-as-possible method. The latter method requires

starting with a given ordering . In this regard, the computer program a l lows
for two types of ordering, namely: (1 ) for a given set of test requests , they
are ordered according to decreasing times and then the method is applied , or
(2) for a given set of test requests , they are cons idered in the order in
which they are given (i.e., assumed to be analogous to the first-come first-
served type of criterion). Appendix B presents illustrative examples derived
through the use of this computer program.

Another type of schedulability question deals with the determina-
tion of whether or not a given tes t conf iguration can be schedu led w i thi n

• an already established schedule of test configurations . This type of situation

would arise when the scheduling problem defined by equations (2.6)— (2.lO) has
been so l ved, a schedule has been established via the solution , and a new test
request is received. The problem then is to determine whether or not this new

request can be scheduled within the time period , say [0,1], of the established
• 

- schedule or must be scheduled at time I or later. For example , suppose this

new test request has the form (x1, x2, ..., XN; T
~ 

and we des i re to determine
if this request can be scheduled at time S, which could represent either the

• custome r ’s desired time for testing or an arbitrary time in the scheduling
period [0,1]. The steps In determining the schedulability of this request can
be described as follows :

- L (1) Set k = 1 .
H - - . 

• 
- 

(2) Test X k . If*0, go to (3); if ~0, go to (5).

(3) Replace k by k+l .

1- (4) Test N-k. If 20, go to (2); if<0 , go to (14).

I

_ _  
_ _ _  

:1



(5) Compute EA.k(S) - xk. If<0 , go to (13); if >0, go to (6).
j=l ~

- 1. (6) Let = : AIk(S) = i}

(7) Define Ck 
= (Card ~

)
k)

(8) Divide 
~k 

into Ck distinct subsets ~~~~~~ 
~~~~~~~~ 

‘C each of cardinality Xk
Ck 

k

~ that 
~k 

= 

~
‘1

(9) Set I = 1.
S+T -1

(10) Compute 
~~ 

Avk (t) - Ti for all vEI1. If = 0 for all VEIi) then the

configuration is schedulable relative to the k~ - type of equipment so go
to (3). If <0 for any v€I 1 , go to (11).

1 
(11) Replace I by 1+1 .

(12) Test Ck - i. If 20, go to (10); if<0 , then the conf iguration is not
• 

) schedulable relative to the k~~- type of equipment so go to (13).

- - (13) Configuration is not scht’dulable at time S.

(14) Configuration is schedulable at time S.

To illustrate this procedure, consider the situation in which we
have five equipment types (N = 5), two equipments of type 1 (N1 

= 2), three

equipments of type 2 (N2 = 3), one equipment of type 3 (N3 
= 1), three

-~~ ~ t equipments of type 4 (N4 
= 3), and two equipments of type 5 (N5 = 2). As sume

- -  that over the time interval (0,18] the equipment availability functions are

• I defi ned as follows :

1 (3.16) A11 (t) = 
If 0�t<4, 6�t<9 or 14�t<l8

fl otherw i se

(3.17) A21(t) = {o 
If O�t<2, 4�tc8, 9�t’cll or l3�t<17

1 otherwise

(3.18) A 12 (t) { o if 2�t-<3, 6�t<1O or 14~t<16
1 otherwise

- (3.19) A22(t) = {o  if 1�t<5, 7�t<9 or ll�t<15

4 ft 1 otherwise

25_ _ 
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(3.20) A32 (t) = {o if Oft<4, 5�1 z8 or 15�t<l8
1 otherw i se

- I ~ A I ~ - ~0 if 0�t<2, 7�t(9, 14�t<l6 or l 7�t<l8
~3.2l , ,-i13~t1 — 

-- 
- (1 otherwise

(3.22) A14(t) = ~0 if 0�t<2, 5�t<8 or lO�t<16
- 

~ 1 otherwise

• 
(3.23) A (t) = ~0 if l~t<3, 6�t<lO or 15�t<18

1 otherwise
(

(3.24) A (t) = ~ 0 If 2~t<6, 8�t<9 or l4~tczl6

- 
(1 otherwise

(3.25 ) A15(t) = ~0 If 4~t<8 or l4~t<18
~ 1 otherwise

- 

(3.26) A 25(t) = ~0 if 0�t<5, 8�t<l4 or l6�t<l7
(1 otherwise

• Figure 3.3 provIdes a graphical illustration of equipment usage based on
• these equipment availability functions. Now, suppose we are gi ven a test

I request of the form (1 , 2, 1 , 2, 1; 4) and it is desired to schedule, if
possible , this test configuration at time S = 10. For k = 1 , ... , 5 the
following observations can be made:

- 
- 

Case : k = 1

=

1_ i 13

~~ A11 (t) - 4 = 0; thus , using the first equipment of type 1 , the
- t’lO

[1  configuration is schedulable relative to eqt~ipments of type 1.

I

•

1I 

•

L 
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Case : k~~
= Il , 2, 3~

C2 =

= 11, 2 1 12 = 11, 3 13 = 12 , 3 1
• 

• 

~0 f o r v = l o r 3

t~i~~
v2 - 

~—3 f o r v = 2

- - 
thus, using the first and thi rd equipments of type 2, the configuration

• is schedulable relative to equipments of type 2.
~~ -

• 
• 

Case: k = 3
= ~l}

C3 = 1

= 111
13

~~ A13(t) - 4 = 0; thus the configuration is schedulable relative to
t=lO

equipments of type 3.

Case: k 4
- 

- •  = 12 ,31

C4 = 1
- 

~l 
= 12 ,31

- 13
- A 4(t) - 4 = 0 for v = 2 or 3; thus, using the second and third

t=10 V

equipment of type 4, the configuration is schedulable relative to
equ ipments of type 4.

Case: k z 5

I •

- .  C5 
= I

1 I
~ 

111
- 13
v- E A15(t) - 4 0; thus, using the first equipment of type 5, thei~i configuration is schedulable relative to equIpments of type 5.

28
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We conclude then that the configuration (1, 2, 1 , 2, 1; 4) Is scheduIable
at time S = 10; however , If the desired test time was 5 time units rather
than 4 time units, then the earl iest It could be scheduled would be at

time 18, assuming the required equipments were all available for the next
5 time units thereafter.

Appendix C presents a computer listing (in Fortran IV) of the
-. preceding schedulability procedure, and Appendix 0 presents an illustrative
-. example using this computer program.
a.

I-

4 

-
-

~ Ii
l ii
t i

t 
I-)

• ‘~
- - 

•

I - •4 . .

~ 
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4.0 SCHEDULING ALGORITHM

The formulation of the EDATL scheduling problem was previously
presented and discussed in Section 2.0. In this section we present the

• 1 solution algori thm for solving the scheduling problem.
- -  Suppose we are given C test requests of the form (x 11, x12,

xlN; Tl~ ~l’ 
E1 ), (x 21, x22 , ... , x2N; T2, ~2’ 

E2), ..., ~‘~Cl’ ‘~C2’
-- “CN’ TC’ ~~ EC) and consider the time interval [0,T]. For t = 0, 1,

1 we define

ELIG(t) = set of all those configurations which are eligible to
- 

• 

be scheduled at time t

and Problem t to mean

(4.1) maximize f~(t) y1IEELIG(t)

subject to
Nk

(4.2 ) k = Xik yj for I in ELIG(t) and
jzl k l , ..., N

; . /t+T1-1

- - -  (4.3 ) Z
1 k (

~ ~~ A 
~~~ 

