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Pramod P. Khargonekar

2XPEHE (NSF) TZ2HEMBE

1981 E 7 U X R LY PhD ZEfE, 7r VX KR¥E IXVIRFE, IV A
RETOHMER T, 2001 Fl27 v U X RPTHREE, 2012-2013 45 ARPA-E @
B Y /R, 20134 3 4 L0 ik, NSF T8ENLOTFHERAZMV LS, &
IRATZE B 2T A LB, BIREE. Ax— 27Uy RO L5 0
it~ . Web of Science @ “Highly Cited Researcher”(Zi% i, NSF Presidential Young

Investigators Award, Donald Eckman Award (American Automatic Control Council), IEEE CSS
George Axelby Award 55, $ix OB %% H.,

Lei Guo (3 &)

o E B F Bk

PERPRERERRY - FERFEEV X —F

1987 AF P EHR Pt L v 15 (KR 255, A—A M7 UV TEHMLKRFETO
RARIZMRE 2T, 1992 F0 6 P EFFE S AT HFF 5T O i,
1999-2002 “E R MBFFEFT AT & . 2002-2012 FH EF LT - ¥ 2T AR A 5E B b
R A2, £OM., 2001 12 39 O S CHER TP L IC@® N S EEE s 7
%, 1998 42 IEEE Fellow, 2002 452 TWAS Fellow, 2007 4| [E BE B @i {0
#H Y IFAC Fellow, AV =z —FT  LET T I —4EANZEICEY, ERFZRNEIL. 8
B, AT LFE, BISE SO, KRV EOM, LETEIAVLT == P RT A
BHEE ISR, BRI A7 AFICHBELBNEY, BIfE, FETE - ICHEFZSBEERE, F
HAEbFAIEERE, ., 2 OAMEIFE,

F) 8Lz

MSATBOIE AR ZERNIREEE HARBRBREE ¥ —FK

T L, — RS, MO R A, TS REFEE. HEE
FWEME (IMS) &%, HRRKFPHE R, FARE. HERTFR., EEHINRE
o ERE 2R T, Bk, ToM, PAZNSESRE., BAZRIFERASSE.
E R 22 (ICSU) 2K, EBAEMT Y 77 X — (CIRP) 2EREEH
WD, ERFEFIL, TR RRRFHKE, 2009), [BFFOH Ln&E )
CalENE, 2002), (727 7n—7) (L¥EMES, 1996), (77 /vy —LHEHEFODL % |
CalEE, 2000), TmARy &AM (BEARBEHRRBS, 1985) 7L,
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REKRY RZPRLEZMAER KREMERE BEEER / ERKELFHE
1972 FE R RS2 TR AR TR A2 1976 £ 7 4 — ¥ — )L K5 T2 Lk e
&7 (Ph.D.), WIRKFHEMICH, T RFHEE LFR, KEKRFLFEEH -
ARTLFRERZRLT, 2013 4 L0 B, KE A2 Scanlan Medal, 4G %
EH Y2 T.Y.Lin Medal % H, 2007 EFICHERE R L, HOIME LY —
B, VALY AR—T7 Y o U EENNAZHORBGROFE, REH, MEMMRICSE
VITITDER=HYTRA T TRV ALY N B,

A W

WISATBUEN BRALEMEERE LA Y7 by =T mERLLEy Y — Bk
1978 5 B AR ERE AL (BLNTT) IC AL, —H L TIT ¥ A7 ADBIFE IR F,
TO% (BR) NTT 7 — & SR EAM R . NTT 7 — & ol (k) %5 B 1
ZRHET, 20124E 7 A X0 B, it (T%),

g R
ASBERT MEMER #7773V AT AHREH HE
1993 4 (Kk) HEHAERT AfL, [F4LICc T, B, K, EEXERLEDOEEA 7T

N ARG L L B ﬁﬁ(fﬁiﬁfﬁ'ﬁﬂ/XTA@Hn&%ﬁﬂt CHEFE, L (1
HTH),

HH B2

R LEXRPRPR BLEHAR #SREE 27T 28R #HE®

/ CREST HF&E#{E

1984 4 B ff H K2 K FEFEE T2 28 BHE T % &R K%, dbbe o Bl 2 5 i K%
Be KF 28T, 2005 4 3L T3 K2 ##%, IEEE CSS Vice President, IEEE MSC
General Chair, & B %l 1 5= 2 (SICE)BE &5 | [A] il 40357 M9 & 72 & % (T, IEEE Trans.
CST #MEF i CE . SICE i X E ., SICE# EEHME ., SICE 7 =u—7 V&% H,

B, A A
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A #5

BRI R RERKRE #HiZ

MSATBE AR FENBEEERE TRBAREEBEY— REVF—F

1974 R KPR FEEHE PR RHE LR RE T B2l T AT, SCH R 7E B
FHAM - FINER DR, NERELSR G T RIS BRI 8 E 28T, 2006
D IST #hHINF RS & — K, PRI E % —Rlt % — &,
2012 LB, REEBE L L TCHRFEMERG B EOBSRKEICSH, I
FIx, Bk T+ 2 BRI, e & B@ic K28 LWl EmIR s 7 » o7
4 T HIE DRI,

AR ek
MIATBEABFEINRRAEE MERARBKEYZ— LEF7=w-—
R RKFLEHR

W KFPRF B LRI EBRRE T, KRIRKRFEMR TR X OFR T3 .
RO R FRFBE L5 R BR % AT, AL F S E R R T — A5 ) — & —
MBSIT haXE#EMEE L ¥ —K, IEEE 7 =2 —_ IEEE CSS George Axelby
Award, IFAC Giorgio Quazza medal 72 &% B % %,
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—1 . Pramod P. Khargonekar KK i&;&

[Systems Science and Engineering: An NSF Perspective |

ONSF (22> T

NSF AISZRFICHIE & 4v7z NSF Act (21E, B FoES L EROEFE, ftmaic'EikT 2 2
ERBESMSTOEN TS, NSFActlZ5HTH NSFOHFTAEAETTWD,

NSF Engineering #1213, fE &~ R E (Societal benefits) (2272354 / X— 37
CVEMETHEDD N T AT =T A TRFREKLOCEBEICEETDEVIEGMLED D,
FERIL., KO OEEIIMRICH L TITLATEY, —HONHAE. LIV ED %
FEH~AD N T AT —A—va L THiTFon TS, M FTHEIX 2000 F0 2.4
B R 5 2013 F1C1E 88 FVICAEHBITH T T WD,

BeE lsystem| IZIEIEFICEZ OBE®RNIH Y, JFE, YrkRx, FiEREEHEOMEDE
RCThlbnsg, FlziE, BEXY U= R0, BRKABOEHML»HHEHK SN D B78T
ML AT ATHY, TRXAXF =K, A V7 TF7ANT I F xR EFTATHEBRN
— TR VAT ATH D,

@ NSF Engineering M ICHE T 5T AT A

NSFCTIEZEDL I 72 VAT A IZWVMATWHDENE WS & 1 7:< &1 Engineering
HMHTIIETIIBWT [V ATF7 4] FHBEORNWT —~vTHDH, NSF BREET HM5E 7 0
7T MTiE, /XTA%WO%@#@@%é(WTiHﬁ%%%)it\7yy%4yﬁ
DEDFRPHDORFICENTH VAT AAER LA TN D,

] 21X, Engineering Research Center (ERC) ®» 7' v 7 7 AN EWHITH 5, 3-Plane
Strategic Research Plan EFEIEN A 3 @065 7 L — AU =7 BN RmENTEY, &2TO
ERC T v 7 =3 ZNICESWTHEZYT, fHtishd, 2 VT4 ANz v=7T1
TV ATHAADA=)L & EH DI Enbndh, TOETHE L 2 BEENIE -5l 1 72 &
BEAZRIEL., TNDOMHIELEHAEL2ED D ZOOMBR < bND, = V=T UV 71
TRWVWHD, Wb o ar, RN RERLEEND, 1B Z—IZH L1 0FDOH
MT7 7T 07 %1T9, BEICZ OBBSA 72 HEHE IR ICHE > TEBFAEND VAT AL
NADT—=LET—XIBEEOHIEHEE N T, B LICE STl R b H TS

ERC O 3EET/NVOHH : i FREIZITEBEN 2 TEOR ¥ O %8 Fundamental Research
DOEZNH 3, FEE Tl Fundamental Research OfE R A2 A& L CTE 5 H L WHEIIT
Enabling Technologies 78, fix E/@IZIZT AT AL XL TOIT— B3 inrhvd, AT —7 K
A (ERC TIZEICHEZER) ExXifa2 L Ta— NN THILTH B, HIFoBERGH 23T
DAL, BRI IC B T ARELERIND, T A My ]\75>/17A0)J: [N
Enabling Technologies ®JEIZ b EEH T LN TNDHDIFE, ZDdTHDH, (BIrshiz

CRDS-FY2014-SY-01 I ATBUEAR AR RSN ARt > 2 —



HEEWNERS RO LRESE
[/ X=2a > %FE5| 9B AT LRI ]

a7 T AIOWTIHE, (TEkESR)

@ %DREY

VAT AR =T Y ZF BRI T WD 8 R & R D e R R PR
(overarching and encompassing theory) N E7ZFHE L2V, Lo LER D OGRS
BEAET D, A%, ROREBZL2 200 LAV, §XETZLiE, b oyl
WA UEICHE L TS ZEThD, TOHEBMBEROMITIT I N &iT, BRBENL T
AT LHIZF 5 Z L (systemize learning), K VMR AT LA HET LR AL ERHT
HZll, EWIZ (HMT) OO ZEIEFRKFICAETHA D L, NI E - THG
DA DD,

2 —2 . Lei Guo Ki#H
' Systems Science in China ]

@ P EFFEPE AT LAREMZEET (ISS) 122 T
VAT AR, BT EZOBRBRTFEEBOMET LA TH D, KRFEFRU EoFER IO
BEWFRBEOFEW R THLH D, FEIT XX, PEBFICH L THEEEDIRE - %
BOIZODa L EfToTWDHETH D, Fiigm XN, R A0 RBEDOa LT
4T UR—= b EREEBREICEHL WD, flE LT, EoBZYIHEY I, EEE
mOFEAGEARZEL, FRICEH I TS,

® HEHI AT ATHE (SESC)) 22T

AR O ISS ICAM N E /AN TE Y, 1980 FFICE D~ 32V A v b Lotk B#IC, -
ARFEARBZOV AT AFREN Il TR SN, B¥, EF, K@, &/,
BE. BEE1I8ONBSNH Y, 10 OF1ieE (REEE., PTEEES ) %17, 26 O H
BRI RTSEZH T TWVWD,

VAT AR VAT A TLE(SS&SE) O S A B & LIIHEN, PEBE S O SE
IZ X % SS&SE HEIZHOWTOMMKIKIIIE., HEHN OO ELIHHTEICEKE T D SS&SE
BEIROPEDIH . N RT v I RFMRFHEAOEBZEORERTIND 5,

@®Dr. Qian Xuesen (£ 4%) 1>V T

FEO I A NVEBLFHEIFORLE L TELRFEE TH D0, 1950 £ EFITD
720 FED SS&SE DR ZHEG| LI E Th D, Y OB IX )5 - il PR . 1970-80
FEEHNO VAT LTV =T V7 1990 FLIRHRETERRER SHE VAT A~ H
MAEER LT,

PR D D SS&SE 1F 1980 FROLHEOBIEFIZEEL TW5DH, il 21X, 2008 412 &
B O(UBERER BN TBREAEOV AT LA D=7 U U HBRNSE Y OBIE BRI BN
STW5| ERANCEZEZSEHARESRL TS, B (EBFEF) b [AER LS
WHEDEIIIE MRS AT L =T V7 Thb] LTS,
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/RO EZ DBEAB 2T 11 O5HRXHY ., T2 T, VAT AFRZFITH K%,
HERE, HFE RBupFZER SRV THRDNS,

HE T 1990 U2 T 27 AR . 7, Wy, bFPE L F VLo fEEkICER
FEENTWS, BE LT, V27 08%] EH/ErdH 5,

@5 %hDEE
R Lm0 BIZVAT LARY - LRITEELRERZRTZT,
D ERE Y « THEKE VAT AR - TR0 EITEE, AVOMHEKICE > THE
Thd, HEBHNLEETH D,
HEO R ESRFEN R R (2006-2020) (2F8W T, EFEIE O 72D I2 L E 7 LR
W2, HEER AT A KEME, T, GIEAMCESTHNATH S,
SS&SE fHIBME IR D 7= I21E, S HILEL OEB,RA e Y =7 "RV ETHDL, 2, A
FMRBFOLO DY ~— A7 — VK, BUFEREBESSKEEDTOD N L —=0v 2771
T EALMETHD,

2 -3 . ShzRBEBRE

[ RATLAHEZRIMEA/N—232]

HEORZIZI, THLVERDOEIEMOI-D0 (5 EkE) o5, [5H) v IiIckE
DEIPNTHT. HAEIORZEN W, RECHEAGDOEZD O HEGRND I TE TR,
Za—hRTA L ad A DT TE I a I CEoTHRHPBERELTCERE, =2—
FOBBEMEMEEIND R~ E2ED BOBRFENREZOELI LR L TRERREL
T&E, L, RIZ~=Z2EH2Z LIEMBEIETIERY, 22 V=T BT 7 A 0%,
R7<%EOVMT L ERUFTEmE LD, TORICTTH I a0 IHTTHNAST
Wh, TV =TICLo THEDNTEREM 2 G, K~ YU a—va PRIt
WIKSN T, BWA J R_R—a UREkD,
HHELOEHFEEDTLDEDLL DAL (FValVa—)) & SELTEEKERO
Bk Rl LEEL L THLDOEELIANLZDL (0 Y=7) BDW0bH, £/ X—va &7
HDIZZ =T DR,

WROT 4 7V XA HERHE SN DIFEHANTERENLRHA L TWD, ATHHED 2N
LOEWBIETHLET 4T RISV, LL, TNTHLZEDO L ) RF %%k
LHRETHDH, BIZIE, BHELERTEZLOIC,

N=Z DI BT, WELE ) 72 BL 5 (physical science) & BLE 2 O FF % (psychical
science) % —if#IZH 5 Metaphysics IF. BRI FTWI L AT LARFICRD, VAT Iy
7 oAV —=RNTEDLI LWL T, EbhlT v 7V Motz EET 22 LR
TE5EE2D,
BEENMIAxDOBRTHT 4TIV UANTHELTWTIEAS /  RX—=2a UREEARY, &
BWENHENBLEL, A/ X—=Y a0 LWEBEICERICE L) > T D DN
VAT AREE, FOVIERT . AV RIS AT RELTDOYRAT AR LD D,
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3. NRIVTA4RAVIIVEER

