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T h e  p h y si c s  of  d e ci si o n  a p pr o a c h:  a  p h y si c s- b a s e d  vi si o n  t o m a n a g e  s u p pl y  c h ai n
r e sili e n c e

T hi b a ut  C er a b o n a a ,b , Fr e d eri c k  B e n a b e n a ,b , B e n oit  M o ntr e uil b , M att hi e u  L a ur a s a ,b , L o ui s  F a u g èr e b ,c ,
Mi g u el  R.  C a m p o s b  a n d  J uli e n J e a n y d

a A m a z o n  R e se ar c h,  I n d ustri al E n gi n e eri n g  C e ntr e,  I M T M i n es Al bi,  Al bi,  Fr a n c e;  b H.  Milt o n  St e w art  S c h o ol  of  In d ustri al  a n d  S yst e ms  

E n gi n e eri n g,  G e or gi a  I nstit ut e of  Te c h n ol o g y,  A tl a nt a, G A,  U S A;  c A m a z o n,  S e attl e,  W A,  U S A;  d R & D  L A B,  To ul o us e,  Fr a n c e

A s  i n st a bilit y b e c o m e s  t h e n or m,  s u p pl y  c h ai n  m a n a g e m e nt  i s b e c o mi n g  i n cr e a si n gl y c o m pl e x  a n d  
criti c al.  A s  a  r e s ult, s u p pl y  c h ai n  m a n a g er s  m u st  a d a pt  t o c o m pl e x  sit u ati o n s.  M a n a gi n g  i n st a bilit y i s 
a  k e y  e x p e ct ati o n  f or t h e s e m a n a g er s.  O n e  w a y  t o h el p  t h e m t o m a n a g e  t hi s i n st a bilit y i s t o st u d y  
r e sili e n c e. R e sili e n c e  i s r el at e d t o i n t h e lit er at ur e a s  t h e a bilit y  of  a  s y st e m  t o r e si st, a d a pt  a n d  r e c o v er 
fr o m di sr u pti o n s.  M e a s uri n g  a n d  c o ntr olli n g  s u p pl y  c h ai n  r e sili e n c e h a s  t h er ef or e b e c o m e  a  k e y  i s s u e 
f or m a n a g er s,  e s p e ci all y  i n a  c o nt e xt  of  i n st a bilit y. I n 2 0 1 3,  t h e W orl d  E c o n o mi c  F or u m  [ 2 0 1 3. Gl o b al  
Ris ks  2 0 1 3 . D a v o s,  S wit z erl a n d:  W orl d  E c o n o mi c  F or u m]  hi g hli g ht e d  i n it s st u d y,  t hi s pri orit y  f or t h e
s ur v e y e d c o m p a ni e s t o  m a st er t hi s c o n c e pt of r e sili e n c e. T o a d dr e s s t hi s n e e d, t hi s p a p er pr e s e nt s a n
i n n o v ati v e a p pr o a c h t o di sr u pti o n a n d r e sili e n c e  m a n a g e m e nt b a s e d o n p h y si c s pri n ci pl e s. It c o n si d-
er s di sr u pti o n s a s f or c e s t h at i m p a ct s u p pl y c h ai n p erf or m a n c e. T h e s e f or c e s ar e cr e at e d a s a r e s ult
of c h a n g e s i n t h e i nt er n al or e xt er n al attri b ut e s of t h e s u p pl y c h ai n. I n t hi s a p pr o a c h, s u p pl y c h ai n
p erf or m a n c e i s r e pr e s e nt e d a n d vi s u ali s e d a s a p h y si c al tr aj e ct or y  m o d ell e d i n t h e fr a m e w or k of it s
p erf or m a n c e i n di c at or s. T h u s, di st ur b a n c e s ar e c o n si d er e d a s f or c e s t h at di s pl a c e a n d d e vi at e t h e
s u p pl y c h ai n’ s p erf or m a n c e tr aj e ct or y i n it s p erf or m a n c e fr a m e w or k.

1.  I ntr o d u cti o n

I n t o d a y’s i n cr e asi n gl y d y n a mi c,  u n c ert ai n  a n d  tur b ul e nt  
gl o b al  e n vir o n m e nts,  i nst a bilit y is b e c o mi n g  t h e n or m  
( B e n a b e n et  al.  2 0 2 1 ). Fr o m  t h e C a m bri d g e  Di cti o n ar y, 
i nst a bilit y is d e fi n e d  as  ‘ u n c ert ai nt y c a us e d  b y  t h e p ossi-
b ility o f a su d d e n c h a n g e in th e p re se n t situ a tio n ’. D u e to  
its c o m pl e x  n et w or k e d  n at ur e  w hi c h  bri n gs  t o g et h er v ar-
i o us i nt er d e p e n d e nt a ct ors  i nt er c o n n e ct e d b y  t h eir fl o w  
of  m o n e y, g o o ds  a n d  inf or m ati o n,  su p pl y  c h ai ns  ( S Cs) 
ar e  n ot  i m m u n e to  t his inst a bilit y  ( c orr es p o n di n g t o t h e 
u n c ert ai nt y  of  th e  e n vir o n m e nt  in  w hi c h  t h e y o p er at e,  as  
w ell  as  t h e u n c ert ai nt y  g o v er ni n g  t h eir pr o c ess es)  a n d  ar e  
c o nfr o nt e d  wit h  n u m er o us  e v e nts  t h at t hr e at e n t o di s-
r u pt t h eir a cti viti es  a n d  je o p ar dis e  t h eir p erf or m a n c es.  
A c c o rdi n g to K n e m e y er,  Z in n , a n d  E ro g lu (2 0 0 9 ), all  
a ct ors  i n a n  S C  n et w or k  ar e  s us c e pti bl e t o disr u pti v e  
e v e nts  a n d  ris ks. S C  ris ks c a n  b e  c at e g oris e d  i nt o t w o f u n-
d a m e nt all y  di ff er e nt  t y p es: del a ys  a n d  disr u pti o ns  ( S o d hi 
a n d  T a n g  2 0 1 2 ). D el a ys  ris ks c orr es p o n d  t o ‘ n or m al’ a n d  
o r di n ar y dist ur b a n c es  g e n er at e d  b y  t h e f o ur c at e g ori es  
of  v ari a bilit y  of  a n  S C:  s u p ply, d e m a n d,  pr o d u cti o n  a n d  
m a n a g e m e nt  ( Pt a k a n d  S mit h  2 0 1 9 ). S C  disr u pti o ns  a r e