- T
I) 

= 0 for I in ELIG(t),
x=t j=1, ... , N~ and

-
• 

- iF  (4.4) z .~ ~~~ k(t) for j=1, ... , N~ and k=l , ..., N
F I~ELIG(t) ~

• 

~

- (4.5 ) z1.~, ~~~~ 

= 0 or 1 for i in ELIG( t), j l, ..., Nk• and k=l , ..., N

Initially, at t*0 we would have

(4.6) ELIG(O) {i : 1=1 , ..., C and S1 = o}

J If ELIG(0) = 0, then the smallest value of t for which ELIG(t)~0 would bet - 

given by t = mm S1 ; hence this would be the normal startIng point

- - for the derivation of the optimal schedule.

4 
-

.
- 
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Basically, the solution approach consIsts of solving a sequence
of 0-1 linear programing problems until all requests have been sche-
duled (or as many as possible within the selected time interval (0,1]).
Figure 4.1 presents an overview of the scheduling procedure. The key

• step in this procedure is the computation of the set ELIG(t). In genera l,
ELIG(t) will include the i~ i. configuration ifS = t or S �t and t + I �E ;
however , since it Is not necessarily true that ELIG(t-l) = {i : y1 1 in

the solution of Problem t_1}, ELIG(t) must also Include those configurations

which were eligible for scheduling at time t-l but were not selected In the
— solution to Problem t-l. Therefore, at each step in the procedure ELIG(t)

- - • must be computed on the basis of giving consideration to those configurations

- 

j which are el igible to be tested at time t and to those configuratIons which
were el igible to be scheduled earlier but were not part of the optimal
solutions computed previously.

