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EVALUATION OF THE FUNDAMENTALBESEARCH
ON EXPLOSIVES (FRE) PROGRAM

by

Thomas Rivera and Ronald L. Rabie

ABSTRACT
A means to quantify both progress and the relative im-

portance of the various tasks composing a large research
program is discussed. The discussion is within the context
of the particular example of the Fundamental Research on
Explosives (FRE) program currently at the Los Alamos Na-
tional Laboratory. The analysis reveals a strong connec-
tion in the generally parallel layout of the FRE program to
planning for crisis aversion. The analysis is found to be
valuable in obtaining a view of an existing R&D program in
terms of its current probability of meeting its goals.

T. INTRODUCTION

The task of formulatingand managing basic R&D can bring about a time of

serious trial for management and scientists involved in the research. Issues

such as micromanagement of research and freedom to pursue serendipitous re-

sults not on the main track of the program can become monumental stumbling

blocks in the path of progress. Indeed, the very definition of progress can

occupy hours of management and technical-stafftime. Such observations have

led managers of basic technical-researchprograms to try numerous means for

evaluating either the worthiness of a proposed program or the progress of a

program already identified as worthy. We discuss, in the context of a partic-

ular example, a means to quantify both progress and relative importanceof the

various tasks composing a large basic research program. The approachwe take

is an extension of a technique proposed by Philip A. Roussel in an article in

the Harvard Business Review titled “Cutting Down the Guesswork in R&D.”l

The test case

National Laboratory

is a current program of basic research at the Los Alamos

directed toward the accomplishmentof a stated goal. The
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goal of this research is to obtain a detailed molecular-levelunderstandingof

the process of energy transfer among and within explosive molecules that re-

sults in the ability of explosives to sustain detonation. No such understand-

ing currently exists, and we deem such a research program to be valuable to-

our long-term interest in the use of explosives at the Laboratory. This re-

search activity is called the FundamentalResearch on Explosives (FRE) program-

and is funded at a level of $2.1 million during the current fiscal year

(1984). This program has enjoyed similar levels of funding during the past

two years, and we anticipate this level of funding to continue through fiscal

1985. The FRE program requires the research activitiesof more than 20 scien-

tists in traditionally diverse areas. In fact, these individuals reside in

three directorates

ates are variously

gineering sciences.

ates, and all three

(a directoratemay contain 2,000 people). These director-

responsiblefor physics and mathematics, chemistry, and en-

Funding for this program derives from all three director-

have a great interest in the progress of this research.

The size and diversity of the FRE program result in a certain difficulty

for management. No single person is likely to have all the requisite techni-

cal knowledge needed to make unerring decisions on starting new initiatives

and terminatingunproductiveavenues of inquiry. In fact, just the use of the

word “unproductive”in reference to some task is likely to spark lengthy and

heated debate. Nevertheless, all the parties involved in the program need to

understand what constitutesprogress and, further, to understand that manage-

ment decisionsmade on behalf of the program are not capricious,but are based

on an understandablemethod of assessing the value of a task to the accom-

plishment of the goals of the program. This last observationis the principal

reason for seeking a definitive,workable, and understandablemethodology for

the evaluationof progress.

II. THE EVALUATIONPROCEDURE

Roussel directed his attention to a problem we will refer to as serial.

In a serial problem, one assigns a probability of success to each element of

the series. The series might be schematicallyrepresentedas TASK 1 ~TASK 2 -

~TASK 3 ~... +OAL. In such a serial example, one assigns probabilities
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of success to each task and forms the product of the assigned probabilitiesto

obtain the likelihoodof achievingthe goal. The management/technical-research

staff interaction is composed of assigning the probabilities to the tasks.

Management generallymakes the final funding decision on the basis of how the

probability of achieving the goal stacks up against potential losses that

might be incurred if the goal is attained by the competition. Roussel’s arti-

cle was actually a bit less restrictive than the very simple serial case just

presented but was not characteristicof the problem we face with the FRE pro-

gram. The FRE program is more parallel in structure than serial. Schemat-

ically, the FRE looks more like a pyramid.