3 —1 . XRURANDOSDEEIRM

FB2EMARNT 4 A By a7 —<F [HARBEIZETIZY AT MR L EaEE A~
BERYE~] THDH, SIMICADHEINC, I—T 4 X=X XOVRRIXLT 4 A va D
LRRRIZOWVWTOMBARSH Y, AAROEER, KF., AWKBEOKEHTHNOEE ST R Y R
NDFAINE, TRNENOHBHICHEITH AT AEEROBRICHO W TCEHEERIENThT,

BEAREEK (—T1sx—%2) BHEGHA BERLBROKRA VM)
MES, R LN LOBRFZEMCBRFBRLFE LEOHB T, A/ X—va AL THAx
VAELT 7 v Y=V AT AIHONTHY V¥ Y (re-thinking) . U T WA v
(re-design)Z L2t WiFoWnWb W) Z ENFELNT NS,

BAMEREKE BE DXATLEEIASA/ R—23 )
N—FINLDOEZE ERDLDOEF VAT LLELTCORBENTHD ] »OHRMEL T, TR%H
MOBMPEIET AT LE L TORARICRIEIND ] EMRE LIz,
Hlom B, REBEMZ T T thaRBEO QMR EL, Mk, AT —2FK V¥ —0D
LRI ERHE ST, SHOV AT ABEITEH LY, VA7 LICET 2HMmE s HM
FNARAIR, 77 b7+ —LBENPLIHEEDL 3 72— XLV AT AERETIEERE
LTWs,
ICT L AT LZHREILABRNWZ &, MABZR—HLEZZ EITLD | TBEITER &~ 2REEL 2 F
CTHY, BEHEIFICb b~ T RAOEEBEEHEZ TWVWD,
VAT AL~ RO ERINT DITEHA R BELERERLETH D,

MEHBE=K BE A VISR IFYDIRIDAV N RT L]
GDP NI 2 72 W T, 5%, A v 7 7 3B LV bR ENKREIRBEL 2D,
Bl LARN RIS 7 713, T ENERM, RiHE,. LEEE. RGO RE
ERIHAORENMAAICERRDZOT, IR ERD, BT LORELERLI D%
B,
Tool—D2DETH, B T7 70T A MI, HINERBELBR EHALGOHKEAIC
25,
AT TR AL DY A 7 NVEET O, B, 4. fHh 27—, A, fHF#H.
HEOHENMLETH D,
A7 TOFMIT, BIRTIHIZTEAETETWARY, RERGIE, M+ 2232 TE2H
STWARERLDIN, TDOILIRAMBITEEAL TN,
4V7?’%bé%ﬂi;:%4ﬁ®@®oﬁﬁwﬁ%%énfw@m I a2a=74C

WD) SEN RS, B2 HEIT20CEaIa=T WOHEOERILETH D,
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WMAKHEK #BE TD - -RE2LUHKRESIEDIYV IV T ORTLOEEAN]
WEDOVAT ABEEORKICE LN D KER/[FEMDO 25F, ~"— FRHOKETHANEL
TWA Y7 =T ICREBKLTWSZE, £/, VAT AROR U X5 2 JFIKENREE % 5|
TEZLTWwWBsrZ ETH D,

V7 MUz TIEHBIVATLAEZEO OO EXEBRT LI LIZ25DT, HiEs LTEBEKIZARDY
NHEThD, 70, BBIIIEND N—Fou 7 BN, ABRIBELRWEWNT VDT,
ANDREDICRKRELIKET S,

ZDTEDIZV AT AOFGFHMOGEEMEZM LS 208N H 5, BUIR T, & I,
VAT AMERTHREAERRECATARBO B TREBIZBWTAR 0k EZABZ N,
Bz X, BAFEEZH NS Z LT, BIESXAREHRIZHRTL2Z2ENTEL, £, F
FTOFEMB (MBSE) Tk, avyFA—3x v MoK EHBEEZ L2752 &N TE,
REGZEZHOLTZEN TS,

sma—N)bv—ry hTEH, BB LV INETE S TELET T FORMERIED R
DEICRLRY, HIFTHBICLIMEORIEDLETHDL, (V7 My =7 ®EEILE S
A —TIEEDHMBAEO DTZDDHA RFTA 2L TND,)

HErEXZDVAT LAORENORLOBHENEE, YoV a=r /N Tc&d2L, 7
ARXREEVT X2 T XKLV DPOEV ALK ADRMLETH D,

RIEERK #BE HEA VI VRATLRAEDEH L EE

TRALF = XA MyH . EFKEFE, SRESHEZFIC, F—F LV a—T a3
DEVEADITH>TWVD, MIATIEME AT LELTIRAT, B EDbE TR
Z D, WD DEPH A LT RN SR A TS,

EDLIRVAT AEEEST D, BET I, IZOo0WTIE, 72747 FotEdE (B
DOWRW) BDRELSHNTL D, 77472 bRBHRNEZ DA ERIREME L THEEL
TEBLSZEDPHEHETH D,

BHEAKZK TCRESTHIRMEEHOHE-LRAA ]
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Khargonekar & XEH#EE

Good afternoon everybody. Let me begin
by thanking Dr. Nakamura and JST for
inviting me to the symposium, and asking
me to share the NSF perspective. I also
want to thank Kimura-sensei, who has
been a friend of mine for more than 30
years, and has been a leader in the field of
control in which we both share a research

interest.

What I am going to do is talk about
systems science and engineering from the
National Science Foundation perspective,
and in the hope that it will share some
light on the issues that were brought up in
the previous remarks, many of which I

agree with.

First, a bit of background on the National
Science Foundation. The National Science
Foundation in the US was established in
1950 through what is called the NSF Act.
The NSF Act came into being as a result of
a really very famous paper that Vannevar
Bush, who was at MIT at that time, wrote
about the value of science and scientific

research to societal well-being, and he

essentially made the argument that the
investment that we make in fundamental
research in science and engineering has
many full benefits to society, and convinced
the US Congress and US administration to
establish the National Science Foundation,
of which in the 1950 Act says to promote
the progress of science, to advance national
health, prosperity, and welfare, to secure
the national defense. That still remains
the
Foundation. Of course we don’t do as much
in health as the National Institute of

mandate to the National Science

Health, nor do we as much in defense as
the Department of Defense. We are mostly
the science-funding agency for the United
States, but still the mandate and the vision
that Vannevar Bush established remains
the foundation for NSF.

This chart gives you the structure of NSF
and where Engineering sits. We are led by
the director, who is Dr. Cora Marrett, and
we report to the National Science Board,
which is a group of imminent scientists and
engineers appointed by the president and
approved by the senate to lead the National
Science Foundation and provide the oversight.
The NSF itself is divided into seven science
directorates. Engineering is one of them,
and we have biological sciences, mathematical
and physical sciences, geosciences, and so
forth. You can see Engineering is one of the
key directorates at the National Science

Foundation.

CRDS-FY2014-SY-01

I ATBUEAR AR RSN ARt > 2 —



BEEMERS ROV LRESE
[/ X=2a > %FE5| 9B AT LRI ]

The vision for Engineering directorate is
to invest in transformative research and
education to foster innovations for benefits
to society. For the most part, our funding is
to research, mostly in US universities to
professors, graduate students, and under-
graduate students. We invest some of our
funding in education because education is a
very important component of realizing any
benefit from scientific research. In fact, it
1s all about people. If you have talented
people who are well-educated, they can do
amazing things, and we take that very
seriously so we invest some in education.
And we invest some in innovation. That is
transformation of research advances to
practical benefits to society. These three
things work together for NSF engineering
directorate to create societal benefits. So
that is the overall vision and picture with

which we operate.

The directorate of Engineering is divided into
five divisions. There are three divisions that
are core engineering disciplines. One is CBET,
Chemical, Bio logical, Environmental, and
Transport systems, that is where you cover
most of the standard chemical engineering,
biological engineering, biosystems engineering,
environmental engineering, and so forth.
Those clusters that are in the slide give you a
little bit more detail of the different science
and engineering areas we support under
CBET. Next i1s CMMI, Civil,

Mechanical Manufacturing Innovation, where

which 1is

most of our work is in mechanical engineering
and manufacturing in civil infrastructure and
systems engineering reside.

Third is ECCS, which is Electrical, Comm-

unications and Cyber Systems, which is

mostly electrical/electronics. Those types of
research fields are supported in ECCS.
These

divisions.

are the three core disciplinary

Then we have three cross-cutting activities.

There are two divisions. EEC, Engineering,
Education and Centers, where we fund
engineering research centers, and I will
speak more about ERCs more in my talks
so let me not say much here. We support all
of our education activities out of EEC, and
workforce development. Then we have IIP,
which stands for Industrial Innovation and
Partnerships. So this is the closest piece to
innovation that is taking lab research into
commercial realization. There are two
major areas here, academic partnerships
and small business partnerships.

Then there 1s a sixth piece of the
engineering directorate called EFRI, which
is Emerging Frontiers in Research and
Innovation. This is approximately 30-35
million dollars every year we get to invest
in completely new areas that arise from our
investments in basic engineering sciences
as well as general cross-cutting activities.
So depending upon the opportunities we
create EFRI program, and I will share one
example of an EFRI program with you later
in the talk today.

This is the Engineering directorate at
NSF structure. Our budgets, although we
complain a lot about our budgets, have
grown reasonably from about 240 million
dollars to more than 800 million dollars in
2013. So that gives you a sense for the

overall investment that NSF is making in
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engineering research. That gives you a

background for NSF and for Engineering.

I will now begin to talk about systems.
This part you can regard as essentially
giving you the pictures of what NSF is
doing in what you might call systems. And
then towards the end I will rise back up
from the details to post some overarching
questions and closing parts. So the first
point I will make about systems is that it is
a word that means many things to many
people. What I did in preparation for this
talk is that I went to Oxford English
Dictionary, which 1is an authoritative
source for the meaning of words and this
isn’t quite the complete — so you should do
it yourself. You should go to OED and find
out what system means in the English
This 1is

meanings; “a set of things working together

language. just a collection of
as part of a mechanism or interconnecting
network,” “a set of organs in the body with
common structure or function” — like our
blood the

human animal body as a whole, and so

system, our mneural system,

forth. You can read all different meanings.

And then there is “set of principals or
procedures.” “Orderliness method.” “Method
of choosing one’s procedure in gambling” —
so there is a system for winning in
gambling, say in pachinko, for example.
“A set of

classification” or very often it is used to

rules in measurement or
mean social systems or political systems. It
1s interesting to note that system is one of
in the
English language. The point of this slide is

the thousand most used words

that the word system means a lot of

different things, and that is part of the
reason why it is very difficult to come to
grips with this concept.
At the same time, as human society
evolves and as technology evolves, we are
creating more and more systems with great
impact on our life and societal situations.
So there are four pictures on this. The
left-most picture is the electrical grid in
North America, in the United States. Many
people consider the Eastern Interconnect of
the North American grid as the single
largest engineered system on this planet. It
1s the set of generators and
which

households and factories, and so on and so

entire
consumption devices include all
forth, working together in an extremely
synchronized fashion in real time. What is
considered to be the number one achieve-
ment of engineering in the last century is
the electricity network. We are building

systems like this.

The right-hand side is a snapshot of the
Internet, just the large nodes, just shows
the traffic that is traversing the North
American Internet. I think this picture is a
couple of years old; just to give you a visual
picture of the system that is conveying

information back and forth in real time.

Bottom-left is the Boeing 787, with its
myriad of components put together in a
hierarchy to create a system that is the
And here the word

system takes in different meanings; so

Boeing 787 plane.

there are subsystems, and subsystems, and
systems of systems, and so on and so forth,

which ultimately end up being the 787,
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which in turn is part of the air transport
system in the United States, in the world.
So again, the meaning of the word system
becomes difficult to grasp once you see
these kinds of examples. And the fourth
one, which I think I will come back to is the
man-made systems such as our energy,
water, infrastructure, along with the
natural system, which is our planet, our
oceans, our rivers, our forests, and so on
forth,

interacting systems. Again, the idea is to

and so which are increasingly
give you a flavor for the word system and
the systems that we are currently now
constructing as a society which affects

what we will do.

With this background, what is the NSF
doing in systems? Systems, first of all
within Engineering, is a common theme in
almost everything we do. So if I go to any
part of Engineering directorate and I ask,
The

answer is something positive. “Yes, we are

“What are we doing in systems?”

doing this or we are doing that in systems.”
So it is truly pervasive within engineering.
But engineering is not the only place.
Systems are supported heavily in our
Computer Science directorate. The computer
and network systems division funds
enormous amounts of research in systems
and they are built rather complicated.
Software systems or networked systems,
information intelligence systems, all the
stuff in machine intelligence are funded
out of our IIS, they are building quite
complicated systems that perform a certain
function.

But it is not

just engineering and

computer science, which is somewhat related
and similar, many of other directorates
have investments in systems. Social and
behavioral sciences, biological sciences,
mathematical and physical sciences, and
geological sciences, they all have some
program which has a direct footprint in
what you might call systems. So again, the
point is that it is a very, very broad area of
where there is a lot of investment that is

taking place.

I picked out for today’s presentation a few
of the programs and divisions that are
investing in systems. I will share with you
some examples of things and research
questions that are being funded in these:
Chemical Process

Bio-process Systems;

Systems; KEnvironmental Systems; Ope-

rations Research; Engineering Systems

and Design; Controls — which is my own
field — but as you can see, it is very beyond
a large variety of

controls. There 1is

disciplines that are contributing to systems.

Dynamical Systems; Civil Infrastructure

Systems; Communications, Circuits, and

Sensing; and so forth.

I have left out several which are doing
systems. These are some snapshots for you.
Operations Research, the program that
does optimization. The research goal of this
program is to enable optimization of larger,
complex accounting for

more systems

uncertainty. It has its roots in linear
programming and nonlinear optimization,
and so on and so forth. Where we are going
with this

nonlinear optimization for large

program now 1s large-scale,
inter-

connected engineered systems. Modeling,
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simulation, and optimization under uncertainty,
one of the major themes that we are
pushing in all areas is the fact that models
are not exact. There is uncertainty in

models, and parameters, and system
descriptions, how do we do all this work
accounting for uncertainty. And then
finally, you don’t always get guaranteed
algorithms, so are there good heuristics for
The OR

program invests heavily in solutions to

solving large-scale problems?

these types of questions.

Engineering Systems and Design Program.
This is mostly where our manufacturing
And their

research goal is to create and implement a

and design group works.
framework for rational design decision
making. Mathematically rigorous framework
for optimal design decision making — and I
will come back to this — particularly for the
fact — and the B787 is probably as good as
an example of any of this fact — that in any
kind of an engineered system design, no
all the

In fact the design decision

single person makes design
decisions.
making is very distributed. It is not the
case that one single designer is making all
the optimization choices. It is literally
hundreds of people acting in collaboration
but

decisions. It goes back to the point that was

somewhat independently making

made about social sciences, that game
theory becomes a very important part to
understand how large numbers of people
working independently and collaboratively,
but not always, make design decisions.
Proper treatment of uncertainty, incorpo-
ration of decision theory into engineering

design, a life cycle view — it isn’t as if we

design a system and then we get out. Most
of the time we design a system and then it
is put in operation. A great example is the
electric grid. We will design the system and

then we will operate the system on a daily,

hourly, minute-by-minute basis. So the
design and operation are intrinsically
linked and they are to be taken into

account, and then it can go beyond
distribution, sales, operation, maintenance,
and so forth. Then we have got some
unique design programs. One of the most
interesting programs is the origami program
that came out - in fact the Japanese
colleagues here might be interested — but we
created a program on origami-inspired
design. And there are some very interesting
in those

systems questions coming up

things.

