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Abstract

The supervision of Complex equipment
development (CED) projects is facing a
lot of challenges in scheduling and cost
control. In this paper, we presented a dy-
namic earned value management (DEV M)
model based on mathematical program-
ming for the real-time forecast of sched-
ule/cost of CED projects. A similarity
matrix of the items was introduced into
the model to improve the accuracy of the
forecasts. Moreover, we proposed a prac-
tical technique called Four-quadrant Dia-
gram of Schedule-Cost to dynamically
visualize the performances of a CED pro-
ject, and a new index named Earned Val-
ue Divergence to evaluate to what degree
the project is controlled. Finally, a case
study was provided to illustrate the per-
formance of this method.

Keywords: dynamic EVM forecast; simi-
larity matrix; Four-quadrant Diagram of
Schedule-Cost; Earned Value Divergence

NOTATION
w; ID of item i

I sonitemsofitemi.If I =&, itemii

is bottom lever item. If T, =&,

item i is top level item

h"; planned period of item i

¢’i planned cost of item i

fiy completion rate of item i at time t. If
fi=1, item i is finished. If f,=0, item i
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is not start. If 0<f;<1, item i is in pro-
gress.

si start time of item i at time t

g; finish time of item i at time t

h;; actual period of item i at time t (if t=0,
hie=h"; ; if t>ey, hyis the actual period,;
if 0<t<ej, h;; is the EVM forcast
period)

ci actual cost of item i at time t (if t=0,
cio=C ;; if t>ey, ¢y is the actual cost; if
0<t<ey, Cit is the EVM forcast cost)

n quantity of all items

1. INTRODUCTION

The complexity of equipment de-
velopment is increasing as time goes by,
and this complexity leads to overspend
and delay of many equipment develop-
ment projects. Take F-22A Program as an
example. The report submitted in May
2012 by United States Government Ac-
countability Office (GAO) showed that
the estimated total cost of the program
more than doubled since the program
started. The schedule for delivering full
capabilities will also be delayed from
2010 to 2017. New techniques of visuali-
zation and oversight of complex program
is required 1.

Quite a lot of researches have been
done of complex projects. However, by
now, it has not yielded any perfect theo-
retical system [?1. A Dynamic Earned
Value Management is proposed in this
paper to deal with the visibility and accu-
racy of complex projects.



Earned Value Management is an ef-
fective management technique that pro-
vides an accurate status of a project by
considering both project plan and perfor-
mance. It was first sponsored at 1960s by
US Department of Defense and particu-
larly for large-scale projects 31 As its
popularity in private sector, the theory
increasingly consummates. A study
showed that 82% managers use EVM
when managing their projects .

Vandevoorde S et al ™ proved that
forecasting duration with earned value
metrics provides reliable warning signals
at higher WBS levels. As is shown in the
comparison among the three main dura-
tion forecasting metrics, which are the
planned value method !, the earned dura-
tion method ' and the earned schedule
method (8!, the third one was the only
method which showed satisfying and reli-
able results during the whole project du-
ration. Lipke W applied statistical meas-
urable to EVM!®) and gave the project
cost and schedule a predicted upper and
lower bounds which showed good per-
formance regardless of confidence level
chosen™. Naeni L M et al*¥J put forward
a fuzzy approach to evaluate the progress
of a project where uncertainty arises.
DING Bao-feng et al'*?! introduced the
conception of weight earned value to re-
solve vital path problem of schedule
measurement methods based on analyz-
ing the property of total time difference.
The conception provides project meas-
urement with a more accurate basis.
Pajares J et al ¥ proposed two monitor-
ing indexes of the Cost Control Index and
the Schedule Control Index which com-
bined EVM and Project Risk Manage-
ment to analyze the possible risks. Taking
the disadvantages and limitations of tradi-
tional EVM into consideration, CHANG
Qing et al ™ put forward a conception of
second- level earned value method com-
bined with project network diagram,
which corrects the EVM forecasting de-
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viation. However, no theory has focused
on the forecast of the unstarted items
since now.

