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Introduction

any in the
MDepartment
of Defense

have concluded that
we need “persistent
ISR”  (Intelligence,
Surveillance, and
Reconnaissance):

“Maintaining persistent ISR around
the globe would allow the military to
continue to function as a ‘strategically
relevant, continental United States-
based projection force,’ Bair said dur-
ing the Defense News Media Group
conference, ISR Integration 2003: The
Net-Centric Vision, in Arlington, Va1
— Edward Bair is the Army program
executive officer for intelligence, elec-
tronic warfare and sensors.

“We were trying to craft more of a story
and a message that says we re moving
away from, say, the reconnaissance
paradigm to that persistent surveil-
lance paradigm and let’s look at what
we re buying and see if that really does
accomplish where we re trying to go.” 2
— Kevin Meiners; the director of intel-
ligence strategies, technologies and
assessments, Office of the Deputy
Under Secretary of Defense for Intelli-
gence and Warfighting Support.

“We need long-term investment in per-

sistent ISR capability with assured
electromagnetic spectrum access utiliz-
ing up-to-date collection technologies
to find, track and interdict mobile and
technologically competent terrorist
groups and platforms operating with
the vast regions of Africa and Europe,
including both air and maritime envi-
ronments.” 3 — General James L.
Jones, USMC, Commander United
States European Command, before the
House Armed Services Committee on
8 March 2006.

“Precision operations are intelligence-

driven. As noted above, we need to
rebalance our ‘find, fix, finish’ target-
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ing cycle” 4 — General John P.
Abizaid, USA, Commander, United
States Central Command, before the
House Armed Service Committee on
15 March 2006.

In a 10 August 2006, interview in Sec-

retary Rumsfeld’s office, the Secretary
said, “I was asked that when I was up

at the confirmation hearings in January
of ‘01, and I said intelligence. And if you

think about this department, we have
Jjust enormous capability to finish. If
you use the phrase “find, fix and fin-
ish,” we can finish something if we can

find it and fix it in time and location.

The problem is finding it. And you can

find big armies and big navies and big
air forces, and we ve gotten quite good
at that in this department. It is a whale
of a lot harder to deal with a network,

with individuals, with people that don 't
wear uniforms, with people that mix
among civilians and hide among inno-

cent people.” >

And, finally, in a news briefing on 12
January 2006 with Secretary Rumsfeld
and Chairman General Peter Pace,
Secretary Rumsfeld said, “And the real-
ity that this department has responsi-
bilities to find and to fix and to finish
— to use the phrase — in terms of deal-
ing with threats and enemies to this
country, and a recognition that we have
a great deal of ability to fix and — cor-
rection, to finish — in an operation and
much less ability to find and fix, and
the importance of seeing that our
department over time recognizes that
imbalance and does everything human-
ly possible to see that we find ways to
link — we are the biggest user of intel-
ligence — this department is — and we
need to see that there is an intimate
relationship in proximity and time
between intelligence and operations.”

These are just some of the quotes we see
almost daily in Defense news publications,
press conferences, testimonies to Congress,
and briefings. The concept of “persistence”
is a powerful enabler in ongoing operations,
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particularly in the context of a series of
events often described as the “kill chain”;
that is “find-fix-finish” (FFF). This indi-
cates that we must first “find” (detect,
acquire, and verify) our targets, then we
must “fix” (track, obtain accurate locations
and disseminate this information) the tar-
gets, then “finish” (engage and deliver the
effects required by the concept of opera-
tions or rules of engagement) the targets.
We acknowledge that there are other rea-
sons, beyond FFF, for having persistent
ISR capability, but, in this effort, we only
focus on ISR in the context of FFE.

FFF, being a series of events or tasks,
can be further decomposed into more
detailed subordinate tasks. The Air Force,
for years, has used F2T2EA (find-fix-
track-target-engage-assess) as a more
detailed kill chain. This paper will focus
on FFF, with the understanding that the
mathematics could be extended to accom-
modate finer resolution.