To i llustrate thi s procedure, consider the following example con-
sisti ng of 6 equipment types wi th 2 equIpments of type 1 (N1 2), 3

equipments of type 2 (N2 = 3), 2 equIpments of type 3 (N3 2), 3 equIpments

of type 4 (N4 = 3), 4 equIpments of type 5 (145 = 4), and 1 equIpment of
type 6 (N6 = 1). Assume that the scheduling period of interest is [0,20]

and the initial values of the equipment availabIlIty functions are given by
- .  Table 4.1. Suppose that the test configurations to be scheduled are as

• - - follows :
Number Test Confi guration

.- 1 (l ,2,1,1,2,0;5 ,0,8)
I 

- 
2 (0,2 ,2,2,1,1 ;3,0,O)

- 
3 (1 ,1,0,1,2 ,1 ;4,0,4)
4 (0,0,1,1 ,2,1 ;3,3,20)

- 

5 (1,0,0,0,1 ,0;7 ,3,16)

1 6
- 7 (l,l ,l ,0,O,0;2,6,16)
I 8 (Oi l ,l ,0,0,l ;4,6,13)

9 (1,1 ,0,0,0,0;5 ,7,12)
10 (0,1,1 ,2,l ,0;3,8,l3)

I

• 

• 
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- • Table 4.1 Equipment Availability Function
Values at Step 1*

Equipment Equipment TimeNumber Type
(j) (k) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0

1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 2 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1

3 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 3 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0

1 4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 4 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0

3 4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

-- 2 5 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1

- -  3 5 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1

4 5 1 1 1 1 1 1 1 0 0 0 1 1 1 1 0 0

1 6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

*0’ s denote blockage because of prior commitment.

I -

I:
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The cri terion for scheduling in this example will be based on maximizing the

L revenue derived from equipment usage where

- - Rk = revenue per time unit for usage of equipments of
type k

1 f o r k = l , 2
(4.7) = 2 for k = 3, 4

3 f o r k = 5 , 6

~. Using (4.7), It is easily shown that the revenue per test configuration is
given by the following:

j I - Configuration Revenue
Number 0) (fj(t))

1 13
2 16

‘ I

3 11

4 13
5 4
6 7

7 4
8 6

9 2
10 10

Following the procedure outlined In Figure 4.1, the steps are as follows.

Step 1
- (4.8) ELIG(0) = ~l, 2, 3 1

The Problem 0 solution is given by

• (4.9) = { 1 if i = 1, 3
0 I f I = 2

I
- 

( 1 for (1 ,2,1), (1,1 ,2), (1 ,2,2), (1,1 ,3), (1,1,4), (1,1 ,5),
(4 10) ~ = J (1,4,5), (3 ,1,1), (3 ,3,2) , (3,2 ,4) , (3 ,2,5), (3 ,3,5),

ijk ) (3 ,1,6)
- - 

(. 0 otherwise

L

LL~ 
34
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I
Thus, configurations 1 and 3 are scheduled at time t = 0, however
confi guration 2 is unable to be scheduled at its des ired start
time.

Step 2
a—

Referring to Table 4.2, we observe that no schedul ing of test requests
is possible at time t = 1, 2, 3, or 4; thus , consider t = 5.

(4.11) ELIG(5) = 12, 4, 5}

The Probl em 5 solution i s given by

(4.12) y~ 4i if I = 2
(0 i f i = 4, 5

1 for (2,1,2), (2,3 ,2), (2 ,1,3), (2 ,2,3), (2 ,1,4),
(4.13) Z 1 k 

= 
(2 ,2,4) , (2 ,1,5), (2 ,1 ,6)

0 otherw ise

Thus, it is only possible to schedule configuration 2.

Step 3

~ I - Referring to Table 4.3, we observe that no scheduling of test requests
is possible at time t = 6; thus, cons ider t = 7.

(4.14) ELIG(7) = 14 , 5, 6, 7, 8, 9 1
The Problem 7 solution is given by

- ; (4.15) y. = 
1 if I = 9

- •~~~ ~ 0 i f i = 4 , 5, 6, 7, 8

(4.16) Zjjk = ~ l for (9 ,2,1), ( 9 2 ,2)
(0 otherwise

Thus, it is only possible to schedule configuration 9.

Step 4

(4.17) ELIG(8) = 14, 5, 6, 7, 8, 101

The Problem 8 solutIon Is given by

IL (4.18) y1 = ~ l l f l = 5 , 6,8

tO i f i = 4 , 7, lO

• 

• 

~~ _ _ _
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Table 4.2 Equipment Availability Function Values

at Step 2

• Equipment Equipment TimNumber Type e
(i) tki 0 1 2 3 4 5 6 7 8 9 1 0 11 12 13 14 15-r
1 1 0 0 0 0 0 0 0 0 1 1  1 1 1 1 1 1

2 1 0 0 0 0 0 1 1 1 1 1 1 1 0 0 0 0

1 2 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1

• 2 2 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1

3 2 0 0 0 0 1 1 1 1 1 1  1 1 1 1 1 1

~. - 1 3 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1

2 3 1 1 1 1 1 1 1 1 1 1  1 1 1 0 0 0

1 4 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1

2 4 0 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0

3 4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

:

1. 1 5 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1

2 5 0 0 0 0 0 0 0 0 0 1  1 1 1 1 1 1

L 3 5 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1

4 5 0 0 0 0 0 1 1 0 0 0 1  1 1 1 0 0

1 6 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1• $ L

I

~
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:~~: i:nt l:::;ues
at Step 3

Equipment Equipment TimeNumber Type
- .  (j) (k)

1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
.a

-— 2 1 0 0 0 0 0 1 1 1 1 1 1 1 0 0 0 0

1 2 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

- 2 2 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1

• 
.. 