GOAL

mu
TI T2 T3 T4 T5 T6

The various tasks being performed feed the intermediategoals and these inter-

mediate goals feed the final goal. The first thing that becomes evident in

such a structure is that one could accomplishonly parts of the elemental tasks

and still learn enough from them to result in a nearly complete attainment of

one of the intermediate goals. In fact, it is just such an observation that

encourages a manager to establish a parallel research structure. The likeli-

hood of success is increased by introducing tasks that, at first glance, may

appear to be redundant. Evaluating such a structurewith respect to critical

paths and probabilities of success is more involved than the simple serial
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case. We have found that the evaluation of pyramid-like structures involves

both the assignment of probabilities(done by the researchers)and the assign-

ment of weights based on input from the researchersbut done by the management.

The probabilitiesrepresent the best estimates of the research staff as to the-

likelihood of accomplishmentof the tasks within the time frame allowed. The

weights are a measure of the importanceof the tasks to accomplishmentof the

intermediateand final goals. The probabilitiesand weights are dynamic quan-

tities that must be adjusted throughout a program’s life. The combinationof

these quantities provides both the research staff and the technicalmanagement

with a means for evaluating “critical paths” through complex programs as well

as evaluatingprogress toward a program goal.

Before proceeding to a detailed example, we think it is important to

distinguish between research done to further the knowledge of mankind and re-

search done toward an end product or a specific goal. In the case of basic

research done exclusively for academic satisfaction,the researchermust be as

free as possible to pursue any avenue open to him. Interesting side issues

and curiosities are the stuff of which general scientificadvances are made.

Such research is generallymanaged by the researcher, with time and cleverness

being the only management issues. However, research performed in pursuit of a

specific goal or an end product is usually a large collaborative effort, and

the freedom to pursue all avenues becomes restricted. A great part of our

success will depend on informing all participantsregularly, in detail, of the

status of the program. Knowledge of a problem is a large part of the solution.

III. EVALUATIONOF THE FRE

A. Definition of Terms

We define the probability of accomplishing the ith task to be P(i)

and the weight or figure of merit associatedwith that task to be W(i). Figure

of merit represents that portion of a stated goal that can possibly be accom-

plished assuming ideal conditions exist. Figures of merit are normalized so -

that the sum of the normalized figures of merit is equal to unity. The analy-

sis is composed of a primitive-elementanalysis for a parallel element. This -

element may be representedas
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RI(1)

.

\

TASK 1 [P(l) X W(1)

GOAL 1 ,

/’”
TASK 2 [P(2) xW(2)]

RI(2)

where the normalized figures of merit and probabilitiesare multiplied to form

what we call a relative importanceproduct RI(i). The sum of RI(1) and RI(2)

is taken as the probability of accomplishingGOAL 1. This sum represents a

“worst-case”situation in which no synergisticeffects among the various tasks

are taken into account. Therefore, this figure is a minimum probability (“or”

probability) figure for success. This procedure is independent of the number

of parallel tasks “feedinga

particular task may acquire

and comparativelyimportant.

ical paths” once assignments

goal. It is very important to recognize that a

a large RI only by being comparatively probable

This fact allows the easy determinationof “crit-

of P(i) and W(i) are made. “Critical paths” in

this context are shown in the example below. One should also recognize that a

single task may be important to more than one goal. In such cases, the proba-

bility of accomplishing the task is constant over the affected goals, but the

weights assigned to the task will depend on the various goals. Thus, the RI

for the task will vary, depending upon the goals affected. A simple example

is shown below.

GOAL 1 GOAL 2

TASK

5



If we assume that W(1) = 0.9 and W(2) = 0.1 for P(1) = 0.8, we find that RI(1)

=W(l) x P(l) = 0.72, while RI(2) = W(2) x P(1) = 0.08; that is, RI(1) > RI(2)

because W(1) > W(2). Clearly, TASK 1 is far more importantto the accomplish-

ment of GOAL 1 than it is to the accomplishmentof GOAL 2. In subsequentsteps -

of the analysis, the accomplishmentof GOAL 1 may be found to be more important

to attainment of the final goal of the program than is the accomplishmentof
.