As for the visualization of EVM,
Chou J S et al™ integrated earned value
analyze and database management system
(DBMS). This realizes a Web-based vis-
ualized EVM for assessing project per-
formance.

As all the items of a project are not
the same, using the total SPI/CPI to fore-
cast the project will lead to some mis-
takes. A way to forecast the unstarted
items is required. It’s also important to
get an easily used graphical tool for
earned value management.

This paper is organized as follows.
In section 2, we introduce the mathemati-
cal programming model for the total peri-
od/cost of complex projects. In section 3,
we apply dynamic EVM (DEVM) meth-
od with a new forecasting way for the un-
started items by considering the relation-
ship between items to the model. In sec-
tion 4, a simple visualize diagram is put
forward to provide a graphical project
performance for project managers. In sec-
tion 5, a case study is carried out to prove
the method we proposed. And in section
6 we conclude the paper.

2. Mathematical programming model
for complex projects

To get the total period of complex
projects, a mathematical programming
model is formed in this section.

We use a combination of four ele-
ments named H to explain a project:

H=<W(),U\V,R>,

In which W(t) represents project’s
WBS (Work Breakdown Structure) which
is the foundation for project management.
WBS of complex projects can be quite
complicated.

U. V. R represent three typical
constraint relations between work items,



which are precedence, exclusion, father

and son.

By using the introduced notation, H
is explained as follows:

a) Items’ condition differs from time to
time. Thus WBS is a combination of
the following elements with a time
variable i:

W(E) = {0,155 Fi i iS58 o =120

b) U is for precedence constraint. To
every u=(i,jke U={uk=1,2,...,|U]},
item j shouldn’t start before item i
ends. |U] is the amount of elements in
u.

¢) Vis for exclusion constraint. To every
vi=(i,je V={wlk=1,2,...,|V|}, item i
and item j shouldn’t be carried out at
the same time. |V/| is the amount of el-
ementsin V.

d) R is for father and son constraint. To
every n=(jke R={rk=1,2,...,|R|},
item i is the father of item j, which
means item j is covered by item i. |R|
is the amount of elements in R.

Based on the descriptions above, the
mathematical programming model for the
shortest expected period is described as
follows:

Min. T (t,5)=Max{e; i=1,2,3,...n} (1)

S.t:
S={si} H si€[0, ),V i=1, 2,3, ....n(2)
&t <Sjt Ors; Zejt,V(i, D =% eV @
€ =Sit +hy (6)
The objective function (1) aims at
the minimization of the forecast total pro-
ject period. Constraint (2) ensures that the
start time si is a nonnegative integer.
Constraints (3)-(5) require that when
items are under constraint of U or V or R,

the constraint must be satisfied. Equation
(6) expresses the relationship among the

finish time, start time and construction
period of item i.

The model can get a solution with
LINGO or CPLEX.

3. Dynamic Earned Value Manage-
ment

To get the start time (si;) and finish
time (ei) and cost (ci)) of every item, we
apply earned value management (EVM)
to the mathematical programming model
to get the forecast of its period (hit) and
cost (ci). This achieves the dynamic of
earned value management (DEVM).

EVM is a useful technique for per-
formance evaluating and information
feedback by providing cost and schedule
forecast. There are three fundamental pa-
rameters in EVM: planned value (PV) is
the budgeted costs of work scheduled,
actual value (AV) is the actual cost for
work performed, and earned value (EV)
is the budgeted cost of work performed.

Based on the above three parameters,
four indexes are used to evaluate the per-
formance of a project, which are cost var-
iance (CV), schedule variance (SV), cost
performance index (CPI), schedule per-
formance index (SPI). Here are the for-
mulas:

CV=EV-AV, SV=EV-PV,
CPlI =EV/AV, SPI =EV/PV .