3 2 0 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1

1 3 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1

2 3 1 1 1 1 1 0 0 0 1 1 1 1 1 0 0 0

1 4 0 0 0 0 0 0 0 0 1 1  1 1 1 1 1 1

2 4 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0

3 4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 5 0 0 0 0 0 0 0 0 1 1  1 1 1 1 1 1

2 5 0 0 0 0 0 0 0 0 0 1  1 1 1 1 1 1

3 5 0 0 0 0 0 0 0 0 0 0 1  1 1 1 1 1

4 5 0 0 0 0 0 1 1 0 0 0 1 1 1 1 0 0

1 6 0 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1

~

1!
I
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0 1 for (5 ,1,1), (5 ,1,5), (6 ,1,2), (6 ,1 ,3), (6,1,4) ,
(4 l0) Z ijk 

= (6,3,4), (8,3,2), (8,2,3), (8,1,6)
( 0 otherwI se

Step 5

Referring to Table 4.4 , we observe that no scheduling of test requests

— 
Is possible at time t = 9; thus , consider t = 10.

(4.20) ELIG(l0) = 14 , 7, 101

The Probl em 10 solution Is given by

-•  (4.21 ) y. = 
if I = 10

1 (0 I f I = 4 ,7

~ 
1 for (10,1,2) , ~iO,1 ,3), (10,1,4), (10,3,4) ,

(4.22) 2ijk 
= -

~ (10,2 ,5)
(o otherwise

Thus, it Is oni” possible to schedule configuration 10.

Step 6

Referring to Table 4.5, we observe that no scheduling of test requests
is possible at times t = 11 or 12; thus, consider t = 13.

(4.23) ELIG(13) = 14 , 7 1
The Problem 13 solution is given by

(4.24) y = 
if I = 4

1 
~o i f i = 7

(1 for (4,1,3), (4 ,1,4) , (4,2,5), (4 ,3,5),
(4.25) Zij k  = (4 ,1,6)

otherwise

• L • Thus , it is only possible to schedule configuration 4.

Step 7

Referring to Table 4.6 , we observe that no scheduling of the remaining
test configuration , number 7, Is possible until time 16 since this Is
when an equipment of type 3 becomes available.

•

a

38
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F Table 4.4 Equipment Availability Function Values
at Step 5

..

Equipment Equipment TimeNumber Type
Jj I (k) 0 1 2 3 4 5 6 7 8 9 1 0 11 12 13 14 15

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

2 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0

1 2 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1

I 2 2 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1

3 2 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 1

1 3 0 0 0 0 0 0 0 0 0 0 1  1 1 1 1 1

~
• . 2 3 1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0

1 4 0 0 0 0 0 0 0 0 0 0 1  1 1 1 1 1

2 4 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0

3 4 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1

1 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

-~~ 2 5 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1

3 5 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1

4 5 0 0 0 0 0 1 1 0 0 0 1 1 1 1 0 0

-

. 

1 6 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 1
p

{

•

a
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Table 4.5 Equipment Availability Function Values
at Step 6

• a

Equipment Equipment TiNumber Type me
(j) (k)

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

2 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0

1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1

• 
• . 2 2 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1

3 2 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 1

1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1

2 3 1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0

1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1

2 4 0 0 0 0 1 0 0 0 1 0 0  0 0 0 0 0

L 3 4 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1

1 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

2 5 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 1
• 3 5 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1
4 .

~. 4 5 0 0 0 0 0 1 1 0 0 0 1 1 1 1 0 0

L 1 6 0 0 0 0 1 0 0 0 0 0 0  0 1 1 1 1

_ _ _ _ _ _ _  
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~0 _
at Step 7

Equipment EquIpment Time
- Number Type

(j ) (k) 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

2 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0

1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1

-
- 

2 2 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1

3 2 0 0 0 0 1 0 0 0 0 0 0  0 1 1 1 1

1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 3 1 1 1 1 1 0 0 0 0 0 0 0 1 0 0 0

H. 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

- 
2 4 0 0 0 0 1 0 0 0 1 0 0  0 0 0 0 0

• 3 4 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1

1 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

2 5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

3 5 0 0 0 0 0 0 0 0 0 1  1 1 1 0 0 0

4 5 0 0 0 0 0 1 1 0 0 0 1 1 1 1 0  oj
1 6 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0

i L l

~~

-

-

• 

~ 
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Fi gure 4.2 presents the resulting schedule of test configuratIons,
- 

showing that all can be scheduled within the test period [0,20]. It is of
• interest , however , to compare the desired start and completion times of these

configurations wi th those generated by the scheduling algorithm . This corn-
‘a par i son is as follows :

Configuration Start Time Completion Time
Number Desired Actual Desired Actual

1 0 0 8 5
- -  

2 0 5 9 8
-

a .  