Control Systems of course has been a
mainstay for systems and the research goal
1s to integrate control theory with design
and decision theory. So control theory has
made a lot of progress. What we are
working on today is to integrate it with
design and decision theory; account for
uncertainty; once again, integration of
control, networks, communications, signal
processing; leverage feedback, feedforward;
cyber-physical systems, which is the deep
integration of computers, sensing, networks
with physical systems. Some emerging
areas where we are making investments
are non-engineered or data driven systems.
We are in the age of big data coming from
multiple sources, how do we incorporate
that in our systems design? Systems with
probabilistic or stochastic behavior and

then use computational structures and
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dynamics to coupled design and control.
Dynamical Systems Program is one of our
classic, traditional programs where we are
making investments in systems. Basically
here the goal is to improve modeling and
With

increasing power of computers, we can now

simulation of large-scale systems.

simulate ever-larger systems and so ever-
larger dynamical systems at very, very fast
timescales. So we are focused on funding
research to expand modeling capabilities to
include large-scale systems. Emergent
behaviors from complex systems is a major
theme, for as systems get more and more
complex, behaviors arise that could not
have been foreseen or predicted when the
system was either designed or built. And
then and

incorporating game theory

uncertainty into system modeling and
simulation. This idea that multiple people
are interacting in the design process is
in the

modeling program.

being included simulation and

Civil Infrastructure Systems Program is
another major investment and is becoming
more and more important for us, mainly
because these systems are large in scale,
are complex, involve not just the designers
but the entire society because the user
behavior is very critical in the system
performance. The goal here is to enable
good decision-making in an interdependent
systems context. Interdependent, what we
mean, is different infrastructures depend
on each other. For example, the electricity
production, the grid depends on the oil and
gas network. Water systems depend on the
electrical grid, and the transport system

depends on the communications network.

We are seeing increasing interdependencies
between different kinds of infrastructures.
The goal here is fundamental research for
resilient and sustainable infrastructure
systems. We accept the fact that every now
and then we are going to have either
man-made or natural disasters that are
beyond our ability to control or prevent.
The question is whether we can make our
infrastructure resilient so that it can come
back from major impacts and provide
service to people. All of our countries have
In the US

Hurricane Sandy last year that caused

faced such disaster. it was
major devastation, in Japan you are still
dealing with the Fukushima issue, and so
forth. Focus on performance management,
risk analysis, life-cycle analysis, and social

and behavioral impacts.

ECCS

Adaptive Systems) division, in fact, we

In our (Energy, Power, and
held a joint workshop with Dr. Fujita and
JST as well as the German research, DFG,
in this area. Here we are funding Control
Theory and Hybrid Dynamical Systems;
Distributed and Mobile Networked Systems,
as more and more systems are getting
distributed and they have networks;
Cyber-Physical Systems I have mentioned;
Energy Storage, Collection and Harvesting
Systems, so basically wusing powered
electronics and semiconductor technology
for energy harvesting and for storage is a
significant activity here; Power and
Electric Grid Control Systems, which is
the distributed

energy management systems, renewable

where workshop was,

energy integration; and finally, Adaptive

and Intelligent Systems is funded out of
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Energy, Power, and Adaptive Systems.
Terahertz Systems is what you might
think of as much more hardware, but even
there, systems I suspect are becoming more
and more important. The goal here is to
develop imaging systems with high efficiency
resolution, discrimination, dynamic range,
and acquisition time. And the big challenge
is systems integration. So there are many
research investments we are making to
make these systems possible. For example,
new approaches to signal generation,
efficient sources and detectors, RF nano-
technology which becomes a piece of this
Terahertz System, miniaturizing integrated
systems, time- and frequency-domain
imaging methods, and so on. We integrate
all these to create the terahertz imaging
system which we can operate for all sorts of

important applications.

So far I focused on what you might think
of as physical systems, but there is an
increasing emphasis on systems in our
biologically oriented investments. I will

give you two or three examples here.

Systems Biotechnology has been a major
investment for the engineering directorate.
If you think about the metabolic system
inside a cell, it is a very complex system
that is connecting inputs and outputs. If we
this

approaching a sort of reverse-engineering

can understand system, we are
question, which is if we understood the
metabolic system well, can we use it to
create new kinds of factories that can
that we might be

biofuels or

produce products

interested 1n, such as

pharmaceuticals, that could be produced
much more cheaply if we understood these
types of things? This is a significant part of
our program and this is just an outline of
the approach that we take. Metabolic flux
analysis, then you do flux balancing, and
you can represent a lot of these things
through dynamical systems or linear
systems, or metrics, representations. Flu
Balance Analysis, then Pathway Analysis,
followed by

optimization. So this kind of a scheme that

Control Analysis and then

looks at metabolic pathways and the entire
system with a goal to create new kinds of
biologically inspired systems that derive
understanding of the

from this basic

metabolic system has the potential to
create huge improvements in the things
that I talked about such as biofuels, and

pharmaceuticals, and so forth.

I mentioned earlier the fact that human

societies increasingly building systems
that interconnect, man-made systems with
natural systems. So our environmental
systems program focuses on this interaction
between the natural — in this case the
example I am showing is the natural water
cycle and then the urban water cycle. So
there is a water cycle in nature and then
there is the way human society uses water,
whether for drinking, eating, agriculture,
or power production. The two cycles are
interacting with each other. We are funding
research that aims to understand how the
and the

natural system dynamics are interacting

urban water cycle dynamics
with each other and then hopefully use it
for design.

As an example, we give a career award to
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one of the young professors who is using
First-Order and Second-Order Reliability
Methods to the

resilience, and vulnerability metrics and

compute reliability,
sustainability index for a watershed used
for drinking water in the Midwest. I think
this is in the Ohio region. He is using these
kinds of models and reliability methods to
understand the watershed system. The
goal here is that this research will impact
the design of environmental monitoring for
watersheds and design of sustainable
watershed management strategies. I think
water is already a huge problem, and this
kind of a systems approach to understanding
the water problem can have very large

benefits in the future.

This shows how we use every part of my
directorate to do opportunistic research.
We just put out a solicitation called RIPS,
which stands for Resilient Interdependent
Infrastructure Processes and Systems. The
idea here is we think of infrastructure as
You can think of
transport system as cars, traffic
and so forth. We think of air

transport as airplanes, airports, and so

hard physical goods.
roads,

signals,

forth. We are saying that maybe this way of
thinking is not the best because I really
don’t care about the car or the plane. I care
about getting from point A to point B at a
particular time. So the question we are
asking is can we think of this as a service
that millions and millions of people want a
service of going from X to Y — in the case of
transport systems, you can think of the
same in the case of energy, in the case of
water, that we are trying to provide

services in a robust way. To change the

thinking on infrastructure from hard
physical goods to information enabled
services. With the rise of distributed
sensing, distributed information and

networking, perhaps you can have very
different solutions to infrastructure questions
than we are used to and to completely
redesign of how we think about infrast-
ructure. So the RIPS Program challenges
the academic research community to think
of a new paradigm which is more resilient,
more beneficial, more economic, and higher
performance by rearranging the system
components. It is very much a systems
program aimed at a certain way of

thinking.

As I mentioned earlier, Complex Systems,
so Emergent Behaviors, is something that
we remain very interested in and we are
funding research on how different design
complex systems to give desired performance
and behavior to have adaptation learning,

and so on and so forth.

Finally, I want to share with you, this is a
new program that we are putting out in the
service sector. What we are saying is,
whereas a lot of engineering research in
the past has benefitted manufacturing and
engineered systems, can we apply the same
principles and ideas and techniques to
improve quality, performance, reliability of
services such as healthcare, education, so
on and so forth? We are funding some basic
fundamental research as well as appli-
transitional research in smart

Our

platform technologies.

cation

service systems. initial focus 1is

We are funding
smart

platform technologies to enable
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service systems. Again, the idea is the
enable systems innovation by combining
dynamical systems, and for distributing
information, networking, and so forth, to

benefit the consumer.

Another part of our program ERCs, the
Engineering Research Centers, are very
This

enhance

heavily oriented. was
established in 1985 to the

competitiveness of the United States and

systems

prepare engineers to contribute through
better engineering practice. The centerpiece
of the ERC program is what we call the
engineered system. Compelling vision for
an engineered system which is at the cusp
of discovery and innovation for societal
impact. I will give you a few examples to
illustrate this idea. It is a 10-year investment
so this is not a typical three-year grant. It
is a 10-year investment, 4 million a year, so
it is a very large investment. It is
approximately 80 million dollars of funding
that we do every year. Again, I don’t want
to read the slide, I would rather explain it

through examples.

The way systems play a major role in
ERCs is very strategic and it happens
through our 3-Plane Strategic Research
Plan. So I want to spend a couple of
minutes explaining this because this is at
the heart of how systems are playing a big
role in our ERC program. This 3-Plane
Strategic Plan is a requirement and all the
ERCs are judged on this. It is based on
some very critical engineering systems
and it

research and technical barriers, and then it

goals, identifies fundamental

organizes research and education towards

achievement of the system goals. And it

includes non-engineering —  societal,

environmental, and other non-technical

factors as well.

It will be very difficult for me to walk
through the chart, but at the bottom-layer
are the fundamental research components.

These

questions that you might see in control

are typical engineering science
theory, or in manufacturing, or in networks,
These
traditional scientific engineering research
Above that

so this scientific research

or what have you. are just

questions. are enabling
technologies,
that fund will

technologies that enable development of

we create some new
useful products. But at the top is really
where the systems view comes in. We have
systems level goals which come from our
stakeholders which are usually industry
members. They will say that there is a gap
or there is need for a certain kind of system
performance. What happens is that in the
outliers, the system level goals and the
system level requirements drive our
understanding of what barriers are there
in the enabling technologies and what
barriers are in fundamental research. As
our research progresses, it creates enabling
technologies that are tested in our testbeds.
But
ultimately they are tested in the systems
testbeds. So these

testbeds where all the research and all the

These are university lab testbeds.

level are serious
enabling technologies are brought together
to see whether it actually achieves the
performance you want. And if not, then we
can repeat the cycle. It is a tenure year
and it has

view, had pretty amazing
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impacts, so I just want to share with you

some examples.

Biomimetic Microelectronic Systems ERC
at University of Southern California was
funded in the late 90s or early 2000s. The
vision of the center was to develop science
and engineering for novel biomimetic
systems based on fundamental principles
of biology. They had three testbeds, a
retina, a cell, and cortical testbeds. These
were system level testbeds that were
enunciated and then there was fundamental
research in neural science, in nonlinear
modeling, and low powered electronics, and
in all fundamental scientific and engineering
that fed the

technology — like systems on a chip, power

research fields enabling

and data management in a chip.

And here is the realization of the vision
where there was a retinal implant that was
created by the center which has gone
through all the testing and was approved
by the FDA - the Food

Administration —in 2013 for human use. To

and Drug

me this is an amazing achievement, in that
you go from a high level engineering
system vision to something that is actually
helping people today. All of this happens
because of this very strategic view of
system level performance, system level
goals, and then driving all the fundamental
research and enabling technologies to

achieve those system level goals.

Here is another ERC that we funded
recently. It is a very different kind of ERC
because this is on reengineering the urban

water system. So as we get these megacities

— Tokyo is a fantastic megacity. I think it is
about 35 million people live in the greater
Tokyo region. The world is going to have
these megacities with 30, 40, 50 million
people. We are asking the question, how
are we going to design the water system to
supply water to all these people? Again, we
have this same construct, fundamental

researches in hydrology, geosciences,
electronics, process engineering, and then
we have the testbeds. And then ultimately
in this case it is going to be testbeds at the
level of cities where we will collaborate
with city governments and so forth to test
whether our solutions are having the kind
of performance that we want. You can see
how we are putting together a major
research program which 1s systems-
oriented that will potentially have a great

impact.

This is a third example, which again has
had a huge success; Collaborative Adaptive
Sensing of the Atmosphere (CASA). The
idea here was we rely on the national
weather system radars for weather
prediction. We noticed that many times the

warnings, especially for tornados, come a

little bit too late and it hurts a lot of people.

So the idea behind this thing was whether
we can create the national weather system
that has a hundred-plus all the radars that
are used. Can we have thousands if not
tens of thousands of smaller-scale
miniature radars that can be put on a
building, on a cell-phone tower, just
distribute them everywhere with distributed
communications and networking you can
bring that

sample the atmosphere where and when

information? The idea was
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user need is greatest., so you are relying on
fixed radars, a large number of radars,
cheaper, smaller, distributed. This was the
vision. And that was a strategic concept.
Again, they had the same fundamental
research. In this case it was cross-layer
resource allocations, small-scale atmosphere,
electromagnetic wave phenomenon, and
technology research and then systems
integration. All of this was carried out, and
in 2011 this actually was put to test. So
there was a tornado in Oklahoma, and this
was a call from Raytheon which was one of
the systems integrators which says that
this system actually worked, gave warning
three minutes before the national weather
system, and they helped us save probably
tens of lives. Certainly a lot of people were

less inconvenienced as a result of this.

of ERCs,

1s sort of

the theme

nanotechnology

Sticking with
nanosystems,
quintessential fundamental science which
you don’t think of as a system. But we are
increasingly focusing the nano research
towards systems. We have awarded three
NSF centers at $55 million for five years. I

will show you two examples from this.

TANMS is one area where we are doing

systems level — an ERC type of thinking
but

systems.

applied to nanoscale multiferroic

There

discoveries which is a nanoscale switch to

are two fundamental

control magnetism and a new class of

nanoscale multiferroic materials and
elements. These are fundamental nano-
science, nanomaterial science type of

discoveries, and what we are now saying is
we are going to construct a plan whereby
we can have a novel memory device, a novel
antenna, and novel motors. So the same
kind of testbeds,
and so forth is going to be brought to bear

enabling technologies,

on this nanoscience research. There are

five wuniversities 1involved, there 1s a

materials fabrication facility that is under

construction, and then we have got

components suppliers, and we have got
like GM,

Boeing, Micron, and so forth. Micron would

systems integrators, things
be the memory company that you might
recognize, or Lockheed Martin the airplane
company, or Raytheon. And so this whole
thing, the plan has been put together, and
as we move the fundamental research in
nano, we are going to aim for the systems

level values.