u n pl a n n e d a n d u n a nti ci p at e d e v e nts,  wit h l o w fr e q u e n c y
a n d hi g h i m p a cts o n S C a cti viti es ( H oss ei ni, I v a n o v, a n d
D ol g ui 2 0 1 9 ), b y i nt err u pti n g t h e fl o w of pr o d u cts a n d
m at eri als e x c h a n g e d b et w e e n its v ari o us a ct ors ( Cr ai g-
h e a d et al. 2 0 0 7 ).  T h es e ris ks,  w hi c h v ar y u n pr e di ct a bl y i n
t y p e, s c al e a n d n at ur e, ar e di ffi c ult t o i d e ntif y, pr e di ct a n d
esti m at e d u e t o t h eir i nt er mitt e nt a n d irr e g ul ar n at ur e
( H oss ei ni, I v a n o v, a n d  D ol g ui 2 0 1 9 ).  T h e s e v erit y of t h eir
i m p a cts o n S C a cti viti es a n d p erf or m a n c e will d e p e n d o n
t h e d ur ati o n a n d pr o p a g ati o n s p e e d of t h e ris k ( El B a z
a n d  R u el 2 0 2 1 ). I n r e c e nt d e c a d es, t h e n u m b er of n at ur al
dis ast ers a n d  m a n- m a d e t hr e ats h as i n cr e as e d dr a m at-
i c all y ( C h e n g, Els a y e d, a n d  H u a n g 2 0 2 2 ), s h o wi n g a n
i n cr e asi n g t e n d e n c y t o w ar ds u n c ert ai nt y a n d t h er ef or e
i nst a bilit y.  T his f a ct, c o u pl e d  wit h t h e i n cr e asi n g c o m-
pl e xit y a n d u n c ert ai nt y ass o ci at e d  wit h  m o d er n gl o b al
S Cs, is dri vi n g r es e ar c h ers a n d pr a ctiti o n ers t o tr y t o
mi ni mis e t h e p ot e nti all y h ar mf ul e ff e cts of disr u pti o n b y
i n cr e asi n g S C r esili e n c e ( M ü n c h a n d  H art m a n n 2 0 2 2 ).
Ta n, C ai, a n d Z h a n g ( 2 0 2 0 ) d e fi n e S C r esili e n c e as ‘t h e
a bilit y of a s u p pl y c h ai n t o b ot h r esist disr u pti o ns a n d
r e c o v er its o p er ati o n al c a p a bilit y aft er disr u pti o ns’.  D u e
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t o t h e i n cr e as e i n disr u pti o ns i m p a cti n g S Cs, d e ali n g
wit h i nst a bilit y a n d  m a n a gi n g t h es e e v e nts h as b e c o m e a
n e c essit y f or S C  m a n a g ers,  m a ki n g t h e st u d y of r esili e n c e
a n e xtr e m el y i m p ort a nt t o pi c ( C h o w d h ur y a n d  Q u a d d us
2 0 1 7 ).  D es pit e t his gr o wi n g b o d y of r es e ar c h si n c e t h e
e arl y 2 0 0 0s,  w h e n t h e c o n c e pt of S C r esili e n c e  w as first
d e fi n e d, t h er e is still a l a c k of c o ns e ns us o n h o w t o c o n-
c e pt u alis e a n d  m e as ur e S C r esili e n c e ( C h o w d h ur y a n d
Q u a d d us 2 0 1 7 ). Its d e v el o p m e nt r e q uir es: ( 1)  m et h o ds
t o d e fi n e a n d  m e as ur e it, ( 2)  m etri cs t o ass ess it, ( 3) n e w
m o d elli n g a n d si m ul ati o n t e c h ni q u es, ( 4) d e v el o p m e nt
of r esili e n c e e n gi n e eri n g a n d ( 5) a p pr o a c h es f or c o m m u-
ni c ati o n  wit h st a k e h ol d ers ( Li n k o v et al. 2 0 1 4 ). E m piri-
c al r es e ar c h o n r esili e n c e ass ess m e nt h as b e e n i m p a ct e d
b y t h e l a c k of a v ali d ( C h o w d h ur y a n d  Q u a d d us 2 0 1 7 )
a n d r e pli c a bl e  m e as ur e m e nt  m o d el.  D es pit e c o nsi d er a bl e
e ff orts t o c h ar a ct eris e r esili e n c e, t h er e is n o g e n eri c  m et-
ri c t o ass ess it f or di ff er e nt s yst e ms i m p a ct e d b y di ff er e nt
h a z ar ds ( C h e n g, Els a y e d, a n d  H u a n g 2 0 2 2 ).  A c c or di n g
t o P o n o m ar o v a n d  H ol c o m b (2 0 0 9 ), t h e s e ar c h f or  m e a-
s ur es of S C r esili e n c e is a n i m p ort a nt str e a m of r es e ar c h
t h at c a n pr o vi d e ess e nti al k n o wl e d g e f or its  m a n a g e m e nt.
I n d e e d, as  m e nti o n e d i n  D al zi ell a n d  M c M a n us (2 0 0 4 ),
‘t h at  w hi c h is n’t  m e as ur e d is n’t  m a n a g e d’.  T h e  m a n a g e-
m e nt of a n y s yst e m r e q uir es t o pr o c ess a n d k n o w i n
r e al ti m e t h e st at e of t h e s yst e m ( N e el y,  Gr e g or y, a n d
Pl atts 1 9 9 5 ). T his st at e e v ol v es as a f u n cti o n of t h e di ff er-
e nt e ff orts  m a d e t o a c hi e v e o bj e cti v es a n d ot h er e xt er n al
a n d s u ff er e d v ari a bl es.  T h es e o bj e cti v es c a n b e ass o ci-
at e d  wit h p erf or m a n c es t o b e a c hi e v e d, a n d b asi c all y,
t h er e is a s et of k e y p erf or m a n c e i n di c at ors ( K PIs) t h at
r e pr es e nt t h e st at e of t his s yst e m wit h r es p e ct t o ti m e
a n d t h e i d e nti fi e d o bj e cti v es ( N e el y,  Gr e g or y, a n d Pl atts
1 9 9 5 ).  Ris ks c a n b e vi e w e d as e v e nts t h at, if t h e y o c c ur,
will h a v e a n i m p a ct o n t h e o v er all p erf or m a n c e of t h e
o bs er v e d s yst e m. Ess e nti all y, t h e y c a n c h a n g e t h e v al u es
of its K PIs. W h e n a ris k is o bs er v e d i n t h e s yst e m’s p er-
f or m a n c e s p a c e i n t er ms of  K PIs a n d ti m e, it  will  m o v e
t h e s yst e m a w a y fr o m its i nt e n d e d p erf or m a n c e g o als.
Ass essi n g t h e s yst e m p erf or m a n c e i n t h e f a c e of disr u p-
ti o ns is b e c o mi n g a  m aj or c o n c er n f or r es e ar c h ers a n d
pr a ctiti o n ers ( C h e n g, Els a y e d, a n d  H u a n g 2 0 2 2 ), p arti c u-
l arl y f or its a bilit y t o r e pr es e nt t h e‘r e al b ott o m li n e’ of a n y
or g a nis ati o n ( M u n o z a n d  D u n b ar 2 0 1 5 ). I n r e c e nt y e ars,
‘t h e n oti o n of r esili e n c e h as b e e n pr o p os e d a n d p o p-
ul aris e d t o c h ar a ct eris e s yst e m p erf or m a n c e d et eri or a-
ti o n a n d r est or ati o n d u e t o di ff er e nt h a z ar ds a n d t hr e ats’
( C h e n g, Els a y e d, a n d  H u a n g 2 0 2 2 ).  H o w e v er, r esili e n c e
is a  m ulti- di m e nsi o n al p erf or m a n c e c o n c e pt,  w hi c h c a n-
n ot b e m e as ur e d b y a si n gl e i n di c at or a n d c h ar a ct eris e d
wit h pr e cisi o n ( M u n o z a n d  D u n b ar 2 0 1 5 ). I n or d er t o
pr o p os e a m e as ur e of S C r esili e n c e t h at c a n c a pt ur e its
m ulti di m e nsi o n al as p e ct, t his p a p er r eli es o n t h e P h ysi cs

of  D e cisi o n  ( P o D) a p pr o a c h,  i ntr o d u c e d i n B e n a b e n  et  al.
(2 0 2 1 ). T his  ori gi n al  p h ysi cs- b as e d  a p pr o a c h  c o nsi d ers  
th e  e ff e ct  of  e v e nts  ( e. g. o c c urr e d  ris ks or  d e cisi o ns  t a k e n 
b y m a n a g er s) a s fo rc e s th a t p u sh o r p u ll th e sy ste m (a n  
S C  i n t h e c o nt e xt  of  t his arti cl e),  t h us i n fl u e n ci n g its 
tr aj e ct or y i n its p erf or m a n c e  s p a c e ( a fr a m e w or k w hi c h  
a im s to p os itio n th e S C w ith re sp e c t to th e di m e n sio n s  
o f its K PIs).  I n d e e d, th e  s yst e m is c o nti n u o usl y  m o vi n g  
i n its p erf or m a n c e  s p a c e a n d  th es e  m o v e m e nts  ar e  d u e  
t o t h e s u c c essi o n of  e v e nts  c a us e d  b y  ris ks or  d e cisi o ns  
t a k e n b y  m a n a g ers  t o li mit t h eir im p a cts.  T h e  b e n e fits  
or  d a m a g es  of  t h es e e v e nts  ar e  c o nsi d er e d  a s c o n cr et e  
d e vi ati o ns  of  t h e s yst e m’s p erf or m a n c e  tr aj e ct ory. T h e  
m ai n  o bj e cti v es  of  t his r es e ar c h w or k  ar e  first  t o d e fi n e  
r esili e n c e, es p e ci all y  i n t h e c o nt e xt  of  S Cs  a c c or di n g  t o 
t he  st at e of  art  a b o ut  t his c o n c e pt;  s e c o n d, t o a n al ys e  t h e 
pr o p os e d  m etri cs  t o a ss ess S C  r esili e n c e; a n d  t hir d, t o 
st u d y t h e c o ntri b uti o ns  of  t h e P o D  a p pr o a c h  t o e v al u at e  
S C  r esili e n c e, i n p arti c ul ar  b y  m o d elli n g  p erf or m a n c e  as  
a  m ulti- di m e nsi o n al  tr aj e ct ory. T h es e  o bj e cti v es  ai m  t o 

