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The PI'IOI‘IHZ&UOI‘I of Technologles m a
Research Laboratory

Emanuel Melachnnoudls and Ken che '

AbsrracthhJs paper consxders the prlonhzahan of technoio-

gies at the Army Materials Technology Laboratory. The authors
* have worked with the management of the laboratory in identify-
ing the criteria and the technologies to be evalnated. A mathe-
-matical model was developed to combine the subjective criteria

with a single objective criterion. -The three divisions of. the

iaboratory and a technical working group of the Army Materiel
Command provided the joputf data for the model. The criteria

" weights were determined by the Analytic Hierarchy Process’
through = hierarchical representation and pairwise: comparisons. .

The results from the three divisions were aggregated fo yield a
‘prioritized list of technelogies to be used by the management of

the laboratory for funding decisions of pro_;ec!s within leclmol- .

. ogy areas.

' Keywordf—R&search manageiment; technologies pnormza-

" tion or ranking; materials teclma]ogles, LS. Army Labaratory,
programs evaluatlon subjectwe and ob]ecuve cntena appl:ca-
tion.

IN'I'RODU(.'I'ION

NE of the most challenging aspects of research dnd
development (R&D) jn a mulmechnalogy government
laboratory is the allocation of the available rEsources aAmong

competing research programs’ {technolagies). Since the re--

sources such as, funds, manpower and facilities are limited,

- Critical decisions have to be made as to which technologies to-
_pursue vigorously ‘and which to deemphasize.* A well-chosen
R&D portfolio provides the means of gaining national stature
and can protect budgets and personnel durmg penods of
fiscal austerity.

The task -of compannor many compcung technologles for
the purpose of evaluating or prioritizing them becomes very
complex due to the many sub]ectwe criteria involved and the
lack of information or. uncertamty on. the potential confribu-
tions of the technologies toward the criteria or objectives.
The authors present. in this paper a'work performed for the

Army Materials. Technolagy Laboratory, (MTL) regarding -

prioritization of the technologws in wh;ch the . laboratory is
~-conducting research. -

MTL is located six rmles from dowmown Boston MA It B

emp]nys approximately 600 personnel of which 270 'are
professionals ard 70 are Ph.D.’s. The Laboratory consists of
-three djvisions, f.e. the “*Metals and Ceramics™ - division
) (MCL) ihe “Mechamcs and SLrucmraI Iutegnty” dlvzsmn
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(M&SI) and the ‘-‘Organic Materials™* division (OML). It is
known for its expertise in the field of materials research and =
is the Army’s. lead laboratory in structural mtegmty COrto-|
sion: prevention- and ‘control, materials and manufacmnﬁg'
testing technology, solid mechanics, lightweight armor, adhe-
sive bonding and composites research. lts main mission:is to

function. as lead laboratory in futere Army systems and 1o

provide direct support to systems program managers in. the -

areas of producnon problems and fax}ure analyms for ﬁeIded T
'systems ’ !

The managemem of MTL hacl recently become concemed
r_egardmg the . future of the laboratory.’ With the expectation . .
of continued lower funding, the agency -endeavored to deter- - -

‘mine which areas of fesearch would yield the most success
-and therefore visibility. MTL management sought to control :
. its own destiny and consequently decided to use existing

resources and expertise 10 determme what research the facil=
ity could do best. .- :
The technologies evaluation: pro_]cct at MTL started in the .

summer of 1985. . The authors worked closely with the man-.

agement of MTL in identifying the appropriate criteria and in . -
developing a mathematical model for. the prioritization. of
technologies. During the next two years the model was

applied using data supplied by the three divisions at MTL.

" Hondreds of articles have been published on R&D project
selection and resource allocation methods (see sueveys in [1], -
161, 173, [19], 1201). The developed models include normative -
ones, such as, cost-benefit analys1s Operat:ons ‘research
madels, implicit linear models, and descriptive ones, such as,

~policy capturing models [2]). The evaluation of technologles .

in'a laboratory is-a different. task from the ¢valuation of
projects. First, because different evaluation criteria have to

‘be used, and seeond since tachnologles are usually very
“much broader in scope as compared to pro_;ect ‘proposals,

their evaluatlon is based on much more uncertain informa- -

“tion. In addition, the technologies selécted draw new R&D
..~ directions: for a’ laboratory which wﬂl aﬁ'ect the content of
‘future project proposals.

- Very few cases of technologies eva.luat;on ina laboratory
setting have been reporied in the lierature, Dean and Roepcke

[4] have developed a model for use in'allocating resources o, -
" a multilaboratory, miultitask research and: exploratory pro-. -

gram. Relative values of the objectives were - obtained. by

subjective estimates using rank ordering and constant differ- - -
ences over a 3:1 scale. Krawiec {10] has evaluated technolo- .

gies, reférred to as program elements, in the Solar Thermal_'

*7 Research Program of the Department of Energy He used a'_'_'
= scormg method augmented by probablhstzc risk assessment..
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" In this paper, a rating approach is presented for prioritiz-
- ing the technologies at MTL. Since more than one level of
criteria had to be nsed, a hierarchical structure of criteria.and

- technologies was developed. The various criteria -‘were pair- -

" wise cqmpared to derive relative priority weights using

Saaty’s Analytic Hierachy Process (AHP) [16], [17]. Two

different types of criteria were identified, subjective and

objective criteria.-Qualitative ratings of the technologies were
elicited against each subjective criterion. For the single ob- -

jective criterion, '‘systems needs and military utility,” . rat-

ings.of the technologies were- developed using quantitative
data obtained by the Army systems authorities who are

making use of the techiologies. The qualitative and. guantita-
tive ratings were ‘weighted by the criteria weights in a linear
model to yield the technology measures. Although the priori-
- {ization model was developed specifically for MTL, the
whole approach including selection of criteria and determina-
" tion of weights and ratings is general and can be utilized with
slight modifications to evaluate and rank technologies in other
research ‘laboratories. The paper is divided into two main

* sections, the model developmem and the apphcatmn of the

modei

R ) " "MoDEL _DEVELO?MENT
The development of the technologies prioritization model
was accomplished in three steps: 1) the criteria to be used to
- evaluate the technologies were identified and ‘classified, 2) a
. general mathematical model was formulated to determine the

technology measures, and 3) a methodology was developed

for the determination of the various types of weights and

ratings that are fed mto the model to yleld the technology

measures

Criferia Ia‘ennﬁcanon

" The r.ec]mologles pnonnzatmn problem in a research labo-_ .