As an example, we analysts are often
asked to determine if we should invest in a
new ISR capability or in a new hyperson-
ic munition. More capable ISR assets will
improve our ability to “find” targets; but,
hypersonic munitions will allow us to “fin-
ish” targets much more quickly. So, we
need an analytic construct to examine
these trade spaces.

Purpose

“Persistence” is a powerful concept but,
without quantification, it becomes just
another in an infinite parade of buzz words
that permeate our military lexicon. The
purpose of this article is to quantify per-
sistence and use it to analyze various trade-
spaces (systems, tactics, operations, costs)
in terms of their impact on the kill chain
FFF.

We will first derive an equation for the
probability of accomplishing the kill chain
- Pppp(T). Then, we will quantify the driv-
ers of this probability. Next, we will devel-
op a “persistence ratio” to quantify the rel-
ative impacts of persistent ISR. And,
finally, we will show some results and

insights. (See FFF, p. 12)
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Problem Setup and Solution

Usually, one discusses Pppp(T) as a set
of conditional probabilities:

P[finish | fix] * P[fix|find] * P[find].

This is a valid approach as long as we
know the specific time windows for the
individual event probabilities. But, this is
hardly ever the case. Most often we are
faced with a given time window, or window
of target opportunity, in which the entire
FFF process must take place. For example,
our window of target opportunity may be
from the time a terrorist drives up in front
and enters a restaurant until the time he
departs the restaurant. We must find, fix,
and finish in that time window.

Graphically, this time window, 7, is
shown in Figure 1 along with the individual
FFF event times.

 — t1
it
P ts
T—
t, = time to Find
t, = time to Fix

t; = time to Finish

Figure 1. Time Window, 7, and times to
“find”, “fix”, “finish”

Once we find, we can fix, and once we fix,
we can finish. So, instead of conditional
probabilities with known times for each
event “F”, we want to solve for the proba-
bility of accomplishing all “Fs” in the win-
dow of opportunity, which is

Peep(T) =P[(1, <N (1, =T 1) N (1;=T1;-1)] (1)

From Koopman,’ we know that “when the
looking is done continuously during a time
¢ under unchanging conditions, the proba-
bility p(?) of detection is given by”

p)=1-e™ (2)

where ? is the rate of “detection.” Since this
is a cumulative probability, the time
between detections follows the exponential
density function

) =he (3)

What Koopman describes is formalized
by Ross,8 in that these assumptions of a
counting process and of stationary inde-
pendent increments (“the distribution of the
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number of events that occur in any interval
of time depends only on the length of the
time interval”’) make these Poisson Process-
es which have been used extensively in sto-
chastic modeling.

We will extend this beyond detection and
make the assumption that this is representa-
tive of each of the three events (find-fix-fin-
ish). While we have traditionally modeled
the probability of damage given attacks, this
approach incorporates the probability of
“finish” within a time interval. In our
approach, the emphasis on time is much
more appropriate for the mobile targets,
which require “finding and fixing”, since
these targets are very vulnerable to strikes
once located. The modeling time for “fin-
ish” events following an exponential distri-
bution is very reasonable for cases where
strike assets are loitering to flex on targets of
opportunity as they appear dispersed across
aregion. We are also assuming that “find
and fix” means that we are keeping the tar-
get on “track” or that we don’t break track.