a ns w er  t h e f oll o wi n g r es e ar c h q u esti o n:  h o w  t o e v al u at e  
th e r es ilie n c e o f a n S C w ith a p h y sic s- ba s e d  a p p r o a c h ?

A c c or di n gl y, th e  r e m ai n d er of  t his p a p er  is or g a nis e d  
as  f oll o ws: S e cti o n  2  d e fi n es  f r o m t h e lit er at ur e t h e c o n-
c e pts  of  r esili e n c e a n d  r esili e n c e ass ess m e nt.  S e cti o n  3  
d es cri b es  P o D  p h ysi cs- b as e d  a p pr o a c h  a n d  its a p pli c a-
ti o n to  r esili e n c e m a n a g e m e nt.  S e cti o n  4  pr es e nts  a n  
a p pli c ati o n  of  P o D  c o n c e pts  t o a  fi ctiti o us  S C  u s e  c as e.  
Fi n all y, S e cti o n  5  c o n cl u d es  wit h  th e  m ai n  ta k e a w a ys  of  
th e  arti cl e,  li mit ati o ns a n d  n e xt  st e ps f or t h e pr o p os e d  
r esili e n c e i n di c at or.

2.  B a c k gr o u n d  a b o ut  t h e c o n c e pt  of  r e sili e n c e 
a n d  a s s o ci a te d  m etri c s

2. 1.  D efi niti o n s  of  r e sili e n c e

R esili e n c e  is a  m ulti dis ci pli n ar y  c o n c e pt  st u di e d a cr oss  
di ff er e nt  d o m ai ns  s u c h a s  s o ci ol o g y, e n gi n e eri n g,  e c ol-
o g y  a n d  e c o n o m y  ( H oss ei ni et  al.  2 0 1 9 ). It h as  its ori-
g i ns i n t h e d e v el o p m e nt al  t h e or y of  s o ci al ps y c h ol o g y, 
i n or d er  t o a d dr ess  q u esti o ns  r el at e d t o e c ol o gi c al  a n d  
s o ci al v ul n er a bilit y, th e  p oliti cs  a n d  ps y c h ol o g y  of  dis as-
ter  r e c o v er y, a n d  ris k m a n a g e m e nt  i n a  c o nt e xt  of  i n cre as-
i n g t hr e ats ( P o n o m ar o v a n d  H ol c o m b  2 0 0 9 ). H olli n g  
(1 9 7 3 ) w as  t h e first  t o i d e ntif y a n d  d e fi n e  t h e c o n c e pts  
of  resili e n c e  as  t h e a bilit y  of  a  s yst e m t o a d a pt  a n d  c o p e  
wit h  c h a n g e  w hil e  still m ai nt ai ni n g  its ori gi n al  fu n cti o n  
a n d  str u ct ur e. B as e d  o n  t his d e fi ni ti o n, r esili e n c e h as  
e m er g e d  as  a n  i m p ort a nt t o ol f or m a n a gi n g  S C  ris k a n d  
v ul n er a bilit y  ( P o n o m ar o v a n d  H ol c o m b  2 0 0 9 ; A d o b or  
a n d  M c M ull e n  2 0 1 8 ). I n t h e S C  d o m ai n,  t h e c o n c e pt  of  
S C  r esili e n c e e m er g e d  i n t h e e arl y  2 0 0 0s,  w it h t h e w or k



of  Ri c e a n d  C a ni at o ( 2 0 0 3 ). Si n c e, c o nsi d er a bl e e ff ort
h as b e e n d e v ot e d t o q u a ntif yi n g a n d d es cri bi n g r esili e n c e
fr o m di ff er e nt p ers p e cti v es ( C h e n g, Els a y e d, a n d  H u a n g
2 0 2 2 ).  B as e d o n t h eir r e vi e w of t h e lit er at ur e ( 1 1 3 p a p ers
a n al ys e d fr o m 1 9 7 5 t o 2 0 1 8),  Cl e m e nt et al. ( 2 0 2 1 ) i d e n-
tif y t hr e e t y p es of r esili e n c e, as ill ustr at e d i n Fi g ur e 1
a n d fr o m d e fi niti o ns o n t h e c o n c e pt of S C r esili e n c e i n
Ta bl e 1 .  T h es e t hr e e vi e ws of r esili e n c e ( c all e d r es p e c-
ti v el y α , β a n d γ ) di ff er  m ai nl y i n t h e n oti o n of z o n es
of a bs or pti o n a n d r es p o ns e, b ut als o t o t h e  m a n n er of
r et ur ni n g t o a st a bl e st at e. Ty p e α r esili e n c e, d e fi n es a
s yst e m as r esili e nt if it is a bl e t o a bs or b t h e disr u pti o n,
i. e. d es pit e a d et eri or ati o n ( n ot dr a m ati c f or t h e s yst e m)
i n its p erf or m a n c e, t h e s yst e m t h e n h as t h e a bilit y t o
r et ur n t o its i niti al l e v el of p erf or m a n c e (t h e o n e b ef or e
t h e disr u pti o n).  T his visi o n of r esili e n c e c orr es p o n ds t o
t h at d e fi n e d b y  Ri c e a n d  C a ni at o (2 0 0 3 ), as t h e a bilit y ‘t o
r es p o n d t o a n u n e x p e ct e d dist ur b a n c e a n d t h e n r est or e
o p er ati o ns t o n or m al’.  R es p o ns e i m pli es t h e a bilit y t o
r e a ct q ui c kl y t o criti c al sit u ati o ns ( H a n,  C h o n g, a n d Li
2 0 2 0 ),  w hi c h is a n i m p ort a nt v ari a bl e t h at d et er mi n es S C
r esili e n c e.  T his r esili e n c e’s pr o p ert y is f o u n d i n t h e d ef-
i niti o ns of  Br a n d o n-J o n es et al. (2 0 1 4 ) a n d H o h e nst ei n
et al. ( 2 0 1 5 ),  w h o s e e r esili e n c e as t h e a bilit y of a n S C
t o r e c o v er q ui c kl y t o a n or m al st at us, a n or m al st at e of
p erf or m a n c e.  T his a bilit y t o r es p o n d hi g hli g hts a f u n d a-
m e nt al di m e nsi o n of r esili e n c e: ti m e.  Ty p e β r esili e n c e
is cl os e t o t y p e α r esili e n c e.  T h e o nl y di ff er e n c e is i n