We symbol ¢j and 4 as the actual
cost and period of item i at monitoring
time t. By using notations mentioned
above, EVM indexes can be expressed as
follows:

C t-s; 2 h;
PVi=1 . t-=s . D
t C i X ilt t-Sit <h i
i
AV, =¢/ (8)
EV, =f, xC, )

CVn = EVIt - AVH , SVIt = EVn - PVn ,
CPl;, =EV; /AV; SPl; =EV; /PV;



Thus at monitoring time t, we pro-
pose an EVM based cost and period ex-
pression.

ot fi=1

¢, =1c;/CPI,  O<f,<l (10)
Cit fii=0
h fii=1

hy =4 /SPI, 0<fy<l (11)
hit fi =0

As few researches have been done
on the forecast of items that have not yet
started, which can’t provide the CPI or
SPI of themselves, we propose a similari-
ty matrix to solve the problem. Items can
have some similarities in the cost struc-
ture and the development method. And
the similarity can be described with a
number between 0 and 1.That’s how the
unstarted items can learn from the items
already started.

Making Y={y;} is the cost structure
similarity matrix, and Z={z;} is the de-
velopment method similarity matrix,
which show all similarities between item
i and item j, we improve the forecast
method to do the forecast of those un-
started items:

Gy = !
p+q

p+q .
Z[C ix(L-y)+eixy; +CP'](](:I'Z)

j=1
hi;:HX%j,x[hﬁx(17zij)+h*ixzij+sp|j,] (13)
j=1
711 o<fy<t
In these two formulas, p is the

amount of the items which are finished at
monitoring time t. q is the amount of the
items which are in progress at monitoring
time t. ¢ jand h; are the planned cost and
period of item i.

4. Visualization of DEVM

Considering we can’t get the earned
value of unstarted items, and the SPI of
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items already finished is 1, here we im-
prove the indexes of variance and call it
deviation instead. Therefore cost variance
(CV) is changed to cost deviation (CD),
and schedule variance (SV) to schedule
deviation (SD).

The next formulas are explanations
of CD and SD.

CY" f, 20
Ci
CDIt = * , (14)
. I;Cn fir =0
Ci
S\f“ 0<f;, <1
h
h'-hy
SD, ={—+" f;; =0 (15
h
h i;hi fii=1
hi
Taking every item’s condition as a

point, a visualized DEVM Four-quadrant
Diagram of Schedule-Cost with CD on
the horizontal axis and SD on the vertical
one can be used to make it easier for pro-
ject managers to get the whole picture.
The following is an example.

cost
deviation, 4
CD
Il zone 1 zone
- +
0 schedule
deviation
III zone IV zone
SD

Fig. 1 visualized DEVM Schedule-cost Four-
quadrant diagram

Some tricks can be used in this dia-
gram. Let’s see some examples.

(1) Distinguish an item’s completion
state by making the point solid, half solid
or hollow. As we introduced, fi is the
completion rate of item i at time t. Thus if



fi=1, the point representing item i is solid.
If fx=0, the point is hollow. If 0<fy<1, the
point is half solid.

(2) Distinguish an item’s importance
degree by using different size of points.
For example, we set three types of points.
The largest ones called type A, which
represent the quite important items. The
smallest ones called type C, which repre-
sent the not important items. The middle
ones called type B, which represent the
rest items.

Project managers may find some
other ways to make this diagram more
practical for their project. By using the
diagram, managers can immediately
know how the project is working and how
to fix the plan.

Through the Four-quadrant Diagram
of Schedule-Cost, we can easily get a
plan conformance evaluating way. Here
we call it Earned Value Divergence and
symbolically represent it by div. This in-
dex is a deviation of dispersion. It shows
the degree to which the project is con-
trolled. The formula of div is as follows.

n
div = % Ciy/CDy2 +SD, 2 (16)
i=1
The bigger the divis, the greater the
mismatch between actual performance
and project plan is. Normally, it’s not
what project managers want. Thus some
moves should be taken to make it work
well of this project to make the div small-

er.

5. CASE STUDY

In this section, we set up a case that
applies DEVM and its visualization to
project management.

The following is the WBS for a pro-

ject named X.

I I I 1
e ] el ] [&]

o]

Ay

A
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Ay B, | B, | Bs G |G D, | D
Fig. 3 WBS of project X

At monitoring time t=20" day, we
get the general condition of X as follows.