0 0 4 4
4 3 13 20 16

13 13

As mi ght be expec ted, not all configurations were se lected for schedul ing
V at their desired start time (this only happened for 3 out of the 10 configu-.. rations) and one configuration (#7 ) did not have its testing completed at

the des i red time .

The key steps in the solution procedure, as outl ined in FIgure 4.1 ,
are concerned with (1) determining ELIG(t), (2). using a 0-) linea r programming

U routine, (3) updating the equipment availability functions , and (4) repeating
- ( l )—( 3 )  unti l a schedule is obtained .
- As was demonstrated in the preceding example, the general proce-
• • dure for computing ELIG(t) can be described as follows:

(1) Set t = mm S1, i.e., the starting point for the derivation of the

• optimal schedule.
(2) Compute ELIG(t) = {i : S1 = t}
(3) Solve Problem t.

a
j i i  42
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(4) Compute SCH(t) = ~i : iE ELIG(t) and y.~ = 1

t in the solution to Problem t
‘a t

I (5) Compute C(t) = Card U SCH(j) where to 
= mm S~ -

•“ j=t 0 i=1,...,c

-
~

- (6) Test C-c(t). If = 0, scheduling Is complete ; otherwise , go to (7).

(7) Compute UNSCH(t) = j i : iEELIG(t) and y
~ 

= 0

~In the solution to Prob lem t

(8) Replace t by t + 1.

- 1 (9) Test I - t. If �0, go to (10); i f<0, no schedule Is possible in [0,1).

(10) Compute ELIG(t) = (i : S1 = t or 1€ UNSCH(t-l)

~ 
(11) Test ELIG(t). If empty, go to (8), otherwIse , go to (3).

r With regard to the use of a 0-1 linear programming scheme, one could
incorporate it as a subroutine in a more general program in which the basic
steps of Figure 4.1 are followed, or one could use a pseudo-automated scheme
in which ELIG(t) is computed manually, then input to the computerized 0-1

- • linear programming package , the equipment availability functions are then
! ‘

. recomputed manually gi ven the solution, then ELIG(t +1) is computed manually,
and , finally, this process is repeated unti l a schedule is obtained.

- !. The updating of the equipment availability functions is a straight
forward process. If Zlj k = 1 in the solution to Problem t, then we merely re-
define Aj k (x) = 0 for x = t, t+l , ..., t+Ti-l. On the other hand, If z lj k = 0
In the solution to Problem t , then no redefinition of the A (x)’ s Is necessary .

~~~~~~~~ jk

~ t •  Finally, this overall process is repeated until the schedule is
obtained.

~~~~~
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APPENDIX A

• Computer Program List ing For- 

Schedule-According-To-Decreasing-TIme-
Requirements Method and Schedule-As-

- - Soon-As-Possible Method
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ZS lAR (N~~-~LT Ir•~ (N$.I)
Sl (LN O( L l )$ IT lM ~ (NS—l)

• LT (IND (I)):L Tli.iL. (N5.tJ,T (INL,(I))

fl
h S C U P V T 1 N U~
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i Ct) ’vT INUt
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I r 00 ~IF ( S C ~ .i) ,E Q , I )  Pk IN1 $, IND( l) , ST(INU (I)) ,~.T(L PdO (L))

~ 1O RI’AI (,,,1oX�RI QUE ST� IX ,12,8X $STA kT TiME 1S$1X ,U ,SX*~ Nt) TINI. 1S~
*

- 
9 CONTINUI- . 

~~~ NT lu, T M A X
- - 10 *UW~iA T(/,//,1Ox *MAX IM UM TiME TO $CPIEOULE LS~ tX .Lf l

CI~LL uOTFU W

SUithiltil iNt I1WO T I M
-~~ CUMP’UN N .NC ,NF(20 ) ,Xt~O ,2O ),T (2 U ) ,IND(2Q ),S1 (20),tT (2Ul , THAX

I’%lIT.t1~ X , T ,S 1 ,~~T , 1 M A X
— Dl’ 1 1 1 ,NC

• CUNTP4UI.

• 00 ‘~ 1 1 ,JQ

2 C( iNT l~v0~IF (~~( I 4 n(J) ) .bF ,T ( I P 4 D ( J , I ) ) )  Ut) TO 3
• I P.bC:I~~t) (J)

JM)(J)~ INOC Jsl)
1Nt)(J4tj:Nt~CII- tJ .Lu ,1) Go lii S

• JzJ~ j
Ott  10 2

3 CgJN 1I ,~U~
a IP~TI~.(I1W~ T

b t I I 1k 0 U iT 1 p~~~~ SASA P- DIMINSIUN (t(2U .à~O),TNUt’t (20)
- •  C IJMMUr ~ N,NC • Pk (~ O),x (EO,1o),T(2O),IND(2O),ST (2O),ET (2O),TMA*

INTF (
~~

W x, l ,S 1 ,ET ,T M A X
1~~. IFi U~,LN 13, b4(i *

(-A LL iø~U iIP i
• 