_ratory is not a single criterion, but.a muitiple criteria prob-
lem. The identification of criteria involves the consideration
of a variety of factors such as the mission of the laboratory,
its image in moving to innovative research directions, and the

availability of resources required 'to achieve success in its |

efforts. The identification of criteria was performed by a team
consisting of the management of MTL and the authors. The
management of MTL was represented by the associate direc-
tor, the chief of the Program Planning Division, the director
of the Office of Technology.Foré:casting and the R&D coordi-
nator. .

The team was presemed mzua]ly wnh a list of 25 major

) ‘technical areas {technologies), and a list of 11 criteria, both : _
C!ass ﬁcaizon of Crzterta B

of which were compiled earlier by the Office of Technology
Forecasting at MTL. The list of 25 was cut down to 22
technologies, shown in Table I, and was thought to be an

. accurate list representing all research programs undertaken.

by MTL. In order to check the valxchty of the 11 critetia list
" the followmg rules were, used

1y} Orthogonahty of criteria [3]: The criteria used must be
mutally exclusive {orthogonal) rather than being highly
correfated or having a high degree of overlap. Highly

 TABLE. I
LIST OF TECHNOLOGIES

. Joining
. Elastorners
Metals
Polymers
. Dirganics processing
. Composites processing
Quality Assurance
. Design and engineering properties /methuds
) . Analytical and numerical methods o
.10. Resin matrix composite ’
il. Fibers ... .
12. Electromics/electro- ophcs :
13. Metal processing = - -
14. Mechanics of processing
15.. Ceramic processing '
© 16, Ceramics ~ 7.
17, Automated process controd
18, Céramic matrix composne
19, Powder processing
20. Metal matrix composite
- .21, Surface treatmesnt/coatings -
"22. -Macro composites

.. overlapping or corrélated ‘criteria should be combined.

2) Completeness of the criteria List: All criteria relevant to
the overall objecnve of the organization should be
considered. .

3) Rcasonably small criteria list: The number of criteria

should be reasonably small to allow consistent pairwise . .
comparisons.- Saaty [16], 1171, whose AHP approach is .

used later in this ‘paper to determine criteria weights,

. suggests a maximuny pumber of seven. He was led to
“this number by Miller’s psychological observation {12,

" that an individual cannot simultaneously compsare more
than seven objects. (plus or minus two) w1thout bemg
confused. ; . . :

In order to check agrcement wnh the first ru]e a corTela-
tion analysis was performed on technology ratmgs with re-
spect to each criterion. The ratings were provided by several
members ‘representing - the’ management of MTL. The idea
was o reduce the nuntber of criteria by merging overlapping

or highly correlated ‘criteria. "A set. of six crifeia were ©

merged into two new criteria. chardmg the second rule, two .

* criteria were deleted because were thonght 1o be irrelevant

and one new was added. The third rule was satisfied antomat-
ically since the number of criteria was rcduced to 5. The final -
set of criteria- with- the corresponding definitions, shown

" in the first two columns of Table II was approved by the

management of MTL.

Unfortunateiy, the contnbutmns technologxes make toward
most of the above mentioned cntena cannot be: measured in
quantitative termns, For example it is very difficult to express

. quantitatively 'the. relative contribution of each technology .

toward the **forward Jooking™ criterion. On the other hand;
the contribution a -technology makes toward the “‘systems
needs and military utility”’ criterion is more tangible and can

- be measured by the extent military systems benefit from the -
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TABLE]J )

Cam

Dsm:mous OF CRITERIA AND INTENSITIES

) Criterion - Definition Criteria Intensities Definitions
1. Systems Needs and- A measire of the potential a (The objective criterion does ot have |
" Military Utifity technology has to solve serious cntena mtensmas)
* systems probletns; potential to .

(SNEMUY)

2. Unigue Army Interest -

waD

3. Resources Availability

-(RA)

be vsed in many systems;

: potential in achieving the

objectives of the mission areas

A measure of the Army’s interest
" in & technology versus interest: -

of other sources {other

Departiment of Defense agen(:les, :

Industry, . )

A measure of the availability

“of manpower, fax::lmes and
i oqmpment :

. A measure of the reduction in the

(.

. Army has an exclusive interest
. Technology is not tikely o be transferred

from other sources

. Technology is likely to be h'a.nsferxed
* from other sources -

. Technology can deﬁmteiy be transferred
- from other sources - - -

. Resources aheady exist inside MTJ..
. Resources exist outside MTL bat can be

acquired within ceiling and funding limitations

. Resources exist outside MTL but cannot be

afqum:d within ceiling ‘and funding timitations » {

. Resources ate not currently available msxde
- or outside MTL

4, Critical Matenals * 1. Significant reduction in use of critical materials
(CM) . use of critical materials .2. Moderate reduction in use of critical rnatmals .
. " (development of critical materials " " 3. Noimpact in use of critical materials
: subsntuies) "4_ Increase in use of critical materiais
5. Forward Looking A measure of the potential a "L ‘Qutstanding " :
S (FL)Y technology has to attract and hotd 2. Above average

O - competent people and to raise the -3, Average
image of MTL as a result of It 4. Backward ]ookmg
being at the frontier of science
and engingering

development of that technology. The criteria ate classified in The Matkematrcal Model

this study as subjective or objective on the basis of the means
used in evaluating the comiribution of each technology toward

them, i.e., subjective Judgment (quahtatwc) or objectwe data

(qnanntauve) respectively.