t h e e x p e ct e d p erf or m a n c e aft er a bs or pti o n of t h e dis-
r u pti o n. F or t his t y p e of r esili e n c e, t h e a ut h ors d o n ot
l o o k f or t h e s yst e m t o r et ur n t o its i niti al l e v el of p er-
f or m a n c e.  T h e y d e fi n e a r esili e n c e z o n e, i. e. a z o n e of
a c c e pt a bl e p erf or m a n c e.  T h e r esili e n c e of t h e s yst e m is
t h e n d e fi n e d as t h e c a p a cit y of t h e s yst e m t o r et ur n t o
t his p erf or m a n c e z o n e aft er h a vi n g u n d er g o n e a dist ur-
b a n c e.  T his d e fi niti o n is cl os e t o t h e visi o n d e v el o p e d b y
I v a n o v a n d S o k ol o v (2 0 1 3 ),  w h o d e fi n e r esili e n c e as ‘t h e
a bilit y t o  m ai nt ai n a n d r e c o v er ( a d a pt) pl a n n e d e x e c u-
ti o n, as w ell as t o a c hi e v e pl a n n e d ( or a d a pt e d, y et still
a c c e pt a bl e) p erf or m a n c e’, t hr o u g h t his visi o n of  m ai n-
t ai ni n g t h e p erf or m a n c e i n a z o n e of a c c e pt a bilit y c orr e-
s p o n di n g t o t h e r esili e n c e z o n e i n Fi g ur e 1 . F or t h e l ast
t y p e of r esili e n c e, t y p e γ r esili e n c e, t h e n oti o n  m ai nl y
is a d a pt ati o n.  A s yst e m is t y p e γ r esili e nt if, f oll o wi n g a
dist ur b a n c e, it a d a pts a n d r e a c h es a n e w l e v el of st a bil-
it y, t h us g e n er ati n g a tr a nsiti o n fr o m t h e i niti al st at e t o
a n e w st a bl e st at e.  A c c or di n g t o  A m b ul k ar,  Bl a c k h urst,
a n d  Gr a w e ( 2 0 1 5 ), a r esili e nt s yst e m is o n e t h at is a bl e t o
a d a pt t o disr u pti o n, es p e ci all y b y d e v el o pi n g its c a p a cit y
t o r e c o n fi g ur e its r es o ur c es, i. e. its a bilit y t o r e c o n fi g-
ur e, r e ali g n a n d r e or g a nis e its r es o ur c es i n r es p o ns e t o
c h a n g es i n t h e e xt er n al e n vir o n m e nt of t h e s yst e m. F or
C hrist o p h er a n d P e c k ( 2 0 0 4 ), t hr o u g h o n e of t h e  m ost
c o m m o nl y cit e d d e fi niti o ns of S C r esili e n c e, t h e tr a n-
siti o n fr o m t h e i niti al st a bl e st at e t o a n e w o n e aft er a
disr u pti o n c a n o nl y t a k e pl a c e t o w ar ds a st at e e q ui v al e nt

Fi g ur e  1.  T h e  t hr e e t y p es of  r esili e n c e α , β  a n d  γ  , a d a pt e d  fr o m Cl e m e nt  et  al.  (2 0 2 1 ).



T a bl e  1.  S C  r esili e n c e d e fi niti o ns,  a c c or di n g  t o t h eir t yp e.

Ty p e of r esili e n c e

A ut h ors D e fi niti o ns α β γ

Ri c e a n d
C a ni a t o
(2 0 0 3 )

‘ T h e a bilit y t o r es p o n d t o a n
u n e x p e ct e d dist ur b a n c e a n d
t h e n r est or e o p er ati o ns t o
n or m al.’

C hrist o p h er
a n d P e c k
(2 0 0 4 )

‘ T h e a bilit y of a s yst e m t o r et ur n
t o its ori gi n al st at e or  m o v e t o a
n e w,  m or e d esir a bl e st at e aft er
b ei n g dist ur b e d.’

S h e ffi a n d Ri c e
(2 0 0 5 )

‘ T h e fir m’s a bilit y t o a bs or b
disr u pti o ns or e n a bl e t h e S C
n et w or k t o r et ur n t o st at e
c o n diti o ns f ast er a n d t h us
h as a p ositi v e i m p a ct o n fir m
p erf or m a n c e.’

C ar v al h o et al.
(2 0 1 2 )

‘ S u p pl y c h ai n r esili e n c e is
c o n c er n e d  wit h t h e s yst e m
a bilit y t o r et ur n t o its ori gi n al
st at e or t o a n e w,  m or e d esir a bl e
st at e.’

I v a n o v a n d
S o k ol o v
(2 0 1 3 )

‘ T h e a bilit y t o  m ai nt ai n a n d r e c o v er
( a d a pt) pl a n n e d e x e c uti o n, as
w ell as t o a c hi e v e pl a n n e d ( or
a d a pt e d, y et still a c c e pt a bl e)
p erf or m a n c e.’

Br a n d o n-J o n es
et al. ( 2 0 1 4 )

‘ T h e a bilit y of a s u p pl y c h ai n t o
r et ur n t o n or m al o p er ati n g
p erf or m a n c e,  wit hi n a n
a c c e pt a bl e p eri o d, aft er b ei n g
disr u pt e d.’

A m b ul k ar,
Bl a c k h urst,
a n d Gr a w e
(2 0 1 5 )

‘ Fir m’s r esili e n c e t o s u p pl y c h ai n
disr u pti o ns is d e fi n e d as t h e
c a p a bilit y of t h e fir m t o b e al ert
t o, a d a pt t o, a n d q ui c kl y r es p o n d
t o c h a n g es br o u g ht b y a s u p pl y
c h ai n disr u pti o n.’

H o h e nst ei n
et al. ( 2 0 1 5 )

‘ T h e a bilit y of t h e s u p pl y c h ai n
n et w or k e d t o  wit hst a n d
disr u pti o ns a n d r et ur n t o a
n or m al st at us q ui c kl y.’

Ta n, C ai, a n d
Z h a n g
(2 0 2 0 )

‘ T h e a bilit y of a s u p pl y c h ai n t o
b ot h r esist disr u pti o ns a n d
r e c o v er its o p er ati o n al c a p a bilit y
aft er disr u pti o ns.’

t o t h e i niti al o n e or t o w ar ds a m or e d esir a bl e st at e. A c o u-
pl e of y e ars l at er,  C ar v al h o et al. ( 2 0 1 2 ) i n t h eir d e fi niti o n
s h ar e t his visi o n a n d t h us a d d t h e n oti o n of i m pr o v e-
m e nt a n d gr o wt h ( als o c all e d a ntifr a gilit y,  Tal e b 2 0 0 7 a n d
2 0 1 2 ) t o t h e d e fi niti o n of r esili e n c e.  Gr o wt h g o es b e y o n d
t h e r e c o v er y a n d r et ur n of t h e s yst e m t o its ori gi n al st at e,
it ai ms t o b e n e fit fr o m t h e s yst e m’s r es p o ns e t o t h e e v e nt
t o r e a c h a n e w,  m or e a d v a nt a g e o us a n d d esir a bl e st at e
( H o h e nst ei n et al. 2 0 1 5 ). S h e ffi a n d  Ri c e (2 0 0 5 ),  wit h
t h eir d e fi niti o n of r esili e n c e, s e e t his n oti o n of gr o wt h
as a p ositi v e i m p a ct o n t h e p erf or m a n c e of t h e S C.  M or e
g e n er all y, r esili e n c e c a n b e s e e n as t h e a bilit y of a n S C t o
a d a pt a n d r e a c h a n e w l e v el of st a bilit y aft er a disr u pti o n.
T his n e w st at e c a n b e u nf a v o ur a bl e f or t h e p erf or m a n c e
of t h e S C, i n t his c as e, it is t h e c o n c e pt of fr a gilit y.