ASSIST is another of nano.

sensors to

These are

nanoscale monitor medical
conditions and exposure to environment
using nanobiosensors. So these are very,
very tiny sensors that you can distribute
all over. And again, we have a plan where
we are going to have three areas of impact;
1) energy harvesting and storage, 2)
nanoelectronics, and 3) nanobiosensors.
There will be the same kind of testbeds and

integration of these fundamental devices
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into system level performance. These are
some of the technology goals; piezo MEMS,
and thermoelectric integration, low-voltage
TFETSs, and so forth.

So I gave you a lot of examples and
snapshots. I want to now use the remaining
five minutes to share with you overarching
issues. Number one is very clear. It is a
very broad question, very broad topic that
cuts across a variety of domains. It is
increasingly critical in realizing benefits
from fundamental research in components.
There is no, as far as I know, overarching
and encompassing theory for system
science and engineering. There are lots of
pieces, and I showed you lots and lots of
pieces, but there is no single theory that
covers everything. And in my opinion there
leveraging of

1s insufficient systems

knowledge across application areas. 1
already mentioned this so let me skip this

one.

What are some of the components of
systems science and engineering? I think
all of these

questions.

are 1mportant research

How do you specify desired
system level requirements? That itself is
very, very difficult. Of course you have the
usual things like modeling, simulation, you
Intel

have analysis and verification -

routinely verifies its chips using formal

proof, theorem proving, and modeling.

Concepts needing formal development,
things like architecture — we really don’t
have a theory of architecture. Modularity,
we use this word but we don’t have a theory
for this.

space. Dealing with uncertainty — very,

Efficient exploration of design

very critical. Human behavior, the social
science aspect in building of systems, game
theory because hundreds and thousands of
people are making decisions, not always
completely collaboratively, not with complete
information sharing. These are very much

social science questions.

What we would like to achieve in the long
term is to integrate these theories towards
a theory of systems. The final point is that
while that theory is being developed, what
we would like to do is to systemize learning
from experience because the theory doesn’t
exist. It exists in pieces. So what we should
do in parallel is as we build more and more
complicated systems, and as we have all
this experience in different parts, how do
we learn from each other to have better
tools for systems level design and
understanding. So with that, these are the
concluding parts. I think I am running out
of time so I am going to just stop here, and

thank you very much for your attention.
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Pramod Khargonekar

Assistant Director for Engineering
National Science Foundation

Presentation at the JST Symposium
February 21, 2014

“to promote the progress of science; to advance
the national health, prosperity, and welfare; to
secure the national defense...” NSF Act, 1950

- __NSFENG: Investing-in transforma
research and education to foster
innovations for benefits to society

Research

Innovation  pdqucation

Societal Benefits

w

Circuits,

+Energy, Power, and Adaptive Systems

" ENG and SBIR/STTR Budgets ($M)

WENG ®ENGARRA »SBIR/STTR M SBIR/STTR ARRA : ¥
6 @
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”System

+ Set of connected things or parts forming a complex whole, in particular

A set of things working together as parts of a mechanism or an interconnecting network

A set of organs in the body with a commeon structure or function

Human or animal body as a whaole

A group of related units oF progr or bath, y when dedi d to a single
application

&muﬂIMIwwl a major range of strata that corresponds to a period in time,

+ Astronomy a group of celestial objects connected by their mutual attractive forces, especially
maoving in orbits about a center
Each of seven categories of crystals cubic, l;lfgonal,
monodlinic, and triclinic) classified according to the possible relations of the crystal axes
« Set of principles or procedures according to which something is done; an
organized scheme or method:

+ Orderliness - method

= Method of choosing one's procedure in gambling

* Set of rules used in measurement or classification

* The iling political or social ord pecially when regarded as opp and i
* From Oxford English Dictionary

| One of 1000 most used words | @
" |

CRC

" Current Activities in Systems at NSF

* Systems is a common theme in all divisions in ENG
= CBET, CMMI, ECCS, EEC, and IIP
* Systems oriented work is supported in CISE:
* Computer and Network Systems
» Information and Intelligent Systems
* Systems in other NSF directorates:
« Social and Behavioral Sciences
* Biological Sciences
» Mathematical and Physical Sciences
= Geological Sciences

45N ‘ymasg eug

i '.Many ENG programs invest in systems:

» Bio-process Systems (CBET)

* Chemical Process Systems (CBET)

= Environmental Systems (CBET)

= Operations Research (CMMI)

» Engineering Systems and Design (CMMI)

= Control Systems (CMMI)

* Dynamical Systems (CMMI)

# Civil Infrastructure Systems (CMMI)

* Communications, Circuits, and Sensing Systems (ECCS)
* Energy, Power and Adaptive Systems (ECCS)
+ Engineering Research Centers (EEC)

11 12
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Operations Research Program

Research Goal: To enable optimization of larger, more
complex systems accounting for uncertainty

* Large-scale, nonlinear optimization for large engineered
systems

* Modeling, simulation and optimization under uncertainty
* Heuristics for large problems

CMMI + .
13

Engineering Systems and Design Program

Research Goal: To create and implement a framework for
rational design decision making

* Mathematically rigorous framework for optimal design decision
making

Proper treatment of uncertainty
Incorporation of decision theory into engineering design

* Life cycle view—includes design of the organization, manufacture,
distribution/sales, operation, maintenance, warranty, liability,
reliability, disposal, etc.

* Unique design challenges—compliant structures, origami

CMMI

: b

13

14

Control Systems Program

Research Goal: To integrate control theory and decision/design theory.

* Integrate engineering design theory and control theory
* Account properly for uncertainty
* Integration of control, communication and signal processing for sensing and/or
actuation
* Leverage feedback, feedforward,
and machine learning
* Cyber-physical Systems
* Emerging areas:
= Non-engineered or data-driven systems
= Systems with probabilistic or stochastic behavior or characteristics
= Leverage system and/or ¢ I structure or dt

signal p

= coupled design and
control

CMMI - :
15

Dynamical Systems Program

Research Goal: Improve modeling and simulation of large-
scale systems

* Expand modeling capabilities to include large-scale
systems

* Emergent behaviors and complex systems theory

* Incorporate game theory and uncertainty into system
modeling and simulation

CMMI

,6 b

15

16

Civil Infrastructure Systems Program

Research Goal: To enable good decision making in an
interdependent systems context where people are a part of
the system

* Fundamental research for resilient and sustainable
infrastructure systems

* Focus on performance management, risk analysis, life-cycle
analysis, social and behavioral impacts
* Emphasis areas:
* constructions engineering
« infrastructure systems and management
* transportation systems

CMMI

,; b

Energy, Power and Adaptive Systems

* Control theory & hybrid dynamical systems

* Distributed & mobile networked control

* Networked sensing & imaging systems

* Control aspects of cyber-physical Systems

* Energy storage, collection & harvesting Systems
* Power and electric grid control systems

* Adaptive & intelligent systems

ECCS @
1%

17
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Terahertz Systems

= Challenges
= Development of imaging systems with high efficiency, resolution,
discrimination, dynamic range, and acquisition time

= Systems integration and design

= Opportunities
= New approaches to signal generation
Efficient sources and detectors
RF nanotechnology
Miniaturizing integrated systems
Time/Frequency-domain imaging methods
Current investments include THz signal generation, integrated
electronics, fabrication, imaging applications.

ECCS

| systems Biotechnology — Metabolic Systems

Input i
(nutrients)

e

The metabolic pathways within a cell represent a complex system
which “connects” inputs and outputs; by understanding &
representing this system, we can design and construct “cell factories”
which produce valuable products

8% 21
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nvironmental Systems Program
The “environment”, a complex system, requi d ding/! ging the
complex system dy b gil d and natural sy
le: for hed and safety, water quality and quantity are

important considerations within the larger context of the systems.

images courtesy Auckiand City Council
n

CBET

ke

':;

First-Order and Second-Order Reliability Methods to
compute the reliability, resilience, and vulnerability
metrics and sustainability index for a watershed used for
drinking water

CAREER Award to L. Yeghiazarian

Ultimately, this research will
impact the design of
environmental monitoring
for watersheds and aid in
sustainable watershed
management strategies.

EAST FORK LITTLE MIAMI RIVER
SUB-WATERSHEDS

21

ent Tnterdependent Infrastructure P
= (RIPS) Program
* Explore new multidisciplinary engineering

approaches to increase: resilience, i i, [ @ =3
performance, and readiness of ICls i __'_-,';-
* Create p fr: rks or theories from a —
multi-disciplinary p ive ( p i e .
social and and ———
.l izational, social, =
legal, political and economic barriers e
. | human to the —
per of i i

* Explore the economics and governance of ICIs
* Expand the design space of alternatives, leveraging
new i ies to i ili to

extreme conditions and future events

Create the knowledge that leads to innovative new
ICl services and markets, facilitating transition to
practice

22

: "-Engineering Complex Systems

L]

-

* It’s not enough to observe emergent behaviors and
patterns

* Engineering seeks

Desired behavior and performance
Robustness/resilience/redundancy/reliability
Adaptation, learning, reconfigurability
Self-assembly/self-organization

23

24
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Towards Service—
Systems Innovation

system
H”"ﬂ‘u 5 can replictes Service h (PFI:BIC):
ce b LAl
ol ﬂrﬂ,‘# eNid"‘d”.. « Focus on smart technologies
capabllities mhﬂ"’”ﬁﬂi = Patential to achieve transformational change in existing service systems
Howto dﬂ:: i o t 3pur entirely AW sarvice systems.
“ﬂ!w stand what
,am"‘"'* mant lean £ lmmnmnuminannnrmmnmnmmnm
datastr . and imple systenm: idab

* ITfComputer Science Component
. Sock el

o

L4 b — Aaic gl i
— &

| Established in 1985, the Engineering Research
Centers program was launched with the GOAL:

“to further the development of fundamental
knowledge in engineering fields that will
+ Enhance the competitiveness of the U.S. and

* Prepare engineers to contribute through better
engineering practice.”

26

Distinguishing Features of an ERC

* Compelling vision for an engineered system at the cusp of
discovery and innovation for societal impact

* Integrated program from exciting fundamentals research to
proof-of-concept systems test beds

* A 10-year strategic plan that is driven by engineered systems
barriers and powerful fundamental insights

* Innovative plan to develop engineering graduates with the
skills set to be highly effective in industrial practice and
creative innovators in a global economy throughout their
careers

* Innovative plan to accelerate the use of ERC-generated

technology and processes in industry/practice %

EEC

" ERC 3-Plane Strategic Research Plan

* Rests on critical engineered systems goals
* Motivates and guides the research

» Identifies significant fundamental research and technical
barriers at all levels

» Organizes research into integrated thrusts of
interdependent projects to address challenging barriers

* Includes societal, environmental and other non-technical
barriers as appropriate to vision

27

28

Ekclgeg‘éfcl_ﬂ_?&ategic Fra meM

Biomimetic Microelectronic SysteM

I \nsu:m to develop the science and engineering of novel biomimetic
microelectronic systems based on fundamental principles of biology

= Commercal Neural Provfietsc Systems

30
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~ANETIRE T eNUWIt ERC Strate ItﬂeseaM
Retinal Prosthesis &
* Technology commercialized

* Second Sight Medical Products

« Argus |l
« 60 Electrodes

« Thin film, microfabricated
electrode array

* CE Mark in Europe, 2011
» FDA approval in US 2013
* History of NSF funding since
1996
* Letter recognition, word
reading, improved mobility,

"' Vision: Safe, sustainable, urban water infrastructures enabled by technological
advances in natural and engineered systems and informed by a deeper understanding
of institutional frameworks.

Dbject |Dcalization, motion Video camera mmlmd unletmalglm sl,gnalse;n
detection e AR
epiretinal implant mounted on retina surface _\.ﬁ v
EEC Images courtesy BMES
31 32

ERC for Collaborative Adaptive Sensing of the
Atmosphere (CASA)

Problem

‘ Credit: Sciemce Nation, Natlonal Sclence Foundation

olution

e

end users

eIt PISF Clem — T m

Images coursesy ReNUWIE TP EEC 1 “Somple the atmosphere where & when the user need is greatest”

33 34

CASA ERC Strategic Concept —_ e esfl/
Bl P CASA=Innovative Radar System Sawv: es
1= « Sensi i " “The life-saving implications ... were on dramatic display during the May
24, 2011, tornado outbreak in southwestern Oklahoma ... emergency
management officials relied on the CASA imagery to follow the twister
and move people out of its direct path ... Officials noted that CASA
information was critical for their decnsuon -making during the event as
Systems
Integration EF 4 Tornado
Track
Technology
Research
CASA's fost updating, high
Fundamental resolution radar data 1 3l .
Understanding interacti T it S . @
EEC = —— !wmmwcm EEC = ] — ]mmmﬂ!‘m
35 36
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....... T / B m/
. — T - ‘Transformational Applications of Nanc
Nanosystems Engineering Research Centers Multiferroic Systems (TANMS)
s Two fundamental discoveries: Leading to fundamentally new

* Three NSF awards of $55.5 million for 5 years in 2012 E systems including novel devices:
+ Advanced Self-Powered Systems of Integrated Sensors and EHRSBI ST A RIOH

Technology, North Carolina State University: self-powered wearable to control electromagnetism by

systems that simultaneously monitor a person’s environment and electric switch w

health; links exposure to pollutants and chronic diseases. N | £ I
* Nanomanufacturing Systems for Mobile Computing and Mobile i E‘f" L a;s o nan?sca e Novel Memory

Energy Technologies, UT-Austin: high-throughput, reliable, and multiferroic materialselements b

versatile nanomanufacturing process systems to be demonstrated g

through the manufacture of mobile nanodevices. SRR
* Transformational Applications of Nanoscale Multiferroic Systems, Novel Arferina

UCLA: reduce the size and increase the efficiency of components s

and systems whose functions rely on the manipulation of either Fereoslectric

magnetic or electromagnetic fields. ~1-100 nm

L« Hovel Motors Skt
@ UCLA Comell UCB CSUN  ETH @
EEC o EEG Images courtesy TANMS
37 38

Center for Advanced Self-Powered Svstem?ﬁ
Integrated Sensors and Technologies (ASSIST)

Wellness

management
system:
Portable,
wireless
ASSIST (NCSU) - Nanosystem to monitor medical condition and O
EEC,  exposure to environment using nanobio- and eco-sensors A
Images couresy ASSIST

39

40

— ——— — . /ﬁ’
ASSIST ERC: Nanosystem technology goals

* MNanoscale Piezo MEMS (Thrust I}

« Thermoelectric Integration (Thrust 1)

- Low-voltage MUQFETs/TFETs (Thrust Il)

* Integration Technologies (Thrust V)

- Heterogeneous Integration (Thrusts Il and Ill)

* Ultra-low-power EKG and Wireless (Thrust IV) _ ==

* Integration Technologies (Thrust V)