All criteria except the “systems needs and military utility™
criterion “were classified as subjective. For the. “*systems
‘needs and military utility™ criterion, data Were obtained
- outside the laboratory, from a Technical Working . Group
(TWG) of the ‘Army Materiel Command (AMC). A TWG
Tepresentative is selected from each agency under AMC,
respongible for performing work in a particular research
area. A TWG meets periodically to assess ongeing programs
and evaluate future programs for the likelihood of success.
Recommendations from this group will ‘effect how . funding

will be divided, thereby allowing these research rcpresenta— :

tives and their agencies some budgetary influence.
The TWG, which met to asseds the 'ongoing programs of

MTL, identified 30 system problem areas and potenfial im- -
provements within' each one of these areas . which cam be

-contributed by .each one of the: tcchnologles “The problem

areas and the corresponding number ‘of potential improve-.

ments in systems, technologies can contribute, are shown j in

“Table 1L For example, technology 6 {composites processmg)_ .
contributes -a. single potential system. improvement within |
three problem areas; i.e.,. welght reducnon, manufacturmg.

- COStS, and ablatlon

A mathematical model is devcloped to combine sub_]ectwe'

-and objective criteria, ‘and ‘technology ratings toward -the

criteria, in order to obtain composue mulncntena ;ndaccs for
the technologies. . .

The simplest model used to develop a composﬁe multicri-
teria index is the additive lincar model. A technology is rated

-according to its contribution toward each of the ‘criteria, the

ratings are weighted according to the importance. of the

-criteria and the weighted ratings of each technology are

accumulated over all criteria.
The composite multicriteria index, or technology measire
(TM;y for technoiogy J.-can be expressed mathematically in

_tcrms of objective and subjective criteria weights ‘and- tcch— -

nology ratmos as follows:

M = ZWS X+ wo - xo; j—l (D)

i=1

- Where

ws, is the welght for the -ith sub;ectwe criterion -
X;; is the rating of the jth. technoiogy with respect to the 1th
subjecuve eriterion . -
wo and xo; are the objective crncnon welght and the jth- i
technology rating toward that criterion, respectively. (If
more ‘thanone. objective criterion. existed a. sammation
~over all objective criteﬁa_w_ould have been appropriate). ..
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. TABLE III . )
N‘UMBER OF SYSTEMS Imnovmsm-s CONTRXBUTED BY TEC}INOLOG[ES WiTHm PRDBLEM AREAS {Fz;) -

| ATTRIBUTES ‘OF

", TECHNOLOGIES (32

“SYSIEMS NEEDS AND PROPLEM AREAS (kY.

5| 8] 7].8] 9]18 i_l i12|13]1a|15(16f17 1811920 |21 |22

22. Material costs

MILITARY UTILITY" . ) SR FR T
- |1, . Crashworthinsss )
) 2. Ballistic protaction - |1 2i 1 4 1 3
Survivability 3.. Camonflage : N ’ .
' 4. ‘Ditected snargy hardening 1 3 1
5. IR signature reduction i
|5, wEc pxutecbian h Lo 1 1 1
7. Radar-absorption’ . .
‘| Height reducticn 8. Weight reduction 1 a 4 1 1 3
. - 9. "Design _mat.hod'olosy -1 ;
Reliability = |10, Life prediction - * : | 1 1
Svailability - | [11. Maintminability )
Maintainability |12, Material selsction . {1 | 1
(RAM} . _13. Matenial sbandards .
|18, Retimbiriey T 12| s 1 B8 1] 1 1
15, Cotrosion ; DR 1 1
Component 1ifs 18 Envi:onmental_dagrad.ation 2 2 -t 3
(Endurance) 17, Erosion e 1 ’ 1 2
18. Fatigue o
19. Weax : s : 5 2
. 20. Design costs ..
Cost raduction 21. Manufacturing costs . 1 1 1 3| 2 3 3

23. Adnesion o e

.. : 24. Resldual stress
Strength and -]25. Structural integrity -
thermal o " |2zs. Toughness - - R 1
resistance 27. Ablation ’ K
{Btructure} T )zs. High temp performance. S 4

‘|29, Thermal shock resistance

.| Optical - - 30. Cptical c_ha:actafistii:s

characteristics

In order to maintain parify among all criteria, objective
and subjective, the ratmgs Xy ami x0; have to be normal-
ized, 1.¢., ; : S

§j =tfori=1,-n. - (2

=1 . :
.and

ratings are compat]bie to the subjective criteria’ ratings.” A
similar approach has been used by Sharif and Sundararajan
[18] in a situation in which some of the cntena were quanma-
-tive and some were quahtaﬂve._ - =

“The nonmalization condition on the téchnology Tatings with .
respect to each criterion ensures that the Objective criterion |

" In addition, the criteria weighis are normalized, i.e.,

=1

i Determinaﬁo.n of Weig.his.é.nd T echnology .R'azing's'

The weights for’ criteria, problem areas and criterid intensi-

ties (to be defined later in this section) were detenmned by

the prevnously mentioned (AHP). The AHP was" developed

by Saaty in the -mid- Seventies [16] It is & flexible and.

powerful ool for prlormzmg or’ ranking aliernatives. ‘It is
particularly -useful ‘when the criteria are mon-measirable or
quahtauve in natare [17]. In these®situations. AHP “is less
burdenisomé than other miore sophisticated approaches, ‘such
as the multiattribute wtility (MAU) theory [9]) The AHP has
been applied to a variety of priority settings and resource
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' ,'aﬂocauon problems in markenng [20], new product deveiop-

ment [14],  electiic power allocation {151, industrial R&D.