GOAL 2. The path from TASK 1 through GOAL 1 to the final goal is an example

of a “criticalpath.”

It is important to realize that the tasks being discussed in the mathe-

matical formulation above are primitive elements (an example might be getting

an oscilloscope record). The tasks to be discussed below are more complex.

An effort has been made to simplify the picture, but it should be kept in mind

that not all cross-interactionsor synergistic effects have been taken into

account.

B. FRE Approach

A team of scientificexperts (the FRE Team) having the common inter-

est of gaining the fundamental knowledge inherent in the program goals was

assembled at the start of the FRE program. The various projects began as soon

as a judicious choice of a simple-moleculeprototype explosive, liquid nitric

oxide, was made.

The accomplishment of individual tasks leading to

fundamentalknowledge of the chemistry and equation of state of

tonating liquid nitric oxide became the FRE approach. The FRE

lined in Fig. 1.

acquisition of

shocked or de-

goals are out-

The various tasks included in the effort were categorized into three

areas: hydrodynamics (H), theory (T), and spectroscopy(S). The task titles

grouped according to the three categories are summarized in Fig. 2. For sim-

plicity, the notations given in Figs. 1 and 2 will be used in subsequentdis-

cussions. Figure 3 shows how the tasks and goals interconnectin achievingthe

final program goal. Because of the complex nature of the FRE program, the in- -

terconnecting lines shown in Fig. 3 represent the most significant interac-

tions and do not represent all the interactionswithin the program nor any in- -

put from projects not funded through the FRJI.

6



.

c. QuantitativeAssignments

Necessary conditionsprior to the assignment of figures of merit and

probabilities of success are 1) a definitive interpretationof what consti-

tutes success for each task, and 2) a thorough understandingof the techni-

cal aspects of each project involved. A technical

comprising technical experts in each of the three

assist the management in

that necessary conditions

sented below were made.

meeting these conditions.

advisory committee (TAC),

categories,was formed to

Based on the assumption

have been met, the quantitative assignments as pre-

.
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HYDRODYNAMICS

HI: Shocked-statemeasurements.

Hz: Detonationphysics.

H3: Shock-inducedreactionhistories.

H4: Piston-cylindermeasurements.

THEORY

Tl: Dense-fluidthermodynamics.

T2: Potential-energysurfaces.

T3: Chemical dynamics.

SPECTROSCOPY

Sl: Spectroscopyof shockedmaterial.

S2: Diamond cell spectroscopy.

S3: Highly excited molecules and clusters.

S4: Mass spectrometryof detonationproducts.

S5: Elastic scattering.

Fig. 2. FRE Categories.

.



ti.

2 .

.—
-------

—
—

.—

..



.

.

Iv. RESULTS

Each task (T) that leads to attaining a given subgoal (S) has assigned

to it a figure of merit (M) as described above. This represents an estimate

of the per cent of S that can be attained by T. Along with this, an estimate

of the probability (P) for successfulcompletionof task T is assigned.

All tasks having significantinput to subgoal S are grouped togetherand

normalized,such that

NZM(i) =W(i) ,

where N is a normalizationconstant.

Example - a specific example

below

(1)

to illustrate this procedure is presented

s = subgoal 1A: Qualitative and quantitative identificationof chemical

species present in shocked and/or detonating liquid nitric oxide (NO).

T(1) = task S1: Coherent Raman spectroscopic interrogation of shock-

compressed liquid NO.

M= 0.85 P = 0.70

T(2) = task S2: Spectroscopicinvestigationsof highly compressedNO in

diamond-anvilcells.

M= 0.60 P = 0.85

T(3) = task S3: Chemical-dynamicsstudies of highly excited species and

molecular beam clusters of NO.

M = 0.55 P = 0.55

T(4) = task S4: Chemical investigationof NO detonationproducts.

M= 0.60 P = 0.60

A summary of figures of merit, probabilities, and relative importancefor

1A is presented in Table I.

.
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Subgoal

1A

Task

S1

S2

S3

S4

TABLE I

TASK RELATIVE IMPORTANCEFOR 1A
.