EEC. a1 Images courtesy ASSIST

p— —

Systems Science and Engineering — Key Issues
= Very broad concept that cuts across a wide variety of domains,
technologies, and applications
* Systems integration is becoming increasingly critical in
realizing societal benefits from fundamental research
advances
* Cost, performance, time to market, ...
= Very large economic implications
* Overarching and encompassing theory does not exist
* Practical and domain considerations become primary drivers
* Insufficient leveraging of “systems knowledge” across
application areas

41

42
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Engineering Complex Systems I Components of Systems Science and Engineering
* It’s not enough to observe emergent behaviors and * Specification of desired system level requirements
patterns * Modeling, simulation, estimation, prediction
* Engineering seeks: * Analysis and verification techniques and computer aided tools
* Desired performance and behavior * Cancapts paeding fo.' f"al deve"’?f"em: srchitscture
modularity, adaptability, evolvability, ...
* Resiliency/robustness/redundancy = Efficient exploration of design space
» Adaptation, reconfigurability * Dealing with uncertainty
* Self-assembly/self-organization * Human behavior aspects in engineering of systems
* Reliability * Game theory to account for multiple decision makers
(designers)
* Connections and interactions with natural (biological) systems .
i3 ﬁ “ ﬁ
43 44

Towards Systems Science and Engineering Systemize Learning from Experience

* Integrate extant theories towards a science of systems: * Large, complex systems being designed in many
*-Decision theory application domains
* Game theory : .
« Control theory * It would be very useful to learn from these experiences in
+ Estimation and prediction theory the development of systems science and engineering
* Adapation and learming * Requires an intentional approach
= Robustness and resilience
« Networks and distributed computing * Integrate into engineering education
* Economics
= Social choice theory

* Develop a composite theory, define the limitations of the theory

* Mitigate poor decision making where the theory fails _ _

. w . w

45 46

i Closing Thoughts

* Systems — a very broad and increasingly important
concept

* Critical to realize valuable innovations from fundamental
scientific and engineering advances

* Systematic development of systems science and
engineering is necessary and will be beneficial

* Deep interconnection between real world applications
critical to guide the development of fundamental systems
knowledge and tools

47
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It is a great honor and pleasure for me to

be invited to give this lecture to this
symposium. First of all, I would like to
thank his kind

invitation. As you can see, the title is

Kimura-sensei for

Systems Science in China. We've just

listened to a very nice lecture given by Prof.

Khargonekar about systems science and
engineering from NSF’s perspective. So
this title looks quite big, but actually what
I am going to talk about is first one
institute, then one society, and then one

scientist.

is the Institute of
Systems Science at the Chinese Academy of
This the first

institute on systems science in China and I

The one institute

Sciences. institute 1is
have worked in this institute for many
years and so am most familiar with. One
society is the Systems Engineering Society
of China that is affiliated to the Institute
of Systems

Science and plays a very

important role in promoting systems

One

scientist is Dr. Qian Xuesen, who is one of

science and engineering in China.

the most influential scientists in China.

Actually I would like to say, the most

influential scientist in systems science in
China. Finally, I will give some perspectives

and then the future plans.

The
located at the Academy of Mathematics and

Institute of Systems Science is
Systems Science belonging to the Chinese
Academy of Sciences. The Chinese Academy
than 100

institutions. The Academy of Mathematics

of Sciences contains more

and Systems Science consists of four

institutes, plus a recently established

center called the National Center for
Mathematics and Interdisciplinary Sciences.
Within the Academy of Mathematics and
Systems Science, the first institute is the
Institute for Mathematics(IM), and the
second the Institute of Applied Mathe-
matics(IAM), and then the Institute of
Systems Science abbreviated as ISS. The
fourth one is the Institute of Computational

Mathematics and Scientific Engineering

Computation. The recently established
center 1is the National Center for
Mathematics and the Interdisciplinary

Sciences aiming at promoting collaborations
and cooperation between mathematicians
from other branches of

and scientists

natural science and engineering.

Here are the three founding members of
The
institute was founded in the year 1979. The

the Institute of Systems Science.
first director of the institute was Kwan
Chao-Chih, majored in functional analysis
in control systems. He is one of the key
persons promoting the development of

control theory in China, in the early stages,
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in the very early 60s the last century. The
is Xu Guo-Zhi,

research

second one majored in

operational and management
science. The mathematician Wu Wen-Tsun,
a topologist, also majored in Computer

Mathematics.

The missions of this institute is to try to
be a leading research center in systems
science and related mathematics and
an
the

social

interdisciplinary research, to Dbe

important consultant center for

government on economic and

development of China, and to be an
education institution to train high level

researchers on systems science.

Here is the list of main research topics
that I classified into two groups. The first
group is to understand systems. In this
category, the following research activities
have been conducted; structural/property
analysis, modeling, inference, identification,
prediction, signal processing, reliability,
stability, emergence, self-organization, etc.
In the second category that is to control or
regulate the systems, we have research
activities in design, reasoning, optimization,
regulation, decision

adaptation, control,

and management, etc.

This

research faculties, about half are professors.

institute currently has about 71

We also have over 185 graduate students
and about 30 post-doctoral fellows, both in

research and educational institutes.

There are some divisions belonging to the
Institute of Systems Science. I will first

mention three Key Laboratories of the

Chinese Academy of Sciences. The first is
the

Decision, and Information Systems. The

Key Laboratory of Management,
second is the Key Laboratory of Systems
and Control. The third one is the Key
Laboratory for Mathematical Mechanization.
There are also other laboratories belonging
to the Institute of Systems Science; the
Division of Complex Systems, the Division
of Economic Analysis and Forecasting, the
Division of Statistical Science, and also the

Division of Pure and Applied Mathematics.

Then I will briefly mention the research
three
laboratories over the Chinese Academy of
the

Decision,

activities conducted in key

Sciences. In Key Laboratory of
Management, and Information

Systems, we have the following research

directions;  optimization theory and
algorithms, management science, micro-
economic analysis and forecasting,

knowledge science and engineering, and
quality reliability science.

In Key Laboratory of Systems and Control,
I myself belong to this laboratory. We have
the following research directions: stochastic
control systems; nonlinear control systems;
distributed parameter control systems;
quantum control systems; systems biology;
complex systems and networks; multi-agent
systems and distributed control; modeling,
identification and adaptive control; Boolean
control systems; and advanced control of
practical engineering problems.

In the Key Laboratory for Mathematical
the

research direction: the first is automated

Mechanization we have following

reasoning; symbolic and hybrid compu-

tation; geometric computation; discrete

CRDS-FY2014-SY-01

I ATBUEAR AR RSN ARt > 2 —

8% 27



8% 28

BEEMERS ROV LRESE
[/ X=2a > %FE5| 9B AT LRI ]

mathematics; coding and cryptography;
and engineering applications focusing on
robotics, computer aided design, numerically
controlled machine, etc.

The Institute of Systems Science is also in
charge of several academic journals. The
first one is the Journal of Systems Science
and Complexity, published by Springer.
The second one is the Journal of Systems
Science and Mathematical Science, in
Chinese. There is also a joint publication
with the South China
Technology, the Journal of Control Theory
in both English and

Chinese. We also have the Theory and

University of

and Applications,

Practice of Mathematics, in Chinese.

There are also several national level

affiliated to the

Mathematics and Systems Science.

societies Academy of
The
first is the Systems Engineering Society of
China, actually affiliated to the Institute of
Then we have the

Systems Science.

Operational Research Society, Chinese
Mathematical Society also within this
academy, and Chinese Computational Math
Society. Besides, the Technical Committee
on Control the
Association of Automation (TCCA) also
affiliated to the Institute of Systems

Science.

Theory of Chinese

The funding situation for the Institute of
Systems Science looks like as follows;
Major funding from the Chinese Academy
through the

Program, covering

of Sciences Knowledge

Innovation basic
personal costs, student costs, and basic
We

competitive sources such as the National

facilities. also have grants from

Science Foundation of China (NSFC), the
Ministry of Science and Technology of
China (MOST). About 30% of the total
budget is from these. These cover research
equipment, academic exchanges, visitors,

and so on.

Here is a partial list of some major grants.
The
Development Program of China, State Key

National Technology Research and
Development Program for Basic Research
of China, Key Project of the Eleventh
National Five-Year Research Program,
Foundation for Innovative Research Groups
of the National Science Foundation of
China, and also some other grants and
projects.

the Institute

Science organizes or co-organizes about 10

Each year of Systems
international conferences and hosts more
than 100 visitors mostly from abroad. We
universities or attend

visit foreign

international conferences abroad more

than 100 times.

Here is a picture about academic exchange.
Many of you know the professor sitting in
the middle, Hidenori Kimura-sensei, more
than 10 years ago, the year 2003 in March
in Beijing, there was a discussion about
collaboration agreements between SICE
and the Chinese Association of Automation.
Professor Dai is the president of the
Chinese Association of Automation. Here is
Hanfu Chen, the

co-president of the Chinese Association of

Professor also

Automation.

More recently for our academic exchange,
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this is last year in Xi’an. There was the
ceremony the

the TCCT of the
Association of Automation, and SICE for
the CCC-SICE Conference 2015 to be held

in Hangzhou, China, next year.

signing for agreement

between Chinese

Consulting with the Chinese Control
Conference is mainly organized by the
Institute of Systems Science. Let me show
you some statistics in recent years.
Actually it was in the past six years. This
is a joint conference of the CDC of IEEE
and CCC. We have the highest submissions
and the highest attendance in Shanghai. At
the CCC, Chinese Control Conference last
year we had 2,809 submissions and there
are about 1,500 attendees, quite a big
conference. So this is one example showing
our collaborations.

Besides publishing academic research
papers or completing practical research
projects, conducting international collabo-
rations, and supervising graduate students,
etc., I would like to mention that each year
the institute submits about 40 consulting

reports to the state council. Let me show

you some examples related to the
consulting report.
One example 1is the Grain Output

Prediction of China. It was over the past 30
years, the forecasting lead period achieves
more than half a year; the forecasting
about bumper, average, and poor harvests
was correct each year, and was correct in
The
forecasting is 1.9%, much lower than those
The

each direction. average error of

of others using different methods.

methods used here mainly were nonlinear
input occupied output (IOO) + meta-
synthesis methods.

The second example is a non-competitive
100 in the global value-chain. Some of you
may know China trade structure is quite
around 50%,

traditional

special: processing trade

double-counting 1in trade
statistics, and overstating actual trade
scale. The value added by processing trade
is low. The differentiation of processing
trade more accurately estimates value-
added by different export type. Design
non-competitive 10 model with processing
sectors. So as a result, the total domestic
value added per unit China’s export by the
new IO model is like this. However, by the
the 0.688,

overestimating by about 16%.

traditional one, result 1is

Another example is a platform located at
the the
laboratory at the Institute of Systems

Key Laboratory, information
Science about early warning and simulation
systems for macro-economy, China and the
the

construction and completion.

world. It 1s still in process of

Next, I will briefly introduce the one
society, the Systems Engineering Society of
China, abbreviated as SESC. This society
1980 by 21

including foreign professors.

was founded in the year
professors,
Professor Qian Xuesen, I will talk more
about him later on; he was an honorary
president of this society. Professor Song
Jian, some of you may know him; he had
been a director of the State Science and
Technology Commission. The first director
of the Institute

of Systems Science,
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Professor Guan Zhaozhi served as the first
president of this society. And Professor Xu
Guozhi, as I mentioned a few minutes ago,
has served as a president of the SESC.

The objective of this society is to improve
the level of management of the country and
to serve the national economic construction
and modernization by uniting with the
field to

develop academic exchange in a purpose to

mass of professionals in this
promote and popularize the theories and

methods of systems engineering and
systems science and to extend applications

in various fields.

The Systems Engineering Society contains
about 18 the

following: Social-Economic Systems Engi-

sub-societies, including
neering Sub-society, Agricultural Systems
Engineering Sub-society, Military Systems,
and Traffic,
Education, Law Systems, System Theory,

Transportation Financial,

and System Dynamic sub-societies.

This society also contains six working
groups. They are Academic group, Inter-
national Cooperation, Publication, Education,
Youth Development, and Applications and

Consulting Committee.

The Systems Engineering Society of China
is also in charge of about 10 journals
including the Journal of Systems Science
published by
Springer-Verlag; Engineering:
Theory & Practice the

Journal of Systems Engineering: Theory &

and Systems Engineering,
Systems

(in Chinese);

Practice, by Elsevier; and the Transportation
and Traffic

Chinese; the Journal of Transportation and

Systems Engineering, in

Traffic Systems Engineering, by Elsevier;
and some other journals.

I would like to mention then there are also
26 provinces in China having systems
engineering societies. That includes Beijing,
Shanghai, Tianjin, Chongqing, Guangdong,
Jiangsu, Liaoning, Hunan, Hubei, Shanxi,

and so on.

The System Engineering Society conducts
some activities to promote systems science
and systems engineering development in
China. That includes strategic study for
systems science and system engineering
development in the year 2011-2015. That is
the China

Association of Science and Technology.

accurately supported by
They also conduct a survey and analysis of
disciplines in systems science and system
engineering in China, supported by the
handbooks of

systems science and system engineering;

Ministry of Education;
textbooks for undergraduates and graduate
students for systems science and system

engineering.

In recent years, the System Engineering

Society also conducts some activities
concerning the consulting project. Here are
carbon economic

China, the
global value chain and global supply chain

some examples. Low

development strategies for

management, the reform of the inter-

national financial system and China’s
strategies, and the social safety early-

warning systems. That is a partial list.

This society also organizes conferences,
which

International Conference of Systems Science

workshops, forums, include the
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and System Engineering (triennially), the
National Conference of Systems Science
for Young

and System Engineering

Scientists, and each year the System
Engineering Society of China also organizes
about 10 international conferences, inter-
and international

national workshops,

symposiums.

The System Engineering Society of China
Congress has been held biannually since
1980. Here are two pictures showing the

opening ceremony.

Now let me show you a leading scientist,
Dr. Qian Xuesen. Dr. Qian Xuesen (or H.S.
Tsien) was born in Hangzhou in the year
1911. He passed away at the age of 98. He
is widely known as a father of China’s
missile and space technology programs. He
is also a key and the leading scientist for
promoting systems science and systems
engineering in China. So that is why I am

mainly talking about him today.

Professor Qian Xuesen has made great
contributions in promoting systems science
and in China in

systems engineering

various aspects  including  research,

academic research, and education 1in

systems science, and organization and
popularization, etc. For example, he was
the author of Engineering Cybernetics
published by McGraw-Hill in 1954. I think,
this book is now one of the classic books on
control systems. After he came back to
China from the US, he became the founder
and the first president of the Chinese
Association of Automation. He is also the

honorary president of the Systems Engi-

neering Society of China. In the year 1978,
he was the co-author with Prof. G. Z. Xu
and S. Y. Wang,

entitled “Systems Engineering — a Technology

published an article

for Organization and Management.” This
article has been quite influential. He also
organized a series of seminars on systems
theory. In my opinion, he opened up a
Chinese school of complexity studies, and
in the year 1990, he with Prof. R. W. Dai
and J. Y. Yu published another article
entitled “A New Area of Science: Open
complex giant systems and methodology.”
also quite influential in China. In the year
2001 he published a book, “Establishing
Systematology.” Systematology is a new
English name. He coined it. This book was
republished in the year 2007.