I n or d er t o a c hi e v e t h e o bj e cti v es d e fi n e d b y t h e pr e-
vi o us d e fi niti o n, S Cs h a v e t o c o nsi d er s e v er al f or ms of

r esili e n c e ( A d o b or a n d  M c M ull e n 2 0 1 8 ).  H olli n g (1 9 9 6 )
disti n g uis h es t w o t y p es of r esili e n c e: e n gi n e eri n g a n d
e c ol o gi c al, e a c h wit h v er y disti n ct d esi g n a n d m a n a g e-
m e nt o bj e cti v es. I n d e e d, alt h o u g h t h e y a gr e e o n t h e f a ct
t h at f oll o wi n g a dist ur b a n c e, t h e s yst e m is p us h e d o ut
of its st at e of e q uili bri u m.  T h e y di ff er o n t h e n oti o n
of st a bilit y,  w hi c h  H olli n g ( 1 9 7 3 ) d e fi n es as t h e c a p a c-
it y of a s yst e m t o r et ur n t o a st at e of e q uili bri u m aft er
a t e m p or ar y dist ur b a n c e. E n gi n e eri n g r esili e n c e ai ms
t o f o c us o n  m ai nt ai ni n g t h e e ffi ci e n c y of t h e s yst e m,
f o c usi n g o n ‘st a bilit y n e ar a st a bl e st e a d y st at e,  w h er e
r esist a n c e t o dist ur b a n c e a n d s p e e d of r et ur n t o e q uili b-
ri u m ar e us e d t o  m e as ur e t h e pr o p ert y’ ( H olli n g 1 9 9 6 ).
T h us,  wit h t his vi e w of r esili e n c e, t h e  m or e r esili e nt a
s yst e m is, t h e f ast er it r e b o u n ds t o a st at e of e q uili b-
ri u m. E c ol o gi c al r esili e n c e, o n t h e ot h er h a n d, f o c us es
o n t h e c o nti n u e d e xist e n c e of t h e s yst e m a n d ‘e m p h a-
si z es c o n diti o ns f ar fr o m a n y e q uili bri u m st e a d y-st at e,
w h er e i nst a biliti es c a n fli p a s yst e m i nt o a n ot h er r e gi m e
of b e h a vi o ur, t h at is, t o a n ot h er st a bilit y d o m ai n’ ( H olli n g
1 9 9 6 ). I n ot h er  w or ds, e c ol o gi c al r esili e n c e is  m e as ur e d
as t h e a m o u nt of dist ur b a n c e a s yst e m c a n  wit hst a n d
b ef or e c h a n g es i n s yst e m str u ct ur e a n d c o ntr ols o c c ur
( H olli n g 1 9 9 6 ).  T h us, u nli k e e n gi n e eri n g r esili e n c e, e c o-
l o gi c al r esili e n c e is n ot  m e as ur e d b y t h e ti m e a s yst e m
n e e ds t o r e c o v er fr o m a dist ur b a n c e b ut b y t h e i nt e nsit y
of t h e dist ur b a n c e it is a bl e t o  wit hst a n d ( A d o b or a n d
M c M ull e n 2 0 1 8 ).  C ar p e nt er et al. (2 0 0 1 ) d e fi n e r esili e n c e
as ‘t h e  m a g nit u d e of dist ur b a n c e t h at c a n b e t ol er at e d
b ef or e a s o ci o e c ol o gi c al s yst e m  m o v es t o a di ff er e nt
r e gi o n of st at e s p a c e c o ntr oll e d b y a di ff er e nt s et of pr o-
c ess es’, a d e fi niti o n v er y cl os e t o t h at of  H olli n g ( 1 9 9 6 ).
B as e d o n t h es e d e fi niti o ns a n d c o n c e pts of r esili e n c e,
C ar p e nt er et al. ( 2 0 0 1 ) hi g hli g ht t hr e e ot h er pr o p erti es
of r esili e n c e: ( 1) t h e a m o u nt of c h a n g e t h e s yst e m c a n
u n d er g o (i. e. t h e a m o u nt of e xtri nsi c f or c e t h e s yst e m
c a n  wit hst a n d)  w hil e  m ai nt ai ni n g t h e s a m e c o ntr ols o v er
str u ct ur e a n d f u n cti o n, ( 2) t h e a bilit y of t h e s yst e m t o
s elf- or g a nis e a n d ( 3) t h e a bilit y t o a d a pt a n d l e ar n fr o m
p ert ur b ati o ns.

D es pit e a l a c k of c o ns e ns us o n t h e d e fi niti o n of
r esili e n c e, t h e s et of d e fi niti o ns pr es e nt e d s h ar e c o m-
m o n pr o p erti es t o t h e c o n c e pt of r esili e n c e: ( 1) t h e t er m
r esili e n c e ass u m es t h e r e alis ati o n of a disr u pti o n, ( 2) it
r ef ers t o t h e st at e of t h e s yst e m b ef or e, d uri n g a n d aft er,
w hi c h i n s o m e d e fi niti o ns is s e e n as its p erf or m a n c e
l e v el a n d ( 3) it ai ms at c o m p ari n g a n d f oll o wi n g t h e g a p
b et w e e n t h es e di ff er e nt st at es i n or d er t o e v al u at e t h e s ys-
t e m’s a bilit y t o a bs or b t h e dist ur b a n c e.  T h us, r esili e n c e
is ass ess e d b y c o m p ari n g t h e st at e of t h e s yst e m a c c or d-
i n g t o a s p e ci fi c p erf or m a n c e p ar a m et er b ef or e a n d aft er
a dist ur b a n c e ( H oss ei ni,  B ar k er, a n d  R a mir e z- M ar q u e z
2 0 1 6 ).