~~~• 
L’~~~) j 9  I ) ,NC

Ll (I ) :O

~~~

-.

I I W J v , 4 l ) : o

~l ( INt) ( 1) ~~~ (1NP( 1))
UJ( IM)(I ) ,J)z I

I I LONT 1f ~aU~
1:1,1
IF (NC~ L ,LT .0) (,~ TV S

2 CUI~TIPiUE00 u ~:1,N
LSW ~Io
(‘0 3 L z 1 .~~C

• ISt ,M~~IS U PS +X ( I N I) ( L) . P .) * Q ( I P d D ( L) . J )
• .1 3 CUN T 1Nti ~

N14 CZ1$UM ,X (1hO (j), K)r IF (~4I3C .G7,NF (N~)) GI) TO
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• E T ( 1 Nt ) ( l ) )~~T NUw ( J ) 4 T ( 1 P i~L)( I))
(it) TO 1

S CUNTINUL
00 21 lt ~z 1, NC
IS(IM:O

- - - flu b 1X 1,J¶ ISt1 M~~ISUM.U (1ND (Ib ),IX )
b CONTINUE

-. IF (ISUM ,LGt ,O )  (Ii TO ~2• 21 C uPST INL ’ E
Ut) TO 13

• 22 CUNIINU*-. J :J .- 1
- a  1Xx= o

00 7 1t ~:l, Nc
1X X 1X X + T (INU ( 7(U )

1 CU P - u N tIE
- 

a .  INUM(J) 1XX
It 00 P3 IP~~,Nc

IF (TN(J.i(J~ t ),LT ,ET (1N0(ZP))) TN (1w(J)SMZNO (TNUs(J),ET (IND (1P)))
a CUNT IrI U I

J (~= J — 1
DI) 9 1L:1,~ c
IF ( U( IND( IL) ,JQ) .E u.1.A P O. TN UW ( J ) . LT .E1( INU( IL)))  U( IN0(LL),J)~~1- 

9 CON! IMJ L
- Do 12 1 1 : 1 , N C

J UzJ — 1
I ISLIM U

IJL 10 Ji:1,j ’~
I I 1SIiMZISUM,(~(INP (11),J1)I F i~

IF ( 1SUM .OE ,1) GO TU 11
• 1:11

GO T ( i  2
ii CONlIN U~

- -  12 C U NII tIUE
• - 13 CI N I I N U L

• - T M A X O

ou ~a IL Z= 1 ,Nc
If . ( E 1 ( I N D ( I L / ) ) . U T , T M A X )  T M A X : t~T ( 1 N D ( IZ Z ) )

la Cur,,T INUE
• ~ F U k M A T ( 1 g . i 1 , ~~0~~1 S T A W T / E N U  11MI S~)P W I N T  Id

Dii j~
, I 1 , N C

- 

• PRINI IS , I N O ( I ) , S T ( I N O ( I ) ) , E T ( I N D ( I ) )
iS  FI)kfI A ) (// ,) ~)JLUU L s T ~~) X ,I~~,8X ~~S T A M T  TI M I IS * l X , 12 , 5X �EP4 I )  T IM E IS*

* , 1 X , 1 2 )
t IA C11P41)’JLJt:

PM INI 17 ,T P-’aX

~ 
17 Fuk P I AT (/ , / / ,% u x � M A X I M U M  TIME TO $CMEDUL.I IS;1X ,12)

CALL IJIUFUb

-•

~ 
p b . U N F  OWL )x

Cgfl ,Mtff i  N,NL ,Nk(2O),*(~!O,2o),l (2o),IND(2O),ST(~ O),LT(2o),TMAx1NTEIa u~ x , T ,Sl ,I T , T M A X
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~ C uPdlrIUE
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1: KETUk.~I I-ND- .  SU$Rt)UTI~sI- ~UTFUiI
D1MLP4SIUN U(lO ,S.2U)
COMMON N,NC ,N E( 2 0 ) , X ( 2 0 , - 2 0) . T ( 2 0 ) , L N O( 2 U ) ,S 1 ( 2 0 ) , ET ( 20 ) , T MA X
I N TE GER X , T ,ST .L T ,T M A X
INTEGER U
(Ui 16 i(:I~,N
JZ N I ( W . )
Ot) IS JY :I,jZ
DL I lb L z I , T MA X
t J ( $ , J Y , L ) 1)

15 CONTIN UE
- -  lo CU N T IN UL

Uti o i~~1 ,NC
DO S
if (X (lNfl (1), I’.).Eu .O ) t U  TO 14
JJ :1

- - I C O NTI N UE
JK :X(1NU(I),$)
J y s S T ( J N D ( I ) ) s 1
J 1: ET ( I N D ( 1 ) )

- Dli 7 J u :J Y ,J L
- If. ( U ( I~~~, J J , j ( I ), L j T , 0 )  ( i i )  T I ,  3

7 CIJN TI N U L
J A JJ +J A. a. I
(‘U ~ LX~ JJ ,J X
Dl) 2 L Y J Y, J t

U()U ,LX, L Y): TND(I)
2 (-tiNT INL JL

-. GU TO 14
3 C ONTINU E

.• JJ:JJ+I
• GU T U I

a Ct~~ T INUL
S CO NT INUE
6 CUJNT INL JL

IM~ TMAX• r P R i N T  I L , (I ,Is I,IM )