This is the cover of the book.

Let me briefly introduce some of Professor
Qian’s views on systems science. In his
opinion, in modern science and technology,
there are about 11 major branches of
which

natural science, social science, mathematical

science and technology, include

science, systems science, and cognitive
science, etc. The key point is that he lists
systems science at the same level of natural
science, social science, and mathematical
sciences as parallel 11 branches. In his
opinion, the systems science consists of
three levels. The first level 1is applied
technology. That includes, for example,
systems engineering, control engineering,
information engineering, etc. The second
level 1s called technological science. It
includes, for example, operational research,
control theory, information theory, etc. The

last level is the fundamental theory level,
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The

English name coined by Prof. Qian is

fundamental theory of systems.
systematology. In his opinion, the theory
still needs to be established.

I will just briefly mention some of the
contributions to systematology by Professor
Qian. Qian’s concepts and methodology has
open complex giant systems, the system
opens to our side and exchanges with the
environment as there are huge sub-systems
or components, and very complicated
interactions, and also the components of
The meth-

odology also includes from qualitative to

systems are heterogeneous.
quantitative integration; hall for workshop
of comprehensive and integrated systems:

science and engineering of wisdom in

cyberspace.

For his outstanding contributions to
Chinese science and technology, the
Chinese Government named Dr. Qian

Xuesen an “Outstanding Scientist of the
Nation” in the year 1991. The Chinese
President Hu Jintao visited renowned
scientist and founder of China’s space
technology, Qian Xuesen at his home in
Beijing in the year 2008. During this visit,

President Hu Jintao said to Dr.

Qian

Xuesen as follows:

“You have made outstanding scientific
achievements. I have benefitted a lot from
your works. I'll give you two examples. One
1s your systems engineering theory. When I
was studying in the Central Party School
in the 1980s, your theory really impressed
Now I still

mentioned when dealing with complicated

me. remember that you
situations, we must start from an overall
consideration and think about all aspects.
Currently, we are advocating scientific

development, which also fits your theory.”

Actually, from the early 1980s, Professor
Qian and his colleagues made remarkable
efforts in promoting systems science and
system engineering in China. As a result,

many government officers and leaders are

familiar with the system engineering
concept. I will give you another two
examples.

President Jiang Zemin said at the 14th
1992 that

“Establishing and improving the socialist

Party Congress in October
market economy will be a long process,
because it is a difficult and complex feat of

social systems engineering.”

A more recent example is President Xi
Jinping who said at the Third Plenary
Session of the 18th Party Congress in
November last year, he said, “Comprehensive
deepening of reform is a complex systems
engineering.”

Now let me briefly mention systems
science as a discipline in China. In the year
1990, the Degree Committee of the State

Council of China approved systems science
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as a first-grade discipline in China, in
supervising students of varying degrees.
MS and PhD degrees have been offered in
systems science since then. First-grade
discipline is like mathematics, physics, and
chemistry.
Finally, let me briefly mention some
perspectives and plans for systems science
and engineering in the future. Here are
some of my own perspectives. In my
opinion, systems science and engineering
could and should play a more important
role in the development of economy and
society, and so more efforts should be made.
Secondly, the interplay between systems
science and other branches of natural
science and engineering is beneficial to
both, and hence the interaction should be
enhanced. Thirdly, international exchanges
and collaborations are crucial, and we are
looking forward to do more in these aspects,
of course including future and further
collaborations with the Japanese systems

science and systems engineering community.

Here I show you just a paragraph in “The
National Medium- and Long-Term Program
for Science and Technology Development”
in the section of basic research in response
to major national strategic needs — complex
systems, disaster formation, prediction,
and control. This paragraph says as follows.
“Research will focus on the relationship

between micro-mechanisms and macro-

phenomena in engineering projects, nature,

and socioeconomic complex systems;
mechanism and evolution of structure
formation, and relationship between
structure and system behavior in a complex
system; movement of complex systems and
associated system mutation and regulation;
relativity between behaviors at different
scales in a complex system, and new theory
complex

and methodology concerning

i

systems.” This is one paragraph in our
program.

Here are some specific plans for future
developments of systems science and
systems engineering in China. It is just a
partial list and I will only mention the
following. First, I think we need more
international cooperation, and more
international cooperation projects. I would
particularly like to strengthen collabo-
rations with Japanese colleagues and
societies on systems sciences and systems
engineering. So we need to do more in this
aspect. Secondly, I think we need more
summer schools for young scientists in the
area of systems science and systems
engineering. We plan to have more training
and

programs for government officials

more training programs for large

companies. These two mainly organized by
the Systems Engineering Society of China.
Finally, we need to have some more
influential journals and book series, and so

on. Thank you for your attention.
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Systems Science in China

Lei GUO

Institute of Systems Science

Academy of Mathematics and Systems
Science (AMSS)

Chinese Academy of Sciences (CAS)

Outline

I. Institute of Systems Science, CAS

Il. Systems Engineering Society of China
lll. A Leading Scientist: Dr.Qian Xuesen
IV . Perspectives and Plans

Institute of Systems Science
Academy of Mathematics and Systems Science

Chinese Academy of Sciences

Chinese Academy of Sciences
(consisting of more than 120 institutes)

t

Academy of Mathematics and Systems Science
(4 institutes, 1 national center)

1 1

| ™ ][ 1am |

Inst. of Systems Science
(ISS)
Inst. of Computational Mathematics
and Scientific Eng. Computation

National Center for Mathematics and
Interdisciplinary Sciences (NCMIS)

Founding Members of ISS (1979)

KWAN Chao-Chih XU Guo-Zhi WU Wen-Tsun

Functional Analysis Operational Research Topology
Control systems Management science Computer mathematics

Mission of ISS

* A leading research center in systems science, and
related mathematics and interdisciplinary research.

* An important consultant center for the government
on economic and social development of China.

* An educational institution to train high level
researchers on systems science.
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Main Research Topics

* To understand systems

— Structure/property analysis, modeling,
inference, identification, prediction, signal
processing, reliability, stability, emergence,

self-organization, etc.

* To control/Regulate systems
— design, reasoning, optimization, adaptation,
control, regulation, decision and management,
etc.

Faculty

« 71 research faculties
— 36 professors

* Over 185 graduate students

* About 30 post-doctoral fellows

7 8
RPN Key Lab. of Management, Decision and
Research Divisions y & ?
Information Systems
* Key Lab. of Management, Decision, and Information
Systems , CAS L .
« Key Lab. of Systems and Control , CAS * Optimization theory and algorithms
» Key Lab. of Mathematical Mechanization, CAS * Management science
+ Division of Complex Systems . Macro-econor:mc analysis ar.1d for'ecastmg
* Division of Economic Analysis and Forecasting * Knowledge science and engineering
. DIV%S%OH of Statistic Scien?e + Quality reliability science
* Division of Pure and Applied Mathematics
9 10
Key Lab. of Systems and Control Key Lab. of Mathematical Mechanization
* Stochastic control systems .
* Nonlinear control systems * Automated reasoning
+ Distributed parameter control systems * Symbolic and hybrid computation
* Quantum control systems * Geometric computation
* Systems biology * Discrete mathematics
* Complex systems and networks .
* Coding and cryptograph
* Multi-agent systems and distributed control K & . ve . g .p v
+ Modeling, identification and adaptive control * Engineering applications:
* Boolean control systems Robotics, computer aided design, numerically
* Advanced control of engineering problems controlled machine, etc.
11 12
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Academic Journals of ISS

— Journal of Systems Science and Complexity
— J. Systems Science and Math. Sci. (in Chinese)

— Journal of Control Theory and Applications
(A joint publication with SCUT)

- Theory and Practice of Mathematics (in Chinese)

Societies Affiliated to AMSS

Systems Engineering Society of China

Operational Research Society of China

Chinese Mathematical Society

Chinese Computational Math Society

Besides,

— Technical Committee on Control Theory of
Chinese Association of Automation (CAA), etc

13 14
Funding of ISS .
g Research Grants (Partial)
. . National Technology Research and Development Program of
* Major funding is from CAS through the China (863 Program)
Knowledge Innovation Program
. g . g . State Key Development Program for Basic Research of China
— covering basic personal costs, student costs, and basic (973 Program)
facility costs. N . .
. Key Project of the Eleventh National Five —Year-Research
 Grants from competitive sources: NSFC, MOST. Program
— About 30% of the total budget. Foundation for Innovative Research Groups of NSFC
— Covering research equipments, academic exchange, 5
visitors, etc. Key Projects of NSFC
Distinguished Young Scholars Foundation of NSFC
15 16
. Academic exchanges
Academic Exchanges
* Each year
— (Co)-Organize about 10 international conferences
— Host more than 100 visitors, mostly from abroad
— Visit foreign universities or attend international
conferences abroad more than 100 times.
March, 2003
17 18
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July, 2013

Statistics on Recent CCCs

Conference Submissions | Attendees Dates
27th CCC 2345 700 2008.7.16-18
28th CCC (CDC) 3105 1800 2009.12.16-18
29th CCC 2633 1200 2010.7.29-31
30th CCC 2304 1000 2011.7.22-24
31st CCC 2128 1200 2012.7.25-27
32nd CCC 2809 1500 2013.7.26-28

19 20
. Example 1: Grain Output Prediction of China
Consulting Reports
Main results ( 1981-2013):
Besides publlshlng academic research * The forecasting lead period achieves more than half a year.
papers, com pleting practical research * The forecasting about bumper, average, and poor harvests was
jects, and supervising graduate corvect each year.

projects, P g8 * The average error of forecasting is 1.9% , much lower than those

StUdentS; etc, each year about 40 of others who use different methods.

Consulting Reports submitted to the Methods used

state council by ISS. Nonlinear Input Occupied Output (I00) + Metasynthesis

2

21 22

Example 2: Non-competitive 00 and global value-chain

* China trade structure is special: processing trade around 50%,
double-counting in traditional trade statistics and overstating
actual trade scale. The value added by processing trade is low.

¢ The differentiation of processing trade more accurately
estimate value-added by different export type. Design non
competitive IO model with processing sectors.

« Total domestic value added per unit China’s export by the new
10 model is 0.591 in 2007. However, by traditional 10 model,
the result is 0.688, overestimating by 16.4%.

23

Example 3: Early Warning and Simulation Systems for
Macro-economy (China and World)

e — e e

BEl ssesaumexe B I

23

24
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SESC

Founded in 1980, by 21 professors including

Systems Engineering
Society of China(SESC)

e QIAN Xuesen, Honorary President of SESC (1980-2000)

e SONG Jian, Director of the State S&T Commission(1984-1998)
e GUAN Zhaozhi, First President of SESC, First Director of ISS

e XU Guozhi, President of SESC (1985-1995) 2

25 26

Systems Engineering Society of China

Objective

» 18 Sub-societies, including

¢ Social-Economic Systems Engineering Sub-society

* Agricultural Systems Engineering Sub-society

* Military Systems Engineering Sub-society

* Transportation and Traffic Systems Engineering Sub-society
¢ Financial Systems Engineering Sub-society

¢ Education Systems Engineering Sub-society

* Law Systems Engineering Sub-society

* Systems Theory Sub-society

* Systems Dynamics Sub-society

The objective of the SESC is to improve the level of
management of the country and to serve the national
economic construction and modernization by uniting
with the mass of professionals in this filed to develop
academic exchange in a purpose to promote and
popularize the theories and methods of the Systems
Engineering and Systems Science and to extend their
applications in various fields.

27 28

Systems Engineering Society of China
Systems Engineering Society of China
10 Journals, including
* Journal of Systems Science and Systems Engineering
6 Committees, including (by Springer-Verlag)
* Systems Engineering: Theory & Practice (in Chinese)
* Journal of Systems Engineering: Theory & Practice
(by Elsevier)
* Transportation and Traffic Systems Engineering (in Chinese)
* Journal of Transportation and Traffic Systems Engineering
(by Elsevier)
* Journal of Systems Engineering (in Chinese)
* Systems Engineering and Electronics (in Chinese)
* Journal of Systems Engineering and Electronics

* Academic Committee

* International Cooperation Committee

* Publication Committee

* Education and Promotion Committee

* Youth Development Committee

* Applications and Consulting Committee

29 30

29 30
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Systems Engineering Society of China

26 Provinces Having Systems Engineering Societies,
including

* Beijing

¢ Shanghai
* Tianjin

* Chongqing
* Guangdong
* Jiangsu

¢ Liaoning

* Hunan

* Hubei

* Shanxi

31

Activities to Promote SS&SE Development

SS&SE Development Programs, including

« Strategic Study for SS&SE Development in 2011-2015
(Supported by China Association of Science and Technology)

¢ Survey and Analysis of Disciplines SS&SE in China
(Supported by Ministry of Education)

* Dictionary, Handbooks of SS&SE
(Operations Research)

* Textbooks for Undergraduates, Graduate Students
(4 +6)

32

31 32
Activities to Promote SS&SE Development
Activities to Promote SS&SE Development
. . . . Conferences/Workshops/Forums, including
SE Consulting Projects, including
. . * International Conference of SS&SE (triennially)
Low Carbon Economy Development Strategies for China (jointly with I1ASA and IFSR, 400 participants)
. . * National Conference of SS&SE for Young Scientists
Global Value Chain and Global Supply Chain Management (bi-annually, jointly with NSFC, 350 participants)
Reform of the International Financial System and China’s « Each year, SESC also organizes about 10 international
Strategies conferences, international workshops and
international symposiums.
Social Safety Early-Warning Systems
33 34
33 34
SESC Congress (Biannual)
Since 1980 A Leading Scientist
----- Dr. Qian Xuesen
35 36
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Qian Xuesen

Made great contributions in promoting systems science and systems

Qian Xuesen (or HSTS|en) engineering in China in various aspects including research, education,
or ion and popularization, etc. For example,
(1911.12.11 ---- 2009.10.31)

5

* Book: “Engineering Cybernetics”, McGraw-Hill, 1954
* Founder and first President of Chinese Association of Automation, 1957
* Honorary President of Systems Engineering Society of China (1980--)

* Article: “Systems Engineering --- a Technology for Organization and
Management” (with G.Z.Xu and S.Y.Wang, 1978)

* Widely known as the father of China's missile and + Organized a series of seminars on systems theory, opened up a Chinese

space technology programs. school of complexity Science (1984 --)

* Article: “A New Area of Science: Open complex giant systems and
methodology”(with R.W.Dai and J.Y.Yu,1990)

* Also, a key and leading scientist for promoting systems
+  Book: “Establishing Sy logy” (2001, 2007)

science and systems engineering in China.