2. 2.  R e sili e n c e  a s s e s s m e nt

D es pit e  a  wi d e  r a n g e of  d e fi niti o ns  of  S C  r esili e n c e, f e w 
a rti cl es a d dr ess  th e  iss u e of  m e as uri n g  S C  r esili e n c e a n d  
th e  n e e d  t o cr e at e  a  q u a ntit ati v e  fr a m e w or k t o ass ess  it 
( S pi e gl er, N ai m,  a n d  Wi k n er  2 0 1 2 ). In d e e d,  it is i m p or-
t a nt f or or g a nis ati o ns  t o c o n d u ct  a n  S C  r esili e n c e ass ess-
m e nt  t o u n d erst a n d  t h e ris k e x p o s ur e of  t h eir S Cs  a n d  
e v al u at e  r esili e n c e a n d  ris k miti g ati o n  str at e gi es ( S o ni, 
J ai n, a n d  K u m ar  2 0 1 4 ). W it h o ut u n d erst a n di n g  a n d  
ass essi n g  th e  l e v el of  resili e n c e  o f a  s yst e m, it is di ffi c ult  
fo r m a n a g er s to e v a lu a te a n d m a n a g e  th e re sp o n se a n d  
r ea cti o n  of  t h e S C  f oll o wi n g disr u pti o ns  ( H a n, C h o n g,  
a n d  Li  2 0 2 0 ). A s t h e m a n a g e m e nt  a d a g e  g o es,  ‘ y o u c a n n ot  
m a n a g e  w h at  y o u  c a n n ot  m e as ur e’  ( M u n o z a n d  D u n-
b ar  2 0 1 5 ). S C  r esili e n c e m a n a g e m e nt  is n ot  e x e m pt  fr o m 
t his rul e.  M a n a gi n g  S C  r esili e n c e i n v ol v es i d e ntif yi n g S C  
st at es as  a n  ess e nti al  p art  of  r esili e n c e a n al ysis  ( C ar v al h o 
et  al.  2 0 1 2 ). O n e  m et h o d  of  tr a c ki n g t h e e v ol uti o n  of  
t h es e st at es is t o d e fi n e  a n d  m e as ur e  t h e v ari o us  e ff orts  
u n d ert a k e n  to  a c hi e v e  th e  o bj e cti v es  of  a n  S C.  O n e  of  
t h e m ost  criti c al  a s p e cts of  o p er ati o ns  m a n a g e m e nt  is t o 
m a k e  t h es e o bj e cti v es  r e pr es e nt a bl e ( Fr a n c es c hi ni et  al.  
2 0 0 6 ). T his  is us u all y  d o n e  b y  tr a nsl ati n g t h e or g a n-
is ati on ’s o bj e cti v es  i nt o p erf or m a n c e  m e as ur es.  T h us,  
t h es e o bj e cti v es  c a n  b e  a ss o ci at e d wit h  p erf or m a n c es  t o 
b e  a c hi e v e d,  a n d  b asi c all y, t h er e is a  s et of  K PIs  t h at 
re p re se n t th e  sta te o f th is sy ste m w ith re sp e c t  to tim e  
a n d  t h e i d e nti fi e d o bj e cti v es  r e pr es e nt e d a s  t ar g et v al-
u e s fo r th e se K P Is (N e e ly, G re g o r y, a n d P la tts  1 9 9 5 ). 
D u e  t o its c o m pl e xit y, m e as uri n g  t h e p erf or m a n c e  of  a n  
S C  is n ot  a n  e as y  t as k ( Est a m p e et  al.  2 0 1 3 ). P erf or-
m a n c e  m e as ur e m e nt  is t h e pr o c ess  of  q u a ntif yi n g  t h e 
e ffi ci e n c y  a n d  e ff e cti v e n ess  of  a n  o p e r ati o n  ( N e ely, Gr e-
g or y, a n d  Pl atts  1 9 9 5 ). I n p arti c ul ar,  it all o ws  t h e i d e n-
ti fi c ati o n a n d  m e as ur e m e nt  of  t h e g a p  b et w e e n  t h e c ur-
r e nt p erf or m a n c e  a n d  t h e d esir e d  l e v el of  p erf or m a n c e,  
t h e o bj e cti v es  ( M a ni et  al.  2 0 1 4 ). P erf or m a n c e  m e as ur e-
m e nt  is t h er ef or e a  f u n d a m e nt al m a n a g eri al  m e c h a nis m  
f or inf or mi n g  d e cisi o n- m a k ers  ( G u n as e k ar a n a n d  K o b u  
2 0 0 7 ), b ot h  o n  t h e e v ol uti o n  of  t h e g a p  a n d  o n  t h e 
pr o gr ess  m a d e  i n c l osi n g it. O v er  t h e p ast  t w o d e c a d es,  
m a n y  st u di es h a v e  pr o p os e d  c o n c e pt u al  or  q u a ntit ati v e  
m o d els  t o a d dr ess  S C  p erf or m a n c e  e v al u ati o n  ( Li m a-
J u ni or a n d  C es ar  Ri b eir o  C ar pi n etti  2 0 1 9 ). T h e  d e v el-
o p e d  c o n c e p tu a l  m o d e ls  su g g e st a se t o f p e rfo rm a n c e  
m e as ur es  ( G u n as e k ar a n, P at el,  a n d  M c G a u g h e y  2 0 0 4 ) 
t h at in cl u d e  fi n a n ci al  a n d  n o n- fi n a n ci al  m e as ur es  ass o-
ci at e d  wit h  di ff er e nt  l e v els of  d e cisi o n- m a ki n g:  str at e gi c, 
ta cti c al  a n d  o p er ati o n al  ( S h e p h er d a n d  G ü nt er  2 0 0 6 ). 
S h e p h er d  a n d  G ü nt er  (2 0 0 6 ), t hr o u g h th eir  a n al ysis  of  
th e liter a tu re , h a v e liste d m o re th a n 1 3 0 p e rfo rm a n c e  
i n di c at ors d e d ic at e d  t o S C  p erf or m a n c e  ass ess m e nt.

D es pit e all t h e i n di c at ors pr o p os e d i n t h e lit er at ur e,
st u di es o n r esili e n c e  m etri cs r e m ai n s c ar c e ( H a n,  C h o n g,
a n d Li 2 0 2 0 ).  H o w e v er, a p pr o pri at e p erf or m a n c e  m etri cs
ar e n e e d e d t o e v al u at e r esili e n c e ( Sill a n p ä ä 2 0 1 5 ), es p e-
ci all y t o u n d erst a n d a n d  m e as ur e t h e l e v el of r esili e n c e
of a n S C. S o m e st u di es  m e as ur e d t h e S C r esili e n c e b y
e v al u ati n g t h e i m p a ct of dist ur b a n c es o n st o c k l e v el, s er-
vi c e l e v el, l e a d ti m e a n d c osts ( C a br al,  Gril o, a n d  Cr u z-
M a c h a d o 2 0 1 2 ). T h e st u di es ar e m ai nl y f o c us e d o n t h e
cl assi c p erf or m a n c e tri pt y c h: q u alit y , d el a y a n d c ost. H a n,
C h o n g, a n d Li ( 2 0 2 0 ) di vi d e t h e p erf or m a n c e  m etri cs
r e q uir e d t o ass ess t h e r esili e n c e of a n S C i nt o el e v e n c at e-
g ori es: p erf or m a nc e of  m ai nt ai ni n g c ust o m er s atisf acti o n ,
e ffici e nc y of c o m pl eti n g S C pr oc ess es , e ffici e nc y of rec o v er-
i n g t o n or m alit y, p erf or m a nce of pr o d ucti o n a n d i n v e n-
t or y, p erf or m a nc e of rel ati o ns hi p  m a n a g e m e nt , fi n a nci al
p erf or m a nc e , p erf or m a nc e of o v ers e ei n g t h e S C sit u ati o n ,
p erf or m a nc e of disc er ni n g p ossi bl e disr u pti o ns , d a m a g e of
disr u pti o ns , e ffici e nc y of res p o n di n g t h e disr u pti o ns a n d
rec o nstr ucti o n of t he S C. R aj es h (2 0 1 6 ) pr o p os es t o m e a-
s ur e r esili e n c e a c c or di n g t o fi v e  m aj or i n di c at ors: fl e xi-
bilit y ( a bilit y t o  m a n a g e c h a n g es q ui c kl y  wit h o ut u n d u e
e ff ort a n d l oss), res p o nsi v e ness (s p e e d of d eli v er y of pr o d-
u cts), q u alit y , pr o d ucti vit y (r el at e d t o c ust o m er s atisf a c-
ti o n) a n d acc essi bilit y ( n et w or k visi bilit y a n d c o n n e cti o ns
b et w e e n n et w or k a ct ors). E a c h of t h es e  m aj or i n di c at ors
is ass o ci at e d  wit h s e v er al  m etri cs t o e v al u at e it (r ef er t o
R aj es h 2 0 1 6 f or m or e d et ails a b o ut t h e pr o p os e d K PIs).
T h es e fi v e m aj or i n di c at ors ar e cl os e t o t h e p erf or m a n c e
attri b ut es d e fi n e d b y t h e S C O R ( S u p pl y  C h ai n  O p er a-
ti o ns  R ef er e n c e)  m o d el. S C O R  m o d el is a pr o c ess r ef-
er e n c e  m o d el t h at pr o vi d es  m et h o d ol o g y, st a n d ar d pr o-
c ess d e fi niti o ns,  m etri cs, di a g n osti c a n d b e n c h m ar ki n g
t o ols i n or d er t o i m pr o v e S C p erf or m a n c e a n d pr o-
c ess es ( C o u n cil 2 0 1 7 ). S C O R d e fi n es fi v e p erf or m a n c e
attri b ut es ( C o u n cil 2 0 1 7 ): reli a bilit y ( a bilit y t o a c hi e v e
t as ks as e x p e ct e d a n d f o c us es o n pr e di cti n g t h e r es ult
of a pr o c ess), res p o nsi v e ness (s p e e d of c o m pl eti o n of a
t as k), a gilit y ( a bilit y t o r es p o n d t o e xt er n al dist ur b a n c es),
c osts ( S C r u n ni n g c osts) a n d ass ets ( a bilit y t o us e ass ets
e ffi ci e ntl y). P erf or m a n c e attri b ut es r e pr es e nt t h e str at e gi c
p erf or m a n c e c h ar a ct eristi cs o n  w hi c h t o ali g n S C p er-
f or m a n c e t o  m e et t h e c o m p a n y’s str at e g y. S C O R d e fi n es
t w o t y p es of p erf or m a n c e attri b ut es: c ust o m er (reli a bil-
it y, res p o nsi v e ness a n d a gilit y ) a n d i nt er n al (ass ets a n d
c osts) f o c us e d attri b ut es ( C o u n cil 2 0 1 7 ).  A c c or di n g t o
t h eir d e fi niti o ns,  R aj es h’s  m aj or i n di c at ors ar e v er y c us-
t o m er ori e nt e d, s o t h e y c a n b e i n cl u d e d i n t h e attri b ut es
d e fi n e d b y S C O R: fl e xi bilit y i n a gilit y , res p o nsi v e ness i n
res p o nsi v e ness, a n d q u alit y , pr o d ucti vit y a n d acc essi bilit y
i n reli a bilit y.  A m o n g S C O R attri b ut es, a gilit y d es cri b es
t h e a bilit y of a n S C t o r es p o n d t o e xt er n al disr u pti o ns, its
c a p a cit y a n d s p e e d of c h a n g e ( C o u n cil 2 0 1 7 ).  B e c a us e of