~ project selection and resource al]ocatmp "[11], among others..
. " " The criteria weights ws; £="1,r
. mined, by the AHP using a matnx of -paitwise comparisons

¢ reflecting the relative importance of- the criteria with respect

to the main objecnve or focus, defired as, “Accomphshmem

of the Army mission through the use of advanced materials L

: technoiogy ”

In order 1o Tate the Iechnologles w1th respect 10 each_

* subjective eiiterion 7=1,"-+, n, four performance raing

levels (1, 2, 3, 4) were estabhshed The four rating levels, -
‘criteria - intensities”’, were defined by the -
management of MTL as shown in the thn-d ¢olumn of Table
. . The weights of the four levels, vy, vy, by, Uy, for each
. subjecnve cntenon i were determmed using pairwise com-
parisons matrices, one for sach criterion /. These weights are .

]

used -in -the next. section for rating the “technologies, for

" example if techno]ogy J 1s rated at mtens;ty level 1 with - T T T T
find use. in another given year. A technology ‘that has made -

respect to criterion i, then X, J= Ui

. It should be pomied out that if the riumber nf tecimologles-

was small, less than or equai to seven, the technologies could

" have. been dm:ctly pairwise: compared with respect to cach

criterion, In the latter case criteria intensities and technology

ratings could have been NTECESSaty.. “The AHP imposes a.

restriction on the maximum number.of elements (7) that can
be pairwise compared [17]. Thus, the number of technologics
affected the .choice of the mathermatical ‘model to be used in
this study. A similar *‘rafing™ éq:proach is used by Liberatore
-[11] in evaluating a large number of projects.
The Eeclmology ratings ‘xo, with respect to the obJecnve
' criterion, *‘systems needs. and military utility”, were ob-
tained by nsing the quantitative data developed by the TWG
which are displayed in Table III. The rating xo0; depends on
the degree. technology -/ addresses problem.areas and the
relative importance of these problem areas. The degree by
which technology * j addresses .problem -area &, ' f,;, was
modeled as a piecewise concave linear function of the num-

_ber_of ‘potential. Jmprovements: in systems thhm “problem .

area k rkj, as follows:

| Lt . rkj. e 1f f'x; <1 -,
_ kJ 1.._|_ {.rkj %_-1_)/2 ..;.frk.j>1 . S
L k=Lepi=t,m (4)

~ For a given number of systems improvements, a technol- -
ogy is favored if it covers many problem areas. This was

taken into consideration in the definition of the measure 7, ; e
The number 1's cheice in the above formula is derived from
an analysis ‘of the TWG -data ‘and" -an_appreciation of the

importance -for a technology. 1o .address a . 'wide range of .
problem areas. A simple observation will reveal that T is by -
far the -most. common cccurrence and- 2 simple. arithmetic.
_calculatmn will show an average of 1.78 potential-improve--

ments m a problem area, with both ‘the median and mode
_bemg 1. A technology that has been apphed a high number of
times to one-area m a pamcular year would mot necessarily

*,.n and wo were deter- -

the f.,’s, over aﬂ problem areas, el "ot

. military " utility . criterion”’
- weights. Jn ‘addition, -one 'pairwise 'comparison " matrix- of

am

T ACCOMPLISHMENT
FOCUS OF THE ARMY - -
MISSION THROUGH THE
: o USE OF ADVANCED
(GOAL) MATERIALS TECHNOLOGY

CRITERIA - - R . IR T
1 '
UNKQUE . SYSTEMS NEEDS|.
ARMY i| RESOURCES GRITICAL FORWARD ® MILITARY
INTEREST - ! AAILABILITY Mmmmus LOCKING . - um.n-v

. AI‘T:‘IBUT:S

. GRITERIA INTENS!TFES

. TEGH NOL\;GIES

L]

&i& iéié

Fig. i. Hlem:chxcal represestation of sub]ecuve criteria,

improvements in many areas would more llkely find continu-

“ous use. The rating of technology j, with Tespect to “*systems

needs and military uuhty” is obtamed as‘a Welghted sum of S

' xo = Z “k fk; J = 1 (5)
where .uk is the weight for pr_obl_em_area k, k_= 1-,--'-1_-,'p.'-_
* The weights for problem areas, %, could.have been .
obtained ‘directly using a pairwise comparison matrix, if

P =7, a wsiriction of AHP, mentioned earlier. Since the

actual value of p was 30, the problem areas were. grouped -
inte clusiers, referred to - as “‘attributes®. of the objective .

- criterion, as shown in Table HI. Most of these attributes were -

already used by MTL in defining its mission toward the
Army needs. Siace the number of problem areas. within each

atiribute was at most seven, and the number of atributes was. - -
-seven, the AHP ‘was-applied without- -any -modification to

derive weights for problem areas. A pairwise comparison

-..matrix of attributes with- respect to the “‘systems needs and

-is. -required. to yield : attribute

problem areas within each attribute is -requited. to’ yield

" problem ‘area -weights with respect to the attribute, The

overall weight - #, of problem’ area- & ~with Tespeet.to. the

" objective criterion, is obtained as the product of the weight of -

the attribute the kth problem area belongs to, and the weight .

-of problem area & with respect to that attiribute. A hierarchi-

cal representation -of the MTL technologles prioritization’
model is shown in Fxgs 1 and 2

APPL]CATION OF 'I'H'E MODEL

After the formulauon of the mathemat;cal model was com- o
© pleted, -the management of MTL decided to proceed with: -

plans to use th_e model. From its conception, the model was

‘intended to be driven by the expertise of: personnel from

within MTL. -‘There: were two:reasons for this: 1). Tt was

'_ beheved that the - Iaboratory personnel would be more

. Autherizad licensed use limited to: IEEE Xplare, Dowilloaded on January 14, 2008 at 08:3 from IEEE Xplore. -Restrictions apply. © -
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" Fig. 2. . Hierarchical representation of objective criterion.