• 10 f O R M A 1 C 1 H l ,S 0X ~~Sc ULE$,,/,SXA TIM t .* .j3X ,-2QCL2,.~X j )

-_  PR INT 1 1
ii f . ( j A T ( / / , b ~~~L UUlP� , 3 X * 1 T F M ~~)

(‘0 la 1c 1, N
4A~~NE(I( )
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1-~ 1)0 13 J~~l ,J A

‘ PR IN T 12 , K ,J,(U (Ic ,J .IT ),1Tzl ,ZM)
-• 1? f - O R M AT ( / , , 7A , 1 2 , bX ,j I , b x ,2 0 ( 12 , S X)  )

13 CON T iN U E
~ ~ i sa  LONTIN UI

p REtURN
I-NI) 
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APPENDIX B

• Illustrative Examples Using Schedulability
Computer Program
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- 1 BASIC DATA COMMON TO ALL EXAMPLES:

N = number of equipment types = 4

N1 = number of equipments of type 1 = 1

N2 = number of equipments of type 2 = 2

N3 
= number of equipments of type 3 = 3

N4 = number of equ ipments of type 4 = 4

C = number of requests = 9

EXAMPLE 1 Schedule-According-To-Decreasing-Tlme-Requi rements Method

- Request Number Request Type

1 (0,O,l,O;6)

- 2 (l ,O,O,l;4)

3 (O ,2,O,O;5)

4 (O ,O,2,3;4)

5 ( 1 ,2,0,l;2)

~
- 1 -  6 (O ,O,O,3;1)

- - 7 (O,O,2,3;2)

L 8 (O ,O,3,O;3)

9 ( 1 ,l,2,2;3)

~ 1._I

• EXAMPLE 2 Schedule-As-Soon-As-Possible Method• I (Order by first-come first-served )

Request Number Request Type

1 (0,O,l ,0;6)

f ~; 2 C1 ,O,O,l;4)
1H
1 3 (O,2,O,O;5)

4 (O ,O,2,3;4)

a 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- Request Number Request Type

t !. 5 (1 ,2,0,l;2)

6 (O ,O,O,3;l)

7 (O,O,2,3;2)

-
~~ 8 (O,O,3,O;3)

9 (l,l ,2,2;3)

a

EXAMPLE 3 Schedule-As-Soon-As-Possible Method
(Order according to decreasing times)

-a

-, - Request Number Request Type 
—

1 (O ,O,1 ,O;6)

2 (l ,O,O,l;4)
• 3 (O ,2,O,O;5)

4 ( 0 O ,2,3;4)

5 (l ,2,O,l;2)

6 (O,O ,O,3;l)

~ 1 7 (O ,O,2,3;2)

8 (O ,O,3,O;3)

- 
9 ( 1 ,1 ,2,2;3)
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- APPENDIX C

Computer Program Listing For
- Fitti ng of Test Request IntoI, Existing Schedule
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r PW- I J Li I~~A M  NUSCHL) ( I N PUT , TA P1~~s 1NPLIT, uUT PUT, TAPI - b~~UuT PuT)
- 

j- t)1l~EI.b1UN X (?0),A(S.20,?0).NI- (20),U (lO,S)I N I E ( ’I R  X ,A ,T ,U
N A M E L I S T / VA R /  x • 1, A . N , NL,NEST, P4N51

I REA l )  V A R
PR IN T y A p
PR I NT 39

~ 1 39 Fl) A 1 ( 1 p a $ , 5 X $ S C H~ L U ~ AI1II.1TY Li? N EW K1UU(SI~~)

~ 1. Dli I I  NS , N ES I , N M S 1
DO g

~1 K~~~~~,N

( ‘I i  £~O J* 1,Jx
U( P ,J ) : O

~f) C ON) INUE
21 CONTINUE.

‘I DO ~IF ( * ( k ) ,IQ ,O) ( ( )  Iii b
• ISUM X O

- J UZN L($ )
~~ 

* ,...
IS LJPi: ISIJM ,A (J,l ( ,P-J 5 ,1 )

I f I (.LINTINUE
- IF (ISUM .LT .x (K)) GIl IL) B

INDEXS O
DO sa J:1,JQ
NA N S+T .%
DL, ~ L I-4S,N A
11- (A ( J , K ,L + 1) ,1U.O) till 10 3

2 C IJN TIFvOI
- 1NO~X :INflE*,1

U(I( ,J): l
IF (Ir~Dt x • F r ~,x( i a 1) (aU lu 1~

- 3 (.O-’t T IN l ) t ~
• U

I LaO T I  M
1. s Ll’~~I1~-Il E

— 
~~ Cii r-.T I NU~-- P k I N T  7
7 I - i s i ~~r - A I  ( / /,  ~~~~~~~~~~~~~~~~~ IILUW . 5T IS SCbli’ti’LAI ,LL�)