its d es cri pti o n, it c o ul d r e pr es e nt a g o o d  w a y t o e v al u at e
S C r esili e n c e. F or e a c h p erf or m a n c e attri b ut e ( reli a bilit y,
res p o nsi v e ness, a gilit y , c osts a n d ass ets ), S C O R ass o ci at es
s e v er al  K PIs.  R aj ar at n a m a n d S u n m ol a ( 2 0 2 1 ) pr o p os e a
hi er ar c hi c al p erf or m a n c e  m e as ur e fr a m e w or k b as e d o n
5 5 m etri cs pr o p os e d b y S C O R i n or d er t o e v al u at e S C
r esili e n c e.

Fr o m a n e n gi n e eri n g p ers p e cti v e, q u a ntif yi n g
r esili e n c e i n v ol v es  m e as uri n g s yst e m p erf or m a n c e o v er
ti m e, f o c usi n g o n s yst e m p erf or m a n c e d uri n g a n d aft er
t h e disr u pti o n ( Br u n e a u et al. 2 0 0 3 ; Z o b el et al. 2 0 2 1 ).
M ost of t h e  m e as ur es pr o p os e d i n t h e lit er at ur e ar e
f u n cti o ns of o n e or  m or e  K PIs  m e as ur e d d uri n g t h es e
di ff er e nt p h as es ( C h e n g, Els a y e d, a n d  H u a n g 2 0 2 2 ).
M a n y a p pr o a c h es h a v e b e e n d e v el o p e d t o  m e as ur e t h e
r esili e n c e of S Cs as a ti m e- d e p e n d e nt  m e as ur e ( wit h-
o ut its c o nsi d er ati o n, t h e c o n c e pt of r esili e n c e c a n n ot
b e f ull y a d dr ess e d).  G e n er all y, S C r esili e n c e is  m e as ur e d
a c c or di n g t o t w o  m ai n as p e cts : t h e ti m e of S C rec o v-
er y a n d t h e p erf or m a nc e l oss d u e t o a disr u pti o n ( F at-
t a hi,  G o vi n d a n, a n d  M ai h a mi 2 0 2 0 ). L ost p erf or m a n c e
is  m ostl y d e fi n e d as t h e di ff er e n c e b et w e e n p erf or m a n c e
aft er a disr u pti o n a n d e x p e ct e d or b as eli n e p erf or m a n c e,
i. e. o pti m al p erf or m a n c e i n t h e a bs e n c e of disr u pti o n
( B e h z a di,  O’ S ulli v a n, a n d  Ols e n 2 0 2 0 ).  B ot h  m e as ur es
of r esili e n c e c a n b e c al c ul at e d fr o m r ati os of r est or e d
t o l ost p erf or m a n c e, or fr o m  m o d elli n g s e v er al p ossi bl e
p erf or m a n c e tr aj e ct ori es ( Z o b el et al. 2 0 2 1 ), c o nsi d er-
i n g t h e e ff e cts of u n c ert ai nt y r el at e d t o r e c o v er y,  w hi c h
is a st o c h asti c pr o c ess, d u e t o u n c ert ai nt y a b o ut a v ail-
a bl e r es o ur c es a n d t h e s e v erit y of disr u pti o ns ( C h e n g,
Els a y e d, a n d  H u a n g 2 0 2 2 ). F or e x a m pl e,  C ar v al h o et al.
(2 0 1 2 ) pr o p os e t o  m e as ur e t h e r e c o v er y ti m e (i. e. t h e ti m e
n e e d e d f or t h e S C t o r et ur n t o a n or m al st at e aft er a dis-
r u pti o n) b y a r ati o: t h e l e a d ti m e r ati o, a r ati o b et w e e n
a ct u al a n d pr o mis e d l e a d ti m e.  T his p erf or m a n c e  m e a-
s ur e ass ess es t h e S C’s c a p a bilit y t o f ul fil t h e l e a d ti m e
a gr e e d  wit h t h eir first-ti er c ust o m ers ( C ar v al h o et al.
2 0 1 2 ). I n t h e c as e of r esili e n c e  m e as ur e m e nt t hr o u g h
p erf or m a n c e tr aj e ct or y  m o d elli n g, r esili e n c e tri a n gl e is
t h e  m ost r e c o g nis e d  w a y of  m e as uri n g s yst e m’s r esili e n c e
( T u k a m u h a b w a et al. 2 0 1 5 ).  T h e  m e as ur e pr o vi d e d b y
t h e r esili e n c e tri a n gl e is b as e d o n t h e f a ct t h at it is p os-
si bl e t o  m e as ur e t h e a ct u al or p ot e nti al p erf or m a n c e of a
s yst e m at a n y gi v e n ti m e, a n d t o r e pr es e nt it as a p oi nt
or tr aj e ct or y i n t h e  m ulti di m e nsi o n al s p a c e of its  K PIs
( Br u n e a u et al. 2 0 0 3 ). It c o nsi d ers  m aj or c o n c e pts ar o u n d
r esili e n c e: p erf or m a n c e l e v el, l oss esti m ati o n a n d r e c o v-
er y ( T u k a m u h a b w a et al. 2 0 1 5 ).  C o nsi d eri n g a ti m e s eri es
r es p o ns e c ur v e t h at r e pr es e nts t h e p erf or m a n c e of t h e
S C, Fi g ur e 2 ill ustr at es t h e r esili e n c e tri a n gl e t h at  m o d els
b ot h t h e i m m e di at e e ff e ct of a s u d d e n i m p a ct dis ast er a n d
t h e r es p o ns e b e h a vi o ur of t h e s yst e m.  A p ossi bl e st ati c

Fi g u r e 2.  R esili e n c e  tri a n gl e.

m e a su re o f S C re silie n c e is to c a lc u la te  th e a re a o f th is tri-
a n g l e ( A d e ns o- Dí a z, M ar- Orti z,  a n d  L o z a n o  2 0 1 8 ). L o w  
v a lu e s o f th e a re a o f th is tria n g le im p ly n o sig n ifi c a n t  
c o ns e q u e n c es  or  r a pi d re c o v er y. T his  to ol  c a n  als o  b e  
s e e n as  a  d y n a mi c  m e as ur e  of  resili e n c e  b y  c o m p ari n g  
t h e e v ol uti o n  of  t h e s urf a c e of  this  tri a n gl e f oll o wi n g 
di ff er e nt  e v e nts  ( T u k a m u h a b w a  e t  al.  2 0 1 5 ). M e as uri n g  
th e  ar e a  u n d er  t h e c ur v e  t o m e as ur e  a n d  c o m p ar e  t h e 
r esili e n c e of  s yst e ms t o disr u pti o ns  is a n  a p pr o a c h  w hi c h  
h as  b e e n  a d o pt e d  b y  m a n y  dis ci pli n es  ( M a c d o n al d et  al.  
2 0 1 8 ). S i n c e its i n c e pti o n b y  Br u n e a u  et  al.  (2 0 0 3 ), t h e 
r esili e n c e tri a n gl e c o n c e pt  h as  b e e n  a p pli e d  a n d  e xt e n d e d  
i n m a n y  a p pr o a c h es.  Its si m pli cit y m a k es  it a  s o u n d b asi s 
f or d e v el o pi n g  n e w  q u a ntit ati v e  m et h o ds  f or ass essi n g  
r esili e n c e ( Z o b el 2 0 1 1 ).