We consider that the A;s encompass all
the spatial aspects of target density, revisits,
and geography so that we can address all
these issues in the temporal domain. So,
allowing that the A;s for each of the events
(“Fs”) may not be equal (it’s unlikely they
would be equal and that solution is trivial),
the solution to equation (1) becomes

Pepp(T=P[(1,<T) N (6, T 1) N (1,5 T 1,-1)] =

JAe™ T Ae™ | Aedididi, (4)

After integrating the right hand side of equa-
tion (4) we get
p (T) = |—eHT ( ’13 '13

FFF {‘ll - ‘lz )(l] - ‘13)

_U"’-:"{ ’11’1"‘ )—r_'_ll""( ’11’1': )
(g =27y = ) =2y =2 (5)

)

A general expression for this Pppp(T) is

P (T)=1- Z

'l

(6)

f#)

If we now let 6; = 1/ A; be the mean-time-to
event i, we can rewrite equation (5) as

Pppp(T) =
T 2 T 1
9 0; 7 6;

) ) )-
(6,-0,)(6,-6,) (8, —6,)(6, —6,)

T E)
- o2
-e " ( : )

(93 _91 ).(ez _9:] (7)
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A general expression for this Pppp(T) is

P..(T)=1 EL;MJ*Q,?J
T 2T 6,-6,)

i#] (8)

Limits

We can readily see that this probability
of finding-fixing-finishing in a time win-
dow T is a function of the length of 7" and
the times to accomplish the individual
events, 0;, 0,, 03. Also, we note the limits
of equation (7) when each of the 6;s goes to
0 (i.e., instantaneous event).

0, -0

)

P= ——)=e (——

b-0.  0-6.

T

T 6 R
=]-¢ e :
0,- 0.
b;—> 0 ]
T T
P=1-¢ '|{—'] , (%
0, - 0.

=-¢ l—)

0.-0,

Impact of the ;s

We can now determine how the 0O;s
impact the overall Pppp(T). We do this by
taking the partial derivatives of equation (7)
with respect to each of the ;5. These quan-
tify the changes in the Pppp(T) given incre-
mental changes in each 0;. These are cal-
culated as

ar_
20
=z 6° 6
—e’( : + ' +
6.-6)06-6) (6.-6)(-6)
T 26
+ + - )
(6,-6)06,-6) (6,-6)0 -6)
N N T
¢ G -aye-e) ° ((9‘—6:)(9‘—6,)")(9)
or
26,
xa o’ a:
e ( - - = +
(6,-6,)(6,-6) (6,-6)(6,-9,)
T 20
+ S
(6,-6,)6,-6) (8,-6,)06,-86,)
b %
©-0yx6.-6) ° ©-0)6-0) (10)
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Some example values of equations (9),
(10), and (11) are shown in Table 1. These
partial derivatives can now be used to devel-
op a metric for “persistence.”

T aP/)6, 0P8,  IP/)6,
10 -0.01117 -0.00709 -0.00516
20 -0.02409 -0.01887 -0.01509
30 -0.02343  -0.02198 -0.01941
40 -0.01700 -0.01854 -0.01811
50 -0.01072 -0.01324 -0.01431
60 -0.00627 -0.00855 -0.01022
70 -0.00350 -0.00518 -0.00684
80  -0.00190 -0.00300 -0.00437
90  -0.00102 -0.00168 -0.00270
100 -0.00054 -0.00093 -0.00163

Table 1. Partial Derivatives as a
Function of 7 (minutes):
6; =5 minutes, 6, = 10 minutes,
0; =15 minutes

Notice that Table 1 shows negative values
for the partial derivatives, since increases
(decreases) in the 6,5 would mean a
decrease (increase) in Pppp(T).

With some manipulations on equations (9),
(10), and (11), it is interesting to note that
we can swap 0; for 6; and the “swapped”
partials are equal to the original partials, the
unchanged partial remains the same, and
Prpp(T) also remains the same. In fact, if
we swap all three 6s, then all the “swapped”
partials are equal to the original partials and
Prpp(T) still remains the same. For exam-
ple, let 6, =10, 6, =15, 63 =50, and T'= 60.
Then,