- amenable 1o an evaluation procedure with which they had

direct input; and 2) only insiders would have a true feeling

_ for the kinds of technological work which were feamble and

practicai for the Laboratory. -

The first action was to bncf the Dm:ctor Assomate Dll’ec-_
" tor, and Commander {Deputy Director) of the installation as

welt as the three divigion Directors, There was an extensive
discussion of pairwise comparisons in terms of their use and
logic. Each division was asked {o appoint representatives to
submit data for the model. The panel of representatives from
each division consisted of the Dlrectorate Chief and their

- subordinate branch clnefs

- One week later each division was vrsﬁed and presented
with # followup briefing, at which tinie pairwise comparison

forms for the criteria intensities were distributed. Each repre-’

sentative -of the division received an identical pairwise com-

~parison form. After being briefed on'the -specific .require-
.meats of this stage, ¢ach member proceeded to fill in the -
criteria intensities matrices ndependently, When all the re-

spondents had completed the forms, the pext stage began, ‘s

' - consensus. Al “fhe ‘forms were collected ancnymously.- A

series of similar pairwise comparison boxes were drawn ‘on

- the conference room board and all of the numbers that had -
been submitted were entered into the boxes for all 1o view.®

The panel members were asked to reach 2 ccmscnsus Thls

) proccdurc was repeated. for each division.
) During the next three wecks the ‘divisions provided' the .
.- hecessary pairwise comparison matrices for -the criteria, at-

tributes, and problem"areas vwithin each attribute. Again each
repreqentauve filled in the forms mdependently and a consen-
siis was reached within: gach division.

‘The software package Expert Choice (see Forman et zzl :
[5)) was used next to generate the weights. Expert Choice s’

" & user-friendly, interactive software package which computes
» " weights from pairwisé comparison _matriccs.' The generated
. weights for the criteria (ws i=1;-

" intensities (5 U, ¥y, Vs i—- 1, 2 3, 4), attribute and

, 4, and wo), criteria

problem area weights u, & =
sion are displayed in Table: IV
The final step was'to actually rate the techﬁologles w:th

_ 30 for the M&SI d1v1—

regard to the subjective criteria. The division representatives

OPTICAL -
GI N
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were presented with a table. contammg all 22 technolog:es '

" ang supplied with a list of the criteria and ‘2 short description -

of the four intensity levels for each cntenon (soe Tables I and

1. The resulting .ratings -afier concensus for the M&SI
-dmslon are shiown in Table V. Ratings were not averaged for
two reasons First, since the criteria mteasxty values ‘were -

generated * for dlscrete mteger values, -an average of the
responsas is likely to fall between two of ‘the calculated
valaes. This will force thé model user into attempting some
kind of interpolation to find the corresponding value for the
non mteger input. Linear interpolation would not be accurate

o alth(mgh casy to apply. More soph;sucatad approaches would

be time consuming and would make the model -difficult to
use. Secondly, the model developers considered a consensus

to be far more meaningful that 2 simple average. In'using an -

average you have the distinct possibility of reachirg a figure

- with which no member of the group would agree. In reaching

2 consensus you achieve an opmlon with which all rnembers .

should be comfortable.

- The variance in the ratings is 1ow Th]s is ilke!y to occur_
when reaching a consensus opinion. Individuals did select the' .
exiremes. (1’s and 4°s) but when the consensus was reached,

‘in most cases, the extreme opinions were moderated. All

opinions were. 1mportant factors in reaching the final decision.
so the lack of a significant’ parcentage of ‘high and low
m:mbers does not mdxcate these 0pmmns were lost when the
consénsus was Teached. o ) .

In the area of ““Resources Avadab:hty”,' it can be seen in
Table V that respendents felt that resources for all technolo-
gies would be available either at MTL or easily obtained
elsewhere. Since the list of technologies represented afl ongo-

‘ing Ttesearch programs, it i3 obvious that the means were

available ‘for " this research work to be perfonned Consem .

“quently, the ratings fell between 1 and 2.

In the. area of “*Forward Looking™, réspondents were

. asked to judge each technology in terms of its potential fo

attract and tetain competent engmeers and scientists as &
result of ‘the research bemg advanced in the field: Al tech-

“nologies scored well in under this criterion hecause the work -

performed at MTL is all of an advanced ‘nature even in-the
more traditional technologics. This results from MTL’s main

- mission, stated in the introduction.

In the area of ““Urique Amy Interest”, tho_ratings vary
from 2 10 4. It is important .to note ‘thai no technology

‘received a rating of 1, indicating its unique application to the
Army’s requirements. Basic research, such as performed at

MTL, is by nature of wide application. Therefore; MTL’s

technologies are not exclusive 1o the Army. As a result, there &
~is much collaborative research between MTL and the umver-_ :

sity community as well as with small bnsmesses

‘Under the.criterion “*Critical Materials;™”, the ratings vary
from 1.to 3. In this category there is the most-diversity. This
results. from the fact that the projects which fall ‘under the
different- technology areas have very different effects on the

“use.of critical. materials. No technology, however, received
- the rating 4, indicating that it actuajly would mcreasc U S s

dependency - on critical materials, >
The derived weights. (Table IV) together w1th the nnmber :

Authorized licensed use limited ta: IEEE Xplare. Downloaded en January 14, 2009 et 08:35 Fom IEEE Xplore. Resirictions apply. .
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i TABLE1V

WEIGHTS Oammm FROM M&ST PA[RW]SE COMPARISON Marnzcr-:s

P WEIGHT CRITEZRIA INTENSITIES

. -BUBJEGLIVE CRITERIA (1) - - A

- i T R TR - R = TR L
1. Unique Army Interest (UAI} :235 .533 . 272 ;139 : 056
2. Resources Availabiliry (RA) .178 -534.  .310 113 .043
3_. Critical Materiazlis (&M) - 073 L5386 . .272 7 .084 048 ¢
4. Forward Looking (¥L} 093 .64 .248 .101 037,

OBJECTIVE CRITERION '~ .~ | wa

Syst:ems. Needs. and : i
Military Urilicy ¢S¥eMU) a21 |

" ATIRIBUTES AND PROBLEM AREAS .