E;

E;

E;

TABLE 1
The executive condition at monitoring time t

Monitoring time :

. lanned lanned th
NQ' item pcosts pperiod - 20" day CPI; SPI;
i w; * * completion actule  actule
Ci h'; .
rate  fy costs period
1 X 6500 66 0.29 1900 - 0.992105263 0.957
2 A 9339 27 0.65 9500 - 0.638984211 0.8775
3 B 950 14 1 1123 19 0.845948353 1
4 C 566 8 1 700 0.808571429 1
5 D 8452 39 0 - - - -
6 E 1250 24 0.2 260 - 0.961538462 0.96
7 Al 68 1 1 70 1 0.971429 1
8 A2 8365 7 1 9753 8 0.857685 1
9 A3 9848 4 1 9950 4 0.989749 1
10 Ad 291 15 0.47 150 - 1.94 0.88125
11 B1 1284 7 1 1265 6 1.01502 1
12 B2 640 3 1 760 4 0.842105 1
13 B3 1455 7 1 2044 9 0.71184 1
14 C1 767 2 1 772 2 0.993523 1
15 c2 62 6 1 60 5 1.033333 1
16 D1 4120 9 0 - - - -
17 D2 29602 30 0 - - - -
18 El 2086 7 0.85 1800 - 1.158889 1.19
19 E2 1180 16 0 - - - -
20 E3 343 1 0 - - - -
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To make it easier for calculating, we
suppose the similarity between items are
all 0.2. And by using the forecast formula

mentioned above, we can get a forecast
result as follows.

TABLE 1T
The forecast results of Project X’s items

NO ite planned plan_ned actule/ fore- actule/ fqre-

i ' m co§ts perlod cast costs cast period CDy SDy

Wi Ci i c’yc’it huh’i
1 X 6500 66 6551.724138 70 0.007958 0.045455
2 A 9339 27 14615.38462 31 0.564984 0.148148
3 B 950 14 1123 19 0.182105 0.357143
4 C 566 8 700 7 0.236749 -0.125
5 D 8452 39 8884.674056 39 0.229336 0.025641
6 E 1250 24 1300 23 0.04 0.041667
7 Al 68 1 70 1 0.029412 0
8 A2 8365 7 9753 8 0.165929 0.142857
9 A3 9848 4 9950 4 0.010357 0
10 A4 291 15 319.1489362 18 0.096732 0.2
11 Bl 1284 7 1265 6 -0.0148 -0.14286
12 B2 640 3 760 4 0.1875 0.333333
13 B3 1455 7 2044 9 0.404811 0.285714
14 Cl1 767 2 772 2 0.006519 0
15 c2 62 6 60 5 -0.03226 -0.16667
16 D1 4120 9 4191.636574 9 0.067072 0
17 D2 29602 30 30116.70531 30 0.031706 0
18 E1 2086 7 2117.647059 6 0.015171 -0.14286
19 E2 1180 16 1200.517271 16 0.065555 0.0625
20 E3 343 1 348.9639187 1 0.087047 1
Through the mathematical pro-

gramming model, the total period is
T()=70.

From TABLE Il and some rules, we
can draw a visualized DEVM Four-
quadrant Diagram of Schedule-Cost as
follows.

CcD 06 5 oA
B
. C
P
A
-1.2 e « T 1.2
- ©® SD
.
.
0% !

Fig. 4 The visualized DEVM Four-
quadrant Diagram of Schedule-Cost of Project
X at monitoring time t

The earned value divergence is
0.176964.

862

6. CONCLUSION

This paper formed a mathematical
programming model for the total period
and cost of complex projects. To get
some important elements, we apply EVM
to it, which realizes the dynamic of
earned value management (DEVM). We
proposed a similarity matrix for the fore-
cast of unstarted items. This matrix uses
the similarity between items. Thus the
forecast is based on the reality by the
monitoring time which makes the result
more realistic. For the visualization of
DEVM, we propose a tool called visual-
ized DEVM Four-quadrant Diagram of
Schedule-Cost. The diagram provides a
graphical performance of the project for
project managers. At the same time, we
propose a plan conformance evaluating
way called Earned Value Divergence to



evaluate to what degree the project is
controlled and analyzed its trend.
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