Prpp(T) = 0.4845
2 =-0.010007
2-=-0.009737
Z-=-0.006251

If we swap the 6s to be 6; =50, 6, =10, 6
=15, and keep 7= 60, we get

37"’ =-0.006251
& =-0.010007

& =.0.009737

30,

Persistence Ratio

Here, we focus on ISR as the prime driv-
er for the “find” event. Although persist-
ence can be thought of in the context of any
of the three events, we will now focus on the
“find” event to develop a Persistent ISR
Ratio (PIR). We can obtain a measure of the

rate of change in Ppgp(T) for “find” relative
to each of the other two F’s. This PIR is cal-
culated as

ar P

fé& :
a P = aP . } (12)
Yoo Voo
If PIR >1, then reductions (improvements)
in 0, result in larger increases in Pppp(T)
compared to equivalent reduction of either
0, or 0;. If PIR <1, then small reductions in

either 6, or 63 would result in larger increas-
es in Pppp(T) than would reductions in g;.

PIR = min {

Example #1

Let’s look at an example with our time
window 7 going from 10 minutes to 190 min-
utes while 6; =20 minutes, 6, =30 minutes,
and 63 = 40 minutes. Figure 2 shows the
effect on Pppp(T) (Equation (7)) of shrink-
ing or expanding the time window 7.

We also are interested in the partial deriv-
atives from equations (9), (10), and (11) and
how they vary over 7. This is shown in Fig-
ure 3. Since the partial derivatives are neg-
ative, we have multiplied them by -1 and
plotted them as positive values for visual
purposes.

This graph gives an interesting insight.
When the time window 7 is fairly long
(e.g., 150 minutes), dP/00; is the most neg-
ative of the partial derivatives and we get
more benefit (Pgpp(T) increases more rap-
idly) by reducing 03, the time it takes to “fin-

(See FFF, p. 14)
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Figure 4. PIR as a Function of 7.

ish” the target (i.e., reduce the largest 6;).
But, at some point (i.e., 110 minutes),
dP/30; becomes the most negative and it is
more advantageous to decrease 0, to get the
largest improvement in Pppp(T). This can
be seen in Figure 4, where we plot the PIR
as a function of 7.

Figure 4 clearly shows that PIR>1 up to
110 minutes and is less than 1 for a time
window greater than 110 minutes.

Example #2

Now, let’s look at an example with our
time window 7 going from 10 minutes to 150
minutes while 6; =20 minutes, 6, =15 min-
utes, and 63 = 10 minutes. Figure 5 shows
the effect on Pppp(T) (Equation (7)) of
shrinking or expanding the time window T.

Again, we plot the positive partial deriv-
atives from equations (9), (10), and (11) and
how they vary over 7. This is shown in

Figure S.

Figure 6.

This graph confirms the previous inter-
esting insight with a little twist. When the
time window, 7, is fairly long, 0P/96, is the
most negative partial derivative and we get
more benefit (Pgpp(T) increases more rap-
idly) from reducing 6; the time it takes to
“find” the target (i.c., reduce the largest 6;).
But, at some point (i.e., between 60 and 70
minutes), 0P/006, becomes the most negative
and it is more advantageous to decrease 0,
(improve the time to “find”) to get the largest
improvement in Pppp(T). Then, at 50 min-
utes, 0/0 03 becomes the most negative and
it is more advantageous to decrease 63
(improve the time to “finish”) to get the
largest improvement in Pgpp(T). This can be
seen in Figure 7 where we plot the PIR as a
function of 7.

Figure 7 clearly shows that PIR>1 beyond
70 minutes.

Prrr(T) as a Function of 7'.

The startling insight is that at large values
of 7, reducing the largest 6; yields the
largest increase in Pppp(T). But, as 7 gets
smaller, reducing the smallest 6; yields the
largest increase in Pppp(T). It all depends on
the values of 7"and the 6;s.

Solving for the Window of Opportunity:

Figure 6 shows that as the total time to
strike a target increases, the impact of
increases in the response rates becomes
insignificant. In equations (2) and (3), we
developed each phase of the kill chain as a
Poisson Process and the entire kill chain as
a sequence of Poisson Process. So, based on
threat projections of the rate of targets of
opportunities, we can determine the total
time necessary to achieve a desired success
rate. Thus, this model can set the goal for
overall capability and evaluate component
improvements to achieving that goal.