SURVIVABILITY  {,282) byt mED. (L221) RAM (1148)
1oz s 4ocsi s 7 |0 s 0] s 10 miia .13 14
u[.036 (055 028 .047 .032 .049 028 | 221 .017 033 037 €21 :015 026

ENDURANGE (.145) STRUCIURE {.084)

COST RED. (.1) OPT. CH. (.02)
k{1516 01703180 19 [ 20~ 22 220(.23 . 24 .25 - 26- 27 - 28, .29 30
uy | .036 036 1018 028 .0267.041 .026',033|.009 ._015 .021 .{317_'.00'5; .009 .009 ..020
’ TABLE Y
) M&SI TECHI\OLDGY Ratmes WiTH RESPECT To THE SUBIECTIVE Cmrrnm
ST - Unigue Army Resources * Critical Forward
- Technologies - Interest " Availability Materials .~ Looking
* .7}, -Joining 3 w2 ’ 3 1
2. Elastomers 22 i R o2
3. Menls, 3 1 3 2.
4, Polymers 2 1 B s
. -%. Organics processing o3 i 2 -1
6. Composites processing - -2 L Yz 1
7. Quality assurance. 2 1 2 L2
8. Design and engineering properum/methods 3 2 S 2
9. Analytical-and numerical methods . T3 1 B 1
- ‘H}.Resin matrix composm: o3 i -2 2
11. Fibers -3 2 Tz 2
12, Electromcs/aiactro— opucs - C 3 2 - 3 2
13. Metal processing - ) 1 2 2z
14. ‘Mechanics of processing 3 2 C2 2
15. Ceramic processing -3 1 2 H
" '16. Ceramics - 3. 1 1 C2 .
17. Astomated process control K ok 2 2" i
. ~18. Ceramic matrix composite - - w2 1 1 1
~. 19, Powder processing ’ 2 1 L2 1
20. Metal matrix composite 2 1 -2 -t
21. Surface treatment fcoatings. -3 2 L2 27
i3 2 2 2

:722. Macro composites. o ;.

-of systems improvements (Table ), and. the technology
ratings with respect to the subjective criteria (Table V), were "

_loaded on to the DBASE I database sysiem. for processing.

A table for the f,'s was génerated from Table T {r,,), .

accordiﬂg 1o (4).. The technology Tatings with ‘respect to

igystems needs and. mlhtary utility,” xo;, Wwere obtained by :

ve,ctor multlphcatmn on ‘the ﬁatabase accerdmg to - (5) A

table for the criteria intensities was generated from Table V|

by replacing each technology: rating (1, 2, 3, or 4) with the
correspondimg: criterion intensity (v, v,

were normalized according to (2). and (3).
The 'normalized . technology- ratings with ‘respect -to all
criteria for thc M&SI dmsmn -are shown in. Tablc VL

L Authorized licensed use limijted : IEEE Xplore. Duwnloéd;u‘_ oﬁ ._JanLIJary.' 14, 2009 at GS:QS from IEEE Xplore. | Restrictions app[y.' : o
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- : TABLE VI D
" TeCHNOLOGY NORMALIZED RATINGS FOR M&s1 DNISIQN

Technologies = UAI(wy, = 235} - RA[WS,_ = }78) Cl‘w!(w.s‘3 = 0‘73) Fl,(ws,‘ = 093) SN&MU(WO A21)
@D {1 - - (X)) (x3;) L (Xgg) {xop -

1. Joining S 0,041 S 04035 N 1]y B 040 e DT
2. Elastomers ’ 0.081 Copa3s . 0.049 . ©o0040 o 0,059

. -3, Metals o 0.041 - ©0.035 S0017T T 0040 v 0010
4. Polymers S0l R X113 0.049 S0 S s

. 5. Organic proc ~ 0.041 . 0.060 8049 - 0040 o 0005

© 6. Composite proc 0.041 L D08l 0.049 L0040 T 0030

- 7. QA : 0.081 0.035 ©- 0017 ol G040 B 1 K (3}
8. Des and eng prap 0.041 0.035 049 S 0040 T 0286
9. Anal dnd num met | 0.041 D060 - 0:049~ LepaD 0016
10. Resin M com 0041 - © 0060 CoL D049 : 0040 . (042

" 11. Fibess 0.041 G035 - 0049 . 0 0040 o 0000
12, Eljelecopt - 0.041 -0.033 -7 - 0.040 L0024
13. Metal proc X% ) 0.035 . - 0.049 0.040 0.052
4. Mech proc . 0.041 : 0035 o049 0040 - ... - 0008
*15. Ceramic proc 0.041 . -0.060 ) T0.048 0.040 C - 0065
16. Ceramics 0.0a41 : 0.060 0.105 - 0640 -0 ‘.11

17, Autoproc C 0.017- . 0035 0.049 0089 0 -7 10010
18. Ceramic Mcom =~ - . 6.081 . 0035 0.049 Ce . 0.040 - L0044
19. Powder proc 0041 0.060 - 0.049 o 0,040 o 0.000
20. Metal M com 0.041 0.060 0549 0.100 S B
21. Surface treat Lo D035 0049 - - B X401 SUUR | X475
22

0.049 0.040 o 0009

. Macro com ) a4 0.035

Finally, the basic equatibn (1) was applied to yiéid the

technology measures TM, j = 1,-++, m which after being

sorted in descending order are dxsplayed in the second. col- -

vmn of Table VII. This process, repeated for the other two
divisions, yielded the technology measures displayed in the
fourth and sixth colurns of Table Vil. A numerical example

for the catculation of the measure of one of the technologies,
**Design and Engineering Properties /Methods™ {j = 8) fol--
" lows: The values 7; ; of Table T after adjustment according
to@ vield foy = 1.5, feg =35, frog =15, fig=t kK &+