37 38

Qian’s View on Systems Science

In modern science and technology, there are 11 major
branches of science and technology, which include
natural science, social science, mathematical sciences,
systems science, cognitive science, etc.

Systems science consists of three levels:
*  Applied technology:

Systems engineering, control engineering,
information engineering, etc.

*  Technological science:
Operational research, control theory,
information theory, etc.

*  Fundamental theory:
Systematology (to be established)

39 40

Contributions to Systematology

Qian’s concepts and methodology:
* Open complex giant systems;

* From qualitative to quantitative integration;

* Hall for workshop of comprehensive and
integrated systems;

The Chinese Government named Qian Xuesen an
“Outstanding Scientist of the Nation”
on October 16,1991

» Science and engineering of wisdom in
cyberspace.

41 42
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Chinese President Hu Jintao (R), visited renowned scientist
and founder of China's space technology Qian Xuesen
in Beijing, Jan. 19, 2008. (Xinhua Photo)

Hu Jintao said to Qian Xuesen:

"You have made outstanding scientific achievements. |
have benefited a lot from your works. I'll give you two
examples. One is your systems engineering theory. When
| was studying in the Central Party School in the 1980s,
your theory really impressed me. Now | still remember
that you mentioned when dealing with complicated
situation, we must start from an overall consideration and
think about all aspects. Currently, we are advocating
scientific development, which also fits your theory”.

(CCTV News, Jan. 2008)

43 44
President Jiang Zemin said at the 14th Party
Congress in October1992: President Xi Jinping said at the Third Plenary Session
of the 18th Party Congress in November, 2013:
“Establishing and improving a socialist market “Comprehensive deepening of reform is a complex
economy will be a long process, because it is a difficult systems engineering ”.
and complex feat of social systems engineering”.
PEEERBTAEPRBREB =R 22
45 46
Systems Science as a Discipline
in China
In 1990, the Degree Committee of the State H
. & . Perspectives and Plans
Council approved systems science as a first-
grade-discipline in China, and MS and Ph.D
degrees have been awarded in Systems Science
since then.
47 48
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. “The National Medium- and Long-Term Program for S&T
Some Perspectives Development  (2006-2020)
« Systems science and Engineering could play more . BasicR hinR to Maior National Strategi
important role in the development of economy and Naﬂ; esean;:c in I espor:se od' ajotr : |onat' ra eg;c' "
society, more efforts should be made. eeds ----- omplex systems, disaster formation, prediction,
and control
3 ) “Research will focus on the relationship between micro-

The interplay between systems science and other mechanisms and macro-phenomena in engineering projects,
branches of science and engineering is beneficial to nature, and socioeconomic complex systems; mechanism and
both, and hence should be enhanced. evolution of structure formation, and relationship between

structure and system behavior in a complex system;
* International exchanges and collaborations are crucial, movement of complex systems and associated system
and we are looking forward to do more in this aspects, mutation and regulation; relativity between behaviors at
including cooperation with Japanese systems science different scales in a complex system, and new theory and
community. methodology concerning complex systems.”
49 50
Plans for Future Development of
SS&SE in China
» More International Cooperation Projects
» More Summer Schools for Young Scientists Th k Y
5 ank You!

» More Training Programs for Governmental Officials

» More Training Programs for Large Companies

» Top Journals and Book Series

51
51 52
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Systems Science and Innovation

Systems science for synthesis(design)

Hiroyuki Yoshikawa (CRDS)

International S/T Symposium on

“Necessity of Systems Science for Innovation”
CRDS/JST  February 21, 2014

René Descartes
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Analysis:

Experiment, Measurement, Theory
(Hypothesis, Discovery, New discipline, )*

=Always right

Systematic scientific method

* These belong to synthesis. See next page.

Property n
Property 3
Reality
(Nature) Property 2
Property 1
Science for Analysis

Irreversibility of Scientific Method
Knowledge for Understanding and Knowledge for Action

Synthesis:

Design, Planning, Innovation,
Management, Policy-formulation,
Bill-drafting, Composition of art works etc

Reality
(Artifact)

Universal
2 Law (dogma)

Science for Synthesis

LT OTALT N =Fallible

Less systematized singular methods
(know-how, technology or engineering)

Examine(use) the real to Use(examine) the knowledge
create knowledge to create real 3

Discovery of Highly Universal Scientific Law
Discovery of new theory ( construction of new discipline) in basic science
7 Fact1
Array
Fact 2
Collection Synthesis Hypothetical Law
i n
Intuiti selecti Analysis™ Fact n Experiments,
Intuition election i !
Verification
(Popper) Intellectual love (Refutation)
(Einstein)
ABDUCTION
i it A I
Facts, Discipline
Things,
Phenomena,

3F =||_a‘r'T‘:= 0.
F=Ma
ZFn,b = *ZFb,n

Science is to find Universal Principles
behind diversified phenomena in nature.

(Discovery)
¢ /9, do
* # e
* )
= ()
Stars
An apple

Newton’s three laws were
discovered through abduction.

replication
(DNA -> DNA)
DNA Polymerase

DOVDEDA o4

transcription
(DNA -> RNA)
RNA Polymerase

W
translation
(RNA -> Protein]

Ribosome

O-0-0-0-0-00 rrotein

Central Dogma of Molecular Biochemistry with Enzymes

Dogma by Francis Click

The central dogma of molecular biology deals
with the detailed residue-by-residue transfer of
sequential information. It states that such
information cannot be transferred back from
protein to either protein or nucleic acid.

Engineer’s Design: Systematic Innovation

Property 1
Requirement Property 2
(functionality)
Each discipline

N
i Property n
Intuition Analysis perty
or big data

Request by customer

or Forecast by designer
U
Wish ---

(individual or societal)

Synthesis A hypothetical
solution (innovation)

Practife by Use and judged

experience in society

ABDUCTION

U Evolution

--» Good innovation

(taking root in society)

Properties (attributes) and Effects (functionality)

“Pour liquid into it, store it, and people can drink liquid from it.”

Property to be poured

(Ho

Property to store the liq.
(fluid dynamics, material) (geometry, material)

(weight, shape, surface)

N

SN

@/X \

@ =

Even when we know the properties (geometry, material, weight, surface, esthetics )

necessary for the function, it is not easy to realize an artefact which satisfies the function.

8
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Progress of Abstraction
Developing model of Science by C.S.Peirce
Charles Sanders Peirce (1839-1914)

Metaphysics

(Psychical science)

(Physical science)

Direction of progress of

Nomological R
science Psychology Dynamics
T
Classificatory Linguistics, Chemistry,
science Anthropology Biology
Descriptive Sociology Geology, Geography,
science Astronomy, Hydrology
L) L))
Actions in Technology | | Technology |
real world (Social rules/manners) ( i |

Psychical technology Physical technology

science : abstraction b
di (5l ABDUCTION

Deduction, Induction and Abduction
Charles Sanders Peirce (1839 -1914)

Deduction

Rule --- All the beans from this bag are white.

Case --- These beans are from this bag. Inference
Result --- These beans are white /\
Induction Analytic Synthetic

Case --- These beans are from this bag.
Result --- These beans are white.
Rule --- All the beans from this bag are white.

(deduction)

Induction Abduction

Hypothesis(abduction)

Rule --- All the beans from this bag are white.
Result --- These beans are white.

Case --- These beans are from this bag.

10

Similarity between Abduction and Design
(Similarity between Scientific Discovery and Innovation)

Deduction
Rule --- Any body keeps some law.
Case ---This is a body.

Result ---This body keeps some law.

Hypothesis(abduction)

Rule --- All bodies keep some law.
Result --- This body keeps some law.
Case ---This is a body.

Design is also an abduction. (Design formally has the same
Deduction
Rule---In a good house any family lives comfortably.
Case---This house is a good house.
Result---A family lives comfortably in this house.

Design

Rule---In a good house any family lives comfortably.
Result---A family lives comfortably in this house.
Case---This house is a good house.

What is some law which
covers any body?

ﬁ Abduction by CSP
Newton’s Law and Dynamics
logic with abduction)

What is good house for
any family?

ﬁ Design Theory,
Systems Science,

Design Law and Theory
(Design Methodology)

“Science” of Discovery (synthesis)

Karl Popper (Logik der Forschung 1935, The Logic of Scientific Discovery 1959)

----. However, my view of the matter, for what it is worth, is that there is no such thing
as a logical method of having new ideas, or a logical reconstruction of this process. My
view may be expressed by saying that every discovery contains ‘an irrational element’,
or ‘a creative intuition” in Bergson’s sense.

Albert Einstein (ref. Popper ditto)

‘search for those highly universal laws ... from which a picture of the world can be
obtained by pure deduction. There is no logical path, leading to these..... laws. They can
only be reached by intuition, based upon something like and intellectual love of the
objects of experienced.

Ernst Cassirer (Substanzbegriff und Funktionsbegriff 1910)

The theory of abstraction is premised on existence of “a form of ordered diversity ” which is
not identified previously , and maybe conducted by intuitive or psychological processes.
<eeenene. GeNeralisation of concept of a thing (or finding of general model from a
phenomenon) is the liberation of the thing from its singularity, through which its intrinsic
structure emerges. The structure should be described in mathematics (HY).

Discovery is synthesis. It is a tough subject in science.

——> N:LI[ale] Wby Charles Sanders Peirce

11

12

Chagaill

whon, 1920 (0&EBL)

Transition of Thinks in Design (HY)

“Square of Concepts”
Paradigm(ideas) Design(artefact)
Set of

entities An entity

(Claude Levi Strauss
literarily named:)
bricoleur’s design
lection—composition

engineering design
=(encounter—synthes

When a theory for design is
not available, the design must
create a “path” of concepts
connecting function and
entity. There seems to be two
connecting paths by which
design is possible. At least,
one abduction appears in
both cases.

composition
—_
decomposition

denotation

connotation
synthesis
analysis

Set of
functions

Requirements(concepts)

Set of
Properties

Metamodel(a context of disciplines)

13

14
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Basic Types of Design (transforming system of concepts)

p S p—>5S p S p—>5| |p S
F m F m F m F m F m
serendipity bricoleur engineer engineer-bricoleur  bricoleur-engineer
P
F=requirement érequirement
(EX ﬁﬁwr&‘ﬁ”@iﬁs (described by elements of requirement)
F i p=paradigm
(EF E "gﬁiﬁfﬁﬁdﬁ%@ﬁm (entities that respectively satisfy
Lzt D A paradigm ) elements of requirement, structured
m=metamodel entities are called a paradigm)
(ERMEORILRR @R ) || mometamodel .
52 OMEILLI- b0 himetamodel) (attributive description of elementary functions
S=solution (§2) (preliminary discipline), structured description of
R ~ attributes in preliminary discipline is called
F——m metamodel.
metamodel S=solution

*HHWIERE (LA FEBE) (CEFLIRK TR TOEBHE) ZRETEMIEL%E

(RBFICE RO BRF RS HIES. ERFF R ORSR)

Bricoleur defined by Levi Strauss
(separation-denotation-composition)

composition

p——s

Entity set (ZC5iI<&H2E0)

denotation
£ m selection and composition
[
separation p—»s Solution
denotation ; m
ABDUCTION
separation
# A /
o -
requirement \
Functional set

15

16

Design Square:

Two paths of design: Bricoleur and Engineer

Engineer defined by Levi Strauss
(provisional discipline)

Solution
[

F——m

Bricoleur
selection Collection of elements into Ve \m
( (Db e N A Solution:

@ngr |:> Satisfactory

Bfoundation house

@umbrella

®structure

roof
liminary

i i A paradlgm A preli Y
Elaboration isolate, @in-out, all | pillar dlsclphne
of required 3fix-on-ground, floor o
function good -for-rain,

©strength- \foundatlon ) A maquette

intersection-calculation P s logical process
(calculation)
. Provisional discipline
Functional set .
unctional se F m (Topological set)
\ ) ABDUCTION

/ each discipline \

against-outer-force

P

lelng space to )
isolate people

p
Separation

= ﬁ

S Tcp Separation
(stop-rain)
Side Sepa;at\on Support(strength)
(stop-wind) Bottom separation
(pace to walk)
— adhesion
. e Fix to the ground

i from outer Engineer
requirement Union of property sets | world )
N evolution of metamodel
Knowledge used in Design Discipline

Realisation of
composition

5

maquette (Quantitative relation
between attribute
composing a maquette)

Property
set

Reversible translation between concepts

Function

X (Strength)

y (Geometries of a material)

Property

Functional Set{x}  Property (attributive) set {y}

B — [in case quantified]

synthesis

analysis

Within a discipline, function and property has mutual correspondences. It means
that the translation between concepts of property and function are reversible. The
reversibility is available in cases of indigenous knowledge and quantified discipline.

19

20
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Engineer’s Design: Systematic Innovation

Property 1
R AR i A hypothetical
(functionality) Synthesis
Y. - solution (innovation)
Each discipline
h 1
i Property n
Intuition Analysis P Practice b) i
or big data ce by Use and judged
experience in society
Request by customer ABDUCTION
or Forecast by designer ll Evolution

> Good innovation

(individual or societal) (taking root in society)
PROVISIONAL

DISCIPLINE

Formation of Dynamics by Sir Isaac Newton

Motions of Mass, Luniform

celestial force, Theory of

bodies and momentum, dynamics
locus of 3.action/reaction

apples
particle

Collection Variables Laws Theory

Light,
living things,

~The whole world
(all objects)

’s dy ics explicitly lains the motion of objects, such as celestial
bodies in the universe or a thrown body on the earth.

It should be noted that the disciplines in science are established in order to
explain the collection of pt ically, in other words one-to-one
correspond b aph (function) and property by selecting
objects so as to get good explanation, such as physics, chemistry, biology,
sociology, linguistics, etc. We call them “basic disciplines”.

21

22

Disciplines of Artifacts (synthesis)
(an example: motorcar engineering)

Pay load
Speed Relationship
\
Fuel consumption | 1 among [
N Discipline )

Fuel kind variables | of motor car

collection

Something that

‘; carries human ',‘ \ o H (il

i : Habitability variables)

| function ! —

| ! _

4 i variables laws theory

\ ] { prototype
\ Other artifacts ,,’ i (maquette) Two paths:
g ) 1.Relations are derived from variables.
All artifats 2.Relations are derived following the maquette

In case of disciplil of nature, i of the (of existing things) which can be

explained by a few and systematic variables are good collections. In other words, disciplines are
established by collecting those which promise good theories. On the contrary, the disciplines of

artifacts must be ished from collections which have fi and thus includi
various phenomena which cannot be lained i by a principal law. This kills the

ibility of Discipline of artifacts is called provisional discipline or engineering
discipline. Scientific discipline covers a set of but { ing discipline covers artifacts

which have similar functions.