iF ? aI ~:t .S t7
• ~- . P W I t .1 ~~~~~~ I . 5 , I L N I )

• 1 
30 i)4 AT (/,,.1O ~~*S TAR T TIM F Iba ,IX ,L~ ,IO~*H~D TIM E. lSt.L * ,I~~)

a - fr~ IN! 3 1
~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~ A S~~1 bNM EN Ta ,/ .~~U*s L t d I J l P M t N T s , 5 x ,

* ; T Y P F $ . ? A S S I I ,r~M I - W T $ )
• 

P t ’  4 q  K I , N
J A : ia l  ( P ..)

Dl’ •SS J :t ,J*
P W I r ~T ~~~~

3? F t ¼ M A T ( / .~~~3x ,  1,’. I’i * .1t ,11~~,L1 )
3; li.NT II’aLIl

0 ( - t I P  I la IIJL
l , i j  1 t -  Iv

$ (1 14 1 IPsi lE
i- p. !,~T ’~,N5

• ii 0 F- i i-~ A 1 ( / / , I n X a P F - .~ Ki l i l t E St  IS P-iOl SChl,IIIAHLt ‘ii STA R T I i - i ~ s.
I * , J ? )
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- APPENDIX D

Illustrative Example Using Computer Program
To Fit Given Test Request Into

- - Existing Schedule
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f Test Request = (l ,1,l,l;2)
- 

- Earliest Desired Start Time = 2

1. Latest Desired Start Time = 12

~ ~
- Initial equipment avai lability matrix Is as follows:

Time
Equipment Item 3 4 5 6 7 8 9 10 11 12 13 14

1 1 0 0 1 1 0 0 1 0 0 0 1 1

2 1 0 0 0 1 0 0 1 0 0 0 1 1

2 2 0 0 0 1 0 0 1 1 1 1 1 1

~ 1. 3 1 0 0 0 0 0 0 0 0 0 0 0 0

3 2 0 0 1 1 0 0 0 0 0 0 0 0

• 3 3 0 0 1 1 0 0 0 1 1 1 1 1

1 4 1 0 0 1 1 0 0 1 0 0 0 0 0

4 2 0 0 1 1 0 1 1 0 0 0 0 0

I 4 3 0 0 1 1 0 1 1 1 1 1 0 0

4 4 0 0 1 1 0 1 1 1 1 1 1 1
I .

I 
I .

— I -

- I
1.

• 11

— 
~- $
- a

p

a

—— .
~ ~

;- ;~~~
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• - -a . ii - -‘ •- ‘ - - - -
-a 
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Table 0.1 Possible Schedules for Test Request

I S C H F D I J L A B T L 1T Y  (IF NE.W RE(~UE S T

NIW RFQ LJ EST IS NOT 5C14E.DtJABLE AT START TIME 2

N~~W REQUEST IS NOT SCHEDUA~ LE A T START TIML. 3

N~~ J~FQI.JEST iS SCHE.OLJLAI4LE

I I STAR T TIMF IS U END TIME TS 6

F J t , I P N FNT A SS I I ,NM L NI

- 
~(J iJ 1PMt-N1 T Y P E ASS I( ;NMLNT

I I I

1 (1

0

3 * a)

3 2 1

i
i .  3 3 0

- 1

~1J ‘4 2 (4

U 4 a)

4 0

f 4 ~~~ tq-~~~ii~ 51 15 P-f i J I  S( P1IDIIA ~4 L E .  *T STA R T T IM E. I,

~~~~~ 
t 4 F J J I .I~~5t  is ‘~iuT 5LI1~ fl (jA I-ILI AT STA R T TIM E 6

I NI- va W I - W U F S I  IS P . 1 , 1  SCPI I- ()UAPS LE. AT STA Ifl T IM E. 7

I Nl~~ k Fq( JF - S 1 IS NOT SCM I- t UA ~ LE. AT STA ~~T TI ME. Na
- 

- ~~~~~ 
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Table C.1 (Continued)

NEW RFUU€S T IS NUT SCHET)IIAI4LE. AT START TIME. q

NEW R EQ U EST IS NUT SCI(EDUAI3LE A l  START TIME 10

NIva RE Q IJES I IS NOT SCREDUA~ LE AT ST ART TIME 11

NE~ KFGsUEST IS SCME.DULAHLI

S T A R T  TI M F IS 12 E~ L) TIME IS 14

I-UU1PPi~NT ASS IGNMENT
E Q U I P M E NT  T Y P E  A S S I G N M E N T

1 1 1

NI- ri KEIJUEST IS N (JT SCt-eOUARL. E. AT START T IM E 13
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