2, 8, 19. Substituting' f,, and problem area weights u,,
k=1,---,30 (Tablg_IV) into (5) the technology rating xo’,
= 1.437 is obtained, where **’”’ denotes a rating before

_normalization. In a similar way all other technelogy ratings

x0';j # 8 are obtained. The: normalization (3) converts the
ratmg to "xog = .286. The criteria intensities corresponding
ta technology ratings for § = g (Table V} are found in Table

SV, xjg =139, X7 = 310, X' =272, and X7, =
.248. These ratings afier. normalization according to {2).

become x5 = 041, Xog = .035, xsam 049, ‘and- x48~
.040, as shown in Table VL

' “Finally, (1) yields the technology measure.

T™; = ('._235)(.041) + (-178){.035) + (.073)(.049)
i +(.093)(.040) + (421)(.286) = 144

"-A consensus was never attempted among the three divi-

_sions. The top management at MTL, had for the most part .
- worked for one of the divisions-in their caréers and were
acutely aware “of the Tivalry ‘that.existed among the fhree
divisions. It was felt that much could be learneé from. com- -
paring the results ‘of ‘the three divisions separately and ot
‘musch could be gamed by trying to.reach-an almost impossible

consensus among the three divisions. The sensitivity' given to

- - division tivalry is very important. The model allowed each -

-division to provide data independentiy'of the others but with

the knowledge . that skewing the result in their favor would
easﬂy be detected. in a Computation of .the results. This _
encouraged ob_]cctwe input. The model developers and MTL
management knew that there would be a patural tendency,
even when trying to be objectwc, 0 favor technologies in
their own area, As it torned out, there was quite a bit of

- similarity in the results. “‘Design and Engineering Proper-

ties”” was the highest rated technology by each division. In

“the top five technologies, three were in common and in the

top ten, six were in common with all three divisions (see.

“Table VII). This tesults largaly from the dominant weight
each division gave.the objective crifevion “‘Systems Needs

and Military Utility”. The differences wete also fairly easy
to understand. . Quality assurance fared much better with

-M&SI than OML, which is no snrprise.since M&SI performs

all the quality assurance work. “*Metal. Matrix Composite™

scored highest in the MCI division, again no surprise since it

is a technology of exclusive interest to that division.
“Inconsistency is a natural buman trait; In any comparison
made" by humans some inconsistencies wal arise. Expert

-Choice and AHP expect this-occurrence and account for it by

generating an inconsistency index. The inconsistency index

- “for OML was 0.02, for M&SI was 0.05, and for MCL was
" 0.12. The developers of Expert Choice, Forman et al, [5],

state that “‘if the inconsistency index is considerably more

“than .10 (say 0.20) then a reexamination of judgments may

be in order’’. Since the index for only one division was .
slightly  above. 0.10- while the 'indices for the other two

divisions ‘were- considerably below 0.10, the indices were
considered ‘acceptable. w1th0ut reexammatmn of Judgments

- becoming necessary.

-There was interest in comblmng the resuiis of the ‘three -
decxsmn -makers’ (divisions) to-develop aggregate technology

measures. One idea involved combining the resulis of the

" Adthorized licensed use limited to: IEEE Xploré. Downfoaded on January 14, zoué &t 98:35 froim |EEE Xptore. Res;uiclions__apply_ S s




. MELACHRINGUDIS AND RICE: PRIORITIZATION OF. TECHNOLOGIES IN RESEARCH LAB . © -

: : ; TABLE V!] - :
’ TECHNOLOGY MEASURES FRoM DaTa SUPPLIED By Bac DZVJSR)N AND AGGREGATE MF_-\SURE .
Technologxe.s - TM; | Technologies L TM) Technologies TM : Tech:mlugles Lo TMG
oy (ME&S) (V)N (MCL}' W :.(OML) e A _-Aggregate
1. Desandengpmp 0.144" 'i. Desandeng prop 0.120 1. Desandengprop 0.116 1. Desand engprop - 0.126 -
2. Resin M ¢om - D.088 - 2. Metal M com - -7 0.108 - 2. Resin Mcom : "~ -0.069 2. Metal Mcom - .- 0.081" ©.
03, Metal Miocom -, 0,082 3, Metal proc - 0,068 3. Metal M com 0064~ 3. ResinM-com_ L0 T
. ‘4, EBlastopers: 01 -0.057 - 4. ResinMcom - 0.067 - 4. Memlprec | 0062 4. Metalproc - - 0058 ¢ o
5. Ceramic proc - *.'0.055 - 5. Ceramic proc 0.064 5. Composite proc -~ 0.059 - 5. Ceramicpros ... 0.058 . ¢
-6 Ceramic M com .- 8.05¢ 6. Ceramic Mcom ~ 0.855 6. Ceramicproc .. - 0.054 . 6. Compesite proc . - 0.053
~17. Corposite proc - 0049 - 7. Elfelecopt * . © 0.051 - 7. Elastomers .-~ 0.050 7. Elastomers - .. 0.047 :
‘7 8. Metal proc L0045 6. Composzt,e: proc’ 0.052 8. Joining 0.044 8, Cefamic Mcom =~ 0,047 "
9. Polymers . 0.03% 9, Joimiag - 0.048 9, Organicproc - 0.044 9. Joiting . 0.040
W QA U 70038 10, -Ceramics - 0641 10 Polymers . 0.045 ' 10. El/elec opt . 0040
11, Ceramics <o 0.037 11, Macrocom - 0.037 11 Mech proc 0.040. t1, Polymess- - .. .- 0.033
712 Anal and num met 0.034 .12, Elastormers - .. . 0.036 12. El/elecopt .- 0.03% 12 Ceramics 0.034
13." Joining *- 0032 13. QA - -0 TUot0.034 13 Autopro€- 0. 0.039 13, Anal and num met .- 0.634
14. Surface treat - - 0.031 -14. Anal and mum met 0.033 .14. Surface treat 0037 14O QAL o DB
- 15. Eijelecopt ~  0.031 15, Metls - 0.029 i5. Ceramic Mcom 0.037 15. Suface tegat . 0.032 -
16. Organicproc . 0.030 16, Surfacetreat = 0.029 16. Anal and mmm mei’ 0.034- 16, Macrocom - - . 0.032°
17. Powder proc - . - 0.028 - 17. Mech proc “0.028 17. Macrocom - - 0,033 '}7. Mechpro¢ - - 1 0.031
18. Antoproc © - D027 18, Polymers .- 0.026 18. Powderproc . . 0.031 18. Organic proc 0.030
-.19. Macro com 0.027 15, Auto proc.C 0.021 19. Pibers - 0.027 19, Autoprac C- -0.028-
30 Mechproc 0 0.026 20, Powderproc ... 0.021 20.QA . - 0.026 20. Powder procs ' . | 0.026
2i. Metals | . . 0,025 2]. Organicproc .. 0.020 .21. Ceramics c0 0026 21 Metals - 0.025 o
22 22 22 2Z. Fibers ' 20023 -