Progress of Disciplines and Reversibility

In each discipline, we may find corresponding properties to a function(an entity which exerts
the function), but may not find a function (an entity) which corresponds to given properties.

of science
Metaphysics
(Psychical science) (Physical science)

Nomological psychol D .
science sychology ynamics

L) L)
Classificatory Linguistics, Chemistry,
science Anthropology Biology

T T
Descriptive . Geology, Geography,

Sociolo, " ’

science 8Y Astronomy, Hydrology
Actions in Psychical Technology | Physical Technology |
real world (Social rules/manners) _||( i |

Meaning Fact

23

24

Application of Peirce Category
to the Present Disciplines

Direction of Abstraction
(progress of science)

Metaphysics

(Psychical science) (Physical science)

Nomological
science

Economics | | Dynamics
Y

Classificatory | Sociology

| | Material science

science Behavioural science |
'r
Descriptive . N
logy/t
science Cultural pology | |
L) Ly
Actions in Social technique Physical Technique |
real world (Social / ) ( ing i |
Human-Social Physical

Reversibility of Indigenous Knowledge and Mathematics

Design Progress of science Progress of science Design
(institutionalization)  (Abstraction, disciplines) (Abstraction, disciplines)  (Materialization)
Mathematics

pr Y
Instituting . . i
P T
science science
Economics | | Dynamics

= T T
Sociology . . Reversible
Behavioural sci. Material science within discipline
Cultural Geology,
anthropolo, Oceanolo;

Technology Technology N

Cultural | Social rule/manners  Material/manuf.tech Industrial

products |+ : X - X H ; v products
Indigenous habit Indigenous tool :

1) Dynamics: If we understand that a ball flies x meters when it is thrown at speed of v and at angle of 8,
then we can throw any ball just x meters by v and 6. It means that when we understand phenomena
through a law, we can realize what we want. This is the il i i
science is reversible, although at an abstract level.
Material science: If we that diamond is of carbon atoms in tetrahedral structure,
we can not produce diamond only by this This is i i %

L)

25

26
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Reversibility in Dynamics

1) When | threw a ball by voand 6o, then it flew x meters;

v Vo ling a law as foll
X=v,%sin20, / g
8, mg 2) When | understand 1), then | can make a ball to fly any x
0 M x by throwing it at vo and 6o, calculated by using the law.

Vo?=Xg/sin20,
sin28,=X g/ vy?

The property that a ball flies x at v and 6 is only a part of the properties of the
ball which is known by dynamics law. The ball has many other properties which

were { d by blishing a discipline “dynamics”.
This is the reason why reversibility has been lost except throw-fly property in
dynamics.

Systems Science to Recover Reversibility

Mathematics

Systems Science

Classification

of behaviours

Description

of matters

Description of

| Cultural anthropol || I ' I |

of behaviour [* matters
L x
Cultural 'Techmques Techniques ) Industrial
(Social rule/manner) Material/Manufacturin; duct
product produc
Knife and fork: Knife and fork:
policies for table manners  techniques to forge and finish
and skills for and skills
use of existence) for manufacture of existence)
Peirce placed the above the science. If deals with the of all
entities, it may be tobe yand at any level of If so, it must be
useful to solve the diffi :the i ility among disciplines and i between i

level. Unfortunately, however, as terms in it are described in too much qualitative manner, it cannot be a useful
tool to solve the present problems. Therefore, we substitute systems scientific method for metaphysics.

s

27

28

Systemic Theories

Dynamics

7.y

%
Sociology

vy

7.3

System Science is
the systematisation
of disciplines to

Material science |

7.y

Techniques
(Social

[ cutural anthropology
..

I
I
| Geology/Oceanology
L

4 |

Techniques |
1

Dynamics
Material science

Geology/Oceanology
Material/Manufacturing

Systemic theory of techniques

recover reversibility
through disciplines.

Systemic theory of dynamic process
Systemic theory of material/manufacturing

Systemic theory of data in of earth

Bundling Science 35
which derives a provisional discipline

\

Bundling Science

Preliminary
iscipline for

ic theory of

Internal
Combustion
engine

The reason why set procedure to design a real machine
(combustion engine) is not available is that elementary engineering
disciplines necessary to represent the machine are mutually
incommensurable. We need develop the commensurability
between disciplines, which we call a bundling science. The new
discipline, provisional discipline, can be any science: descriptive,
classificatory, nomological in Peirce’s’ category or an integrated
textbook, but hopefully we develop a quantified preliminary
discipline.

Reliabilit
theory

29

30

Approximate Realisation of Reversibility by System Science

O=

Reduction an entlt
(analysis) 4
Why F by A2 A An[ Physical

Ag [Functions}
structure} f Struc(ureJ

=

{A}={al, a2, --an}
E(A)={el,e2,--,em}, m<n
Property(E)={p1, p2, ---pm}
Function(E)={f1, f2, --- fm; R}
R(E)={ r1(ei,—ej), r2---}

p ion of A [

disciplinary knowledge
Disciplinary elements E, their
properties P and relations R

{A}={al, a2, --an}

E(A)={el,e2,— <
Composition (A)={e1,e2,em}, m<n

(synthesis) Function(E)={f1, f2, --- fm;

R(E)={ r1(ei,-€j), r2--—-}
disciplinary knowledge

Make F!

Property(E)={p1, p2, ---pm}

Disciplinary elements E, their

Functional
Ar structure

R P

=0

e

E

properties P and

F )

The reversibility of system science is based on its character that analysis and synthesis can
be conducted by the same descripting method of objects. Designation of elements and
relationship among them is a typical example of system science which can be used for
establishing reversibility, in case when a universal designation and relationship is achieved.

Nicolau Rashevsky
Structure of functionality of living things

C contact to food

I ingestion of food

D digest

A absorption

Df defecation

Sb synthesis of body
Des digestive enzymes
Sde secretion(%3 i)

It inner transport

Cb catabolic process (1L )
E release of energy
Pco: production of CO2
Eco: elimination of CO2
W elimination of catabolic waste product | C
Pw production of catabolic waste

Tm protoplasmic movement

lo2 oxygen consumption

Fs stimulation

Mf movement

Ma avoiding movement

Mi movement for digestion

R reproduction

Sh harmful stimulus

Fs
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BARK BEAZANR
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[BABRICH T ATLA
BREMASRE—BFRELEE—]
OEZEEBHRDARIULO

Feb 21, 2014
Tateo ARIMOTO
National Graduate Institute for Policy Studies (GRIPS) &
Center for R&D Strategy (CRDS),
Japan Science & Technology Agency (JST)

“The age of transformation”

= Reshaping S&T policy —

WSC 1999 : Budapest Declaration- Science for the 21st century—
”Science for Knowledge” and

“Science in Society and Science for Society”
OECD 2010 : “The OECD Innovation Strategy”
WSF 2011 :”The Changing Landscape of Science

- Challenges & Opportunities ”
WSF 2013 : "Science for Global Sustainable Development ”
AAAS 2012 : “Flattening the World

- Building a Global Knowledge Society”
AAAS 2013 : “The Beauty and Benefits of Science”
AAAS 2014 : “Meeting Global Challenges - Discovery and innovation”
Davos 2012 : "The Great Transformation - Shaping New Models"
Davos 2013 : “Resilient Dynamism”

Davos 2014 : “The Reshaping of the world - Consequences for Societ:
Politics and Business”

2

< Rethinking S&T system =

/
\

Science, Nov 2011: ”Rethinking the Science System”
Nature, Feb.16 2012 : “Tough choices; Scientists must find ways to
make more efficient use of funds — or politicians may do it for them.
Nature, Oct 2012 : “The Changing Map of Science
- Science on the move, Global Research”

Global Research Council : 2012-
ICSU : “Future Earth” 2013-
EU Horizon 2020 & Vilnius Declaration : 2014- “The Value and Benefits

of Integrating Social Science and Humanities into Horizons 2020”
World Social Science Report 2013 : “Changing Global Environments*

Rebuilding trust and scientific integrity
IAC 2012 : “Responsible Conduct in the Global Research Enterprise”

OECD 2013-: “The Quality of Science Advice and Policy Reports “
Global meeting of Chief Science Advisers 2014 in Auckland,NZ
United Nations Science Adv Board , 2014-

Organization Gros

Advisory Board

lion and Ct
Unit Leader Dr. Kazuo IWANO

ﬁ Nano-technology and Materials Unit
Leader _Dr. Kazunobu TANAKA

Director-General

Prof. Hiroyuki

YOSHIKAWA

Systems’ science Unit
Leader _Prof. Hidenori KIMURA

= Policy Research Unit

Leader _Prof. Tateo ARIMOTO

incipal Fellow (Chair)
Prof. Ryoji NOYORI

Innovation Unit
Leader Mr. Seiichi Yoshikawa

i and energy Unit
Députy Director-Genefal \_Leader _Prof. Nobuhide KASAG
Prof. Tateo ARIMOTO Life Science / Clinical Medicine Unit
Leader _Prof. Makoto ASASHIMA

C Ju JL L Ju

Oversea trends Unit
Leader Mr. Hideyuki HAYASHI

[ Planning, Management Div. and Strategy Div. ||

Staff: Total 67 (Full Time 51 Part Time 16)

CRDSOD R FAFEIER TOER
BBTRFF L TR ARRTRE DTG Z S M/ RBFICAN, EEFR DTS
—TTTT——

W3- BASEIR R (ox: MG A MOBE) . K AT LBE - HERAEFA~ DR

REDREMSRIMEFE TOFHRRTEIR
—HRITETS TBHELHPERMEORS LHE—

* 1TRAARAE it
Actors in Society code of Conduct —"— Actions

citizens HENME *
_ - statesmen ﬂﬁ&ﬂ —>  Actors
policymakers ST
businesspersons Lroviding
layers knowledgd pesigning, Nature,
A administrators Syntt i C ication So:iety',
O i engineers Integrating Trust Y
B 2 educators A
B g writers M
g % £ JR— 3=l h% = artists ﬂm L . Obsgrying,
E’% HEEEOME (] journalists Evaluation. Anal — -
-} i} etc... Synthesis Knowledge BREOBRE
" s -y production Foresight &
A TR RO S Analysis & dentification
’ Knowledge production
2 b Ref. Prof. H.Yoshikawa, DG,CRDS/JST
o 6
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[[ Solving Socioeconomic Problems ]]

Public Values:
Wiellbeing, QOL, Energy & Envi.
Sccurity & Safety, Resilience

Challenges of
Sustainability and
Development

Profit, Competitiveness, Growth,

Corporate Values: ‘

Employment, CSR

Developed
Countries

6eveloped\
Counuiey

BRICS etc>

novation Ecosystes ‘
|2 -

Global

Pt N
Developing Developing
Countries Countries

Knowledge, S&T

Market & Society

Heterogeneous,

Diverse,

. International
Collaboration & Competition

Reverse & Frugal

Innovation

AABRICA L AT ABELH S RE
~BRELEE~
Renovating Japan through building and social
implementation of new systems

a—F4%—43-84 FA EB / Tateo Arimoto
ISR RB BRE BE= / Yozo Fujino
A BB / Takaaki Matsumoto
58 55F& / Shigetoshi Sameshima
BRHE B2 / Masayuki Fujita
A+t ZE#2 / Hidenori Kimura

BABREICH TV AT LAEEL SRS
~BFELEE~
Renovating Japan through building and social
implementation of new systems
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Khargonekar & (EFEEE)

very much. It has been a very stimulating

Thank you

day with a lot of deep thinking and a very
wide ground has been covered. As I reflect
on many of the questions, I thought I would
offer a few comments and remarks that
may be useful. Let me begin with the issue
of education and the human resource, and
the

student.

question that was raised by the

First,

States that I personally have seen as a

some experiences in the United

professor, as a dean, as a department chair,
that, I think, were extremely valuable. One
of those was a senior-level capstone design
project. Almost every engineering college
in the US now has a capstone design
the the
these

project in final year of

undergraduate study. Many of
projects are multidisciplinary designs that

involve, in many cases, teams of four to six

students from  different engineering
departments; mechanical, electrical,
sometimes computer science, sometimes

even students from economics or business

school, or maybe from medical school. The
team of students works together for almost
a year on this design project. That has had
the ability of
students after they finish their degree, to

tremendous 1impact on
go in the real world and work for a
company like Hitachi on teams. The point
is that you have to have depth in some field.
You have to be deep but you have to have
the ability to work with other people with
different backgrounds and disciplines
together to create something valuable. So I
think this

multidisciplinary design project has had

idea of senior capstone
extremely beneficial impact on how we are
educating undergraduate students. So that

will be the first observation.

It ties into this concept of a T-shaped
engineer — so T as in Tokyo. So depth and
ability at the top to work across disciplines.
Depth in

engineering, maybe control systems, maybe

something, maybe electrical
communications, maybe in networks, but
also the top knowledge that you can work
with people who are different from you.
This idea of a T-shaped engineer is very attar-

ctive and 1s changing the way we are

educating students.
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Three, I always thought that creativity is
inward, either you are creative or you are
not, and that is the way God made you.
Five or six years ago, I met Sir Ken
Robinson. Sir Ken Robinson is a British
person and his background is education. He
1s the foremost expert in creativity. He
came to give a lecture at the University of
Florida and I had a chance to interact with
him.

He said, “Creativity can be taught.” So one
thing that we as educators are not doing a
very good job of, especially in engineering,
is how we teach creativity to the students
in their educational process. Since it 1is
something that can be learned, if we made
a systematic effort to teach creativity in
undergraduate education, it can have
enormous implications for the future and
development of the human resources. I
would offer that as an additional thought,
which allows me to now segue into the

systems and research observations.

The discussion was very broad and I am
not sure I caught all the nuances that were
presented here, especially renovating
through

implementation of new systems.

social
But it

occurs to me that systems engineering and

Japan building and

system science is inherently inter-
disciplinary. It is going to involve different
disciplines and I was really struck by this
notion of bundling science — this system of
The idea of bundling
science is very interesting and I haven’t
had enough time to think. But the others
have taught about this issue, which I think

is really, really critical to getting systems

bundling science.

right, we in academic research particularly,

but in general, value and depth are given
areas. So we have great expertise in

controls, great expertise in civil
engineering, structures design, etc. So a lot
of knowledge is created by creating very

deep silos.

What we don’t do enough of is to build

very strong and robust connections

between these silos. If you think of it as a
network of knowledge, so you have
knowledge in controls, you have knowledge
you have knowledge in
don’t

knowledge of how these things connect to

in software,

structures, we have enough

each other. If we get enough value creating

robust robust networks where

pipes,

knowledge and discipline X can be
leveraged in discipline Y by having these
interfaces. So what we really need to create
are interfaces between disciplines so that
advances in knowledge in one area can be
used in other area. The way this is
happening in the US 1is this notion of
lot of fields

converging, physical sciences, life sciences,

convergence. So a are
engineering, social and viral sciences. As
of this scale are looked at,
in health, that it is in
that 1t is 1in

problems
whether it is
infrastructure, economic
growth, we are going to need very strong
connections and we, in research, need to be
building those connections. With that I will

stop.
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