M

0.85

0.60

0.55

0.60

w

0.33

0.23

0.21

0.23

P RI ●

0.70 0.23

0.85 0.20

0.55 0.12

0.60 0.14

The last column in Table I (relativeimportance)is formed’bythe product

RI ‘Wx P . (2)

The sum of the relative importancefor each task is taken to be the probability

for attaining the subgoal S; that is

ZRIT (S) = P(S) .
T

(3)

The probabilityfor attaining subgoal 1A is 69%.

The effect of eliminating one of the tasks may be seen by making P = O

for this task. The effect of eliminating S1 is to have a resulting P(IA) =

46%, and the effect of eliminatingS3 is to have a resultingP(IA) = 57%.

The probability for attaining the next goal upward in the pyramid is

similarly calculated. A figure of merit is assigned for each subgoal and

normalized,so that

P(G) = XRIS(G) =ZXWS(G) RIT(S) ,
s ST

(4) -

.
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where RIS(G) = W (G) x P(S), and the total probability becomes
s

P(Total) = Z WG (Total) P(G).
G

(5)
*

.
The results for chemistry, equation of state, and CJ-Test goals are summarized

in Tables II, III, and IV, respectively. Table V sununarizesthe probabilities

for the subgoals, and Table VI summarizes the probabilities for each task in

the ,program,each goal, and the final probabilities.

.

.