L Metals 0022

. Fibers . . 0023 22, Fibers .. 0.018

three dmsmns based..on fundmg MTL’s research fell into

three ‘categories: 6.1, Basic, Research; 6.2, Apphed Re—;
seazch; and 6.3a, Exploratory. Development, ‘each with its -

oW fnnd.mg ‘line, The. technology measures for the three

.divisions ‘were werghted by- their share of 6.1 funding and .-

- added to provide ar aggregate technology measure, This was-
repeated for the 6.2 and 6.3a funding. Since there wére: great .
stmilarities in the fmal rankmgs by the three divisions, com-

bining the resulis did not: cause mizjor ranking changes. .

‘Technclogies at the top teaded to stay at.the top and those at
the bottom tended to remain in that area. Since the weights
were proportional to the divisions fupding shares, the pro-
duced ‘aggregate measures slightly favored divisions with
- existing large - shares. 'Another ‘idea ‘was to combine ‘the
“- technology medsures, produeed by the. three d:v;mt)ns by
weighting them equally (unit weight). The geometric average
was -used, t.e., for each ‘technology ‘the third root of ‘the
product of the three measurcs was taken. The geametric

. averaging is also called the Nash bargaining rule, satisfying .
- Nash's four axions of “fairness’? [13}. The resulting aggre- -
gate technology. measures are shown in. the Tast ‘cojumn of

“ Table VII. ‘Another group decision rule often used is the one
‘based on arithunetic averaging (see Harsanyi, 18]). The rank-
ing obtained by the last rule was identical to the one obtained

by geometric averaging. This final ranking was made avail-

- able to the management of. M’I‘L in funding projects within
. ;technotogy areas. .
. MTL received fundmg for research and development bro-
_* ken down in the form'of work packages. The funding within
" a-work package and the technology work required for it, was
not within the contiol of the Laboratory management. Man-
. ‘agement cxerted influence, however, by breaking the work
" packages down, internally, imto smaller ‘work units ‘which
_ ‘could be determined and controlled from within MTT,. White
this .did . not free MTL from the burden of following the

: gmdehnes of the wurk package, it d:d aﬂow for substanﬂal

creatwny in ‘designating ‘work units. Tn addition, most man-
agers were allowed to refain a certain amount of money to be

* distributed at their discretion. These funds would be very

Jimportant - towards the end of afiscal year when projects
{work -units) were low or complete!y out’ of money. This
“ability to withthold and release funds and the ability to break

work packages down to the work .unit level aliowed MTL. .

management the means to control the funding for téchnolo-

gies and projects.  The results of this study provided manage- -
ment' a powerful - tool by -which mteihgent and informed -

decisions could be.made” regardmg the allocatlon of avaﬂab]e
fugds and r.he selecnon of pro_]ects :

SUMMARY AND CONCI_USION

The prioritization of technoiog;es in a maiutechnology .

govcmment Taboratory is-a compiex task mvolvmg to & great
-extent *subjective’” criteria and uncertain technology contri-
butions toward -these criteria. If any objecnve criteria_are

appropriate, those should be combined in'a compatible way

‘with the subjective criteria to yield the technology measures.
The AHP, through pairwise comparisons, can provide an

easy and reliable method in determining the relative mpor- -

tance of the criteria and can be checked for consistency. -

" A mathematical model has been developed by the authors
to prioritize the technologies at MTL. The model determines
technology measures by appropriately combining weights for
subjective and objective criteria and technology ratings to-
ward the criferia. A hierarchical representation consisting of
several levels-of criteria and technologies was constructed.

Each of the three divisions of the laboratory weighted the -

criteria and rated the technologies independently to develop a
ranking of technologies according to the model. Although the

three division rankings were not identical and technologies .
- belonging exclusively to some divisions were slightly favored

Authorized ficensed uss limiled to: IEEE Xplore. Dowrloaded an January 4, 2009 at 08:35 from IEEE Xplore.  Restricions aply.
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over others, the top ranking technologies Were in general the

‘same among divisions. The results from the three divisions .

were aggregated in a single-technology ranking to be used by
the management of MTL in fonding projects within fechnol-
ogy areas.” A new. ranking should be developed every few
years to reffect technology trends and Army systems heeds.
* Although the prioriiization model was developed specifically

for MTL, the whole approach including selection of criteria
. and- determination- of weights and ratings is gencral and can
be utilized with slight modifications to evaluate and _rank
lechnolcglea in other research laboratones
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