Persistence Ratio
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Figure 6. Positive Partial Derivatives as a function of 7.
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7. PIR as a function of 7.
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To illustrate this application, let’s say we
want to find the minimum window of
opportunity given a set of 6;s. That is, if we
know our 6;s and we want no less than a
given Pppp(T), we can solve equation (7) for
T. For example, if 6; = 10 minutes, 6,=15
minutes, and 63 = 5 minutes and we want no
less than a Prpp(T) = 0.80, we solve equa-
tion (7) for 7 which yields 7'= 43.19 min-
utes. This tells us that, given these 6;s, if we
have a window of opportunity equal to or
greater than 43.19 minutes, we have a
Prrp(T) > 0.80.

Operational Considerations:

By focusing on only the temporal aspect,
we have not totally addressed the issue that
persistence is especially critical for sensor
phenomena where we are dependent on the
target creating an observable, e.g., move-
ment in the case of MTI or videoing a door
for a terrorist to exit. Persistence provides
the opportunity for high target update rates
that give a better idea of target intent and,
hence, make the front-end decision to even
enter the FFF cycle.

Next step:

The next step is to obviously incorporate
costs so that one can perform cost-benefit
trade studies for making improvements in
each of the “Fs”. It is clear that it is not
always the best action to improve “find” if
one wants to improve the overall kill chain!
It depends on the times to “fix” and “fin-
ish” and the window of opportunity.

Conclusions:

We have developed a Persistent ISR
Ratio (PIR) that can be used to determine
whether improvements in “finding” targets
actually gives us the best improvement in
the kill chain — Pppp(T). It measures per-
sistent ISR relative to the other two Fs —
“fix” and “finish.”

We can use this aggregated set of calcu-
lations to get ROMs on effectiveness and
cost-benefit trades for systems and
CONOPS in their impact on improving the
kill chain. So, to determine if we should
invest in a new ISR capability or in a new
hypersonic munition...let’s look at the trade
space.
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CHALLENGES
(continued from p. 10)

against which we evaluate our systems.
In some cases recent fielding initiatives
for Iraq and Afghanistan have shrunk a
decade long process to a year or less. Our
analysts performing research, develop-
ment, and acquisition support and doc-
trine development have to be networked
with the soldiers and analysts in the field
so that the wartime environment and les-
sons learned are properly captured in our
assessments.

6. Stationing the Force to Meet the

Emerging Strategic Demands While
Providing Infrastructure and Services
to Enable Mission Accomplishment.
Three decisions, all backed by strong
independent analysis, have merged to
create a severe stationing challenge: 1)
the Army plans to grow in accordance
with the decision announced by the Pres-
ident this past February; 2) the Base
Realignment and Closure (BRAC) Act
for 2005 mandates a re-arrangement of
CONUS installations based on pre-
growth estimates; and 3) our oversees
basing is changing in-line with the Office
of Secretary of Defense Global Basing
and Posture Strategy which was done
before the growth estimates, in parallel
with BRAC, and before the prolonged
engagement in Iraq was envisioned. All
of these activities now need to be bal-
anced and the analysis supporting each
must be integrated.

7. Transformation Business Practices to

Better Enable Army Transformation.
The Army has embraced a broad set of
management reforms and is drawing
upon Lean Six Sigma education to enable
efficiency improvements. As most of the
OR community knows, Lean Six Sigma
has its roots in operations research and
industrial engineering. The leadership of
the Army is now fully embracing using
fact-based, quantitative methods for
improving how the Army runs. We need
to be open minded and responsive to help
where we can.

8. Obtain Full, Timely, and Predictable

Funding to Sustain the Army’s Global
Commitments. The last objective (and
first in the Army Posture Statement)
identifies a need to engage with Congress
and the American people. Although not
an analysis activity in itself, analysis sup-

(See CHALLENGES, p. 16)
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