v. CONCLUDING REMARKS

The exercise we have undertaken for the FRE program has been illuminat-

ing to us in several ways. First, we were quite surprised at how vividly

critical paths expressed themselves in the analysis. Further, the critical

paths point out the weaknesses that may exist in the program in terms of lack

of manpower, funding, or equipment,perhaps even the recognitionthat particu-

lar areas of technologythat are not well developed are essential to the pro-

gram. Second, we see a strong connection in the generallyparallel layout of

the FRE program to planning for crisis aversion. This is a characteristicof

safety by redundancy that is the hallmark of parallel systems such as the com-

puters on board the space shuttle and back-up systems in general. In the case

of the FRE program, the ?-]parentredundancy is far more subtle than having

five of the same experiments going on in the false hope that this will improve

the chance of success. Many of the tasks in the FRE program feed the same in-

termediategoals. These tasks are not duplicates of one another but instead

provide support and checks to each other. The cumulative result, however, is

a degree of redundancythat is healthy in the sense of preventing a failure in

one or two tasks from being able to scrub the entire program. Failure of a

single task in an inflexible serial system kills the program. Third, it is

evident that management can force essentially serial behavior on any program

by insufficient funding. Parallelism in a program may appear to be a luxury,

but it should also be considered to be insurance toward success. Management

may decide on the degree of parallelism to be encouraged in a program by doing

13



TABLE II

RELATIVE IMPORTANCEAND SUCCESS PROBABILITIES

Subgoal
s

Task
T

1A

IB

IC

ID

SI

S2

S3

S4

H3

T1

H2

T1

T1

T2

T3

Figure of
Merit
M

0.85

0.60

0.55

0.60

0.90

0.35

0.90

0.40

0.30

0.40

0.80

FOR CHEMISTRYTASKS

Normalized
Figure of
Merit
w

0.33

0.23

0.21

0.23

0.72

0.28

0.69

0.31

0.20

0.27

0.53

Probabilityof
Success P

0.70

0.85

0.55

0.60

0.65

0.75

0.75

0.80

0.50

0.55

0.60

●

c

Rel. Importance
RI

0.23

0.20

0.12

0.14

0.69

0.47

0.21

0.68

0.52

0.25

0.77

0.10

0.15

0.32

0.57
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RELATIVE

Figure

TABLE III

IMPORTANCEAND SUCCESS PROBABILITIES

FOR EQUATION OF STATE TASKS

of
Subgoal Task Merit

s T M— —

11A H1 0.90

T1 0.50

S5 0.55

T2 0.55

IIB HI 0.60

T1 0.70

H4 0.85

S5 0.60

T2 0.70

ID T1 0.60

T2 0.40

T3 ().40

Normalized
Figure of
Merit
w

0.36

0.20

0.22

0.22

0.17

0.20

0.25

0.17

0.20

0.43

0.28

0.28

Probabilityof Rel. Importance
Success”P RI

0.95 0.34

(-).90 0.18

0.85 0.19

0.75 0.17

0.75

0.80

0.70

0.60

0.75

0.50

0.50

0.50

0.88

0.13

0.16

0.18

0.10

0.15

0.72

0.22

0.14

0.14

0.50

.
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TABLE IV

subgoal Task
s ‘r

Ic ‘rl

H3

11A HI

T1

S5

T2

RELATIVE IMPORTANCEAND SUCCESS

FOR CJ-TEST TASKS

Figure of
Merit
M

Normalized
Figure of
Merit
w

0.00

0.90

0.35

0.30

0.00

0.10

0.00

1.00

0.47

0.40

0.00

0.13

PROBABILITIES
T

c

Probability of Rel. Importance
Success P RI

0.00 0.00

0.60 0.60

0.60

0.50

0.00

0.40

0.60

0.28

0.20

0.00

0.05

0.53

.

.
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Goal Subgoal
G s

~istry ~

IB

IC

ID

TABLE V

RELATIVE IMPORTANCEAND SUCCESS PROBABILITIES
FOR ALL SUBGOALS

EOS

CJ Test

11A

IIB

ID

IC

11A

Figure of
Merit
M

0.95

0.20

0.30

0.60

0.80

0.20

0.50

0.90

0.30

Normalized
Figure of
Merit
w
0.46

0.10

0.15

0.29

0.53

0.13

0.33

0.75

0.25

Probabilityof
Sucess P

0.69 -

0.68

0.77

0.57

0.88

0.72

0.50

0.60

0.53

Rel.
Importance

RI
0.32

0.07

0.12

0.17

0.68

0.47

0.09

0.17

0.73

0.45

0.13

0.58

.

.
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Task

T

S1

S2

S3

S4

S5

T1

T2

T3

H1

H2

H3

H4

Totals

TABLE VI

SUMMARY OF PROBABILITIESFOR TOTAL PROGRAM
.

●

ET (Chemistry)

0.11

0.09

0.06

0.06

0.00

0.09

0.04

0.09

0.00

0.08

0.05

0.00

0.67

ST (EOS)

0.00

0.00

0.00

0.00

0.11

0.19

0.16

0.05

0.20

0.00

0.00

0.02

0.73

M (Chemistry)= 0.80, W (Chemistry)= 0.67

M (EOS) = 0.30, W (EOS) = 0.25

M (CJ Test) = 0.10, W (CJ Test) = 0.08

ET (CJ Test)

O.OO

0.00

0.00

0.00

0.00

0.05

0.01

0.00

0.07

0.00

0.45

0.00

0.58

0.07

0.06

0.04

0.04

0.03

0.11

0.07

0.07

0.06

0.05

0.07

0.01

0.68
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a costlbenefit analysis that starts with plans of the kind analyzed here for

the FRE. It is probable that such an analysis will lead to better estimates

of the real costs of successfulR&l)programs. Fourth, we have found this anal-

ysis to be valuable in obtaining a view of an existing R&D program in terms of

its current probabilityof meeting its goals. It is questionableto us whether

such an analysis can be accomplishedwith reasonable accuracy for programs in

their proposal stage. In the proposal stage, there is generally insufficiently

accurate data or insufficientlywell-developed intuition to allow an accurate

assessment of probability of success. If an accurate statement of the problem

and the approach to solutioncan be made, it is then possible to decide on ini-

tial funding for the program, which is the most important initial management

decision. Our analysis yields the important information to motivate and set

the level for continued funding of an existing R&D activity but is probably not

of much significance in the initial-proposalstate except, perhaps, to help

define a logical set of tasks and goals. Finally, we note that the final

probabilityof success depends entirely on the accuracy of the input. The es-

timates of probabilitiesand weights that constitute the input to the analysis

are, in the end, just best guesses. The observation that good researchersare

often good guessers is comforting.
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