N o  c o m m o n  a gr e e m e nt  o n  a  m e as ur e m e nt  m o d el  
s e e ms t o h a v e  b e e n  r e a c h e d i n t h e lit er at ur e, t h e as s ess-
m e nt  of  S C  r esili e n c e p erf or m a n c e  h as  b e e n  i n v esti-
g at e d  str u ct ur all y usi n g  t h e di m e nsi o ns  or  p h as es  o f S C  
r esili e n c e. M ost  st u di es i n t h e lit er at ur e h a v e  f o c us e d 
m or e  o n  t h e d e v el o p m e nt  of  th eir  o w n  m e as ur e m e nt  
m o d e ls (H a n , C h o n g , a n d L i  2 0 2 0 ). T h e  st u di es pr es e nt e d  
i n t his se cti o n  fo c us  m ai nl y  o n  a n  ass ess m e nt  of  r esili e n c e 
wit h  a n  e n gi n e eri n g  p ers p e cti v e.  H o w e v er,  s o m e a ut h ors  
s u c h as  Wi el a n d  (2 0 2 1 ), p r o p os e t o r ei nt er pr et t h e S C,  
b y  st u d yi n g it as  a n  or g a ni c  syst e m.  T his  visi o n  i m pli es 
st u d yi n g r esili e n c e a c c or di n g  t o its e c ol o gi c al  visi o n  a n d  
d e fi niti o n.  H olli n g  (1 9 9 6 ) w a s th e fi rst o n e to o u tlin e th e  
di ff er e n c e  b et w e e n  e n gi n e eri n g  r esili e n c e a n d  e c ol o gi c al  
r esili e n c e. E n gi n e eri n g  r esili e n c e is f o c us e d o n  c o nst a n c y,  
pr e di ct a bilit y  a n d  e ffi ci e n c y, w h il e  e c ol o gi c al  r esili e n c e 
is fo c us e d  o n  c h a n g e,  u n pr e di ct a bilit y  a n d  p ersist e n c e  
( Wi el a n d 2 0 2 1 ). I n ot h er  w o r ds, inst e a d  of  m e as uri n g  
resili e n c e  as  ‘r esist a n c e t o dist ur b a n c e’  or  ‘s p e e d of  r et ur n’ 
t o a  st a bl e p erf or m a n c e  st at e, as  e n gi n e ers  w o ul d,  e c ol o-
gists  m e as ur e  r esili e n c e as  t h e ‘ m a g nit u d e of  dist ur b a n c e’  
t h at t h e e c os yst e m  c a n  a bs or b  ( Wi el a n d 2 0 2 1 ). In  his  
d e fi niti o n  of  r esili e n c e, H olli n g  (1 9 7 3 ) a c k n o w le d g e s th e



i m p ort a n c e of  cl assi c al  p h ysi cs,  fr o m w hi c h  h e  a d a pts  
t er ms (s u c h as  f or c e, e q uili bri u m,  et c.)  a n d  dr a ws  o n  
k e y  i nt ell e ct u al a nt e c e d e nts  t o d e fi n e  t h e c o n c e pts  ass o-
ci at e d  wi t h his  vi si o n of  r esili e n c e. W or k  o n  d e fi ni n g  
t h e c o n c e pts  of  e c ol o gi c al  r esili e n c e h as  dr a w n  h e a v-
il y o n  n oti o ns  fr o m p h ysi cs  ( P o n o m ar o v a n d  H ol c o m b  
2 0 0 9 ), t h us o ff eri n g  s t u d y p ers p e cti v es  f or a  p h ysi cs-
b as e d  a p pr o a c h  as  P o D.

3.  P r o p o s al: P o D  a p pr o a c h

3. 1.  P o D:  g e n er al  i d e a s

Id e ntif yi n g  t h e n e e d  f or S C  r esili e n c e r e q uir es d e fi n-
i n g th e  s yst e m ( Li n k o v et  al.  2 0 1 4 ) a n d  i de ntif yi n g  t h e 
di ff er e nt  s yst e m s t at es, w hi c h  i s a n  e ss e nti al  p art  of  
r esili e n c e a n al ysis  ( C ar v al h o et  a l. 2 0 1 2 ). S yst e m  st at es 
d es cri b e  t h e s yst e m’s c h a n gi n g  b e h a vi o urs  a n d  sit u a-
ti o ns a cr oss  ti m e ( F err eir a a n d  O tl e y 2 0 0 9 ), i nst a bilit y 
b ei n g  t h e m ai n  s o ur c e of  t h es e c h a n g es.  Id e ntif yi n g  t h es e 
st at e c h a n g es  i m pli es b ei n g  a bl e  t o c h ar a ct eris e  t h e s ys-
t e m, i n p arti c ul ar  b y  b ei n g  a bl e  t o e v al u at e  t h e di ff er e nt  
i nt er a cti o ns b et w e e n  its p ar a m et ers.  T h is is at  t h e h e art  
of  s yst e m di a g n osti cs  (W est p h al e n,  R ot h,  a n d  Br o dri c k  
2 0 0 3 ). S t u d yi n g s u c h li n ks a n d  th eir  i n fl u e n c e o n  s ys-
t e m p erf or m a n c e  is r e q uir e d t o c o ntr ol  a  s yst e m e ff e c-
ti v el y a n d  t o b e  a bl e  to  v is u alis e a n d  pr e di ct  t h es e st at e 
c h a n g es.  T h e  P o D  a p pr o a c h  u s es a n  a n al o g y  wit h  p h ys-
i c al m oti o n  l a ws t o st u d y a n d  pr e di ct  t h e di ff er e nt  st at es 
of  a  s yst e m. T h es e  st at e c h a n g es  c a n  b e  g e n er at e d  b y  
d i ff er e nt e n vir o n m e nt al  o r  i nt er n al s it u ati o ns t h at a n  
S C  is c o nfr o nt e d  wit h.  T h es e  e n vir o n m e nt al  or  i nt er-
n al  sit u ati o ns ar e  n a m e d  p ote nti als  i n t h e c o nt e xt  of  th e  
P o D  visi o n.  T h e  s us c e pti bilit y of  t h e s yst e m t o t h es e 
p ote nti als  g e n er at es  p ote nti aliti es  (i. e. ris ks or  o p p ort u-
niti es  wit h  r e g ar d t o t h e s yst e m). I n t h e P o D  a p pr o a c h,  
t hes e  p ote nti aliti es , o n c e a c tiv a te d b y o n e o r m o re trig-
g eri n g  c o n diti o ns,  b e c o m e  act u alit y  w h i c h c a n  b e  s e e n 
a n d m o d e lle d a s fo rc e s im p a c tin g S C p e rfo rm a n c e (B e n -
a b e n  et  al.  2 0 1 9 ). T h us,  p erf or m a n c e  is s e e n as  a  tr a-
je c to r y m o d e lle d in a m u ltidi m e n sio n a l sp a c e c h a ra c -
t eris e d b y  K PIs  ( e a c h K PI  d e fi ni n g  o n e  di m e nsi o n),  ris ks 
a n d  o p p o rt u niti es ar e  s e e n as  f or c es w hi c h,  o n c e  tri g-
g er e d,  cr aft  t h e s h a p e a n d  d y n a mi cs  o f t his p erf or m a n c e  
tr aj e ct ory.

As  m e nti o n e d  i n P o n o m ar o v  a n d  H ol c o m b  (2 0 0 9 ), 
S C  r esili e n c e a d dr ess es  se v er al  t y p es of  ris ks at  s e v er al 
st a g es o f t he  ris k m a n a g e m e nt  pr o c ess.  R esili e n c e  is o n e  
of  t h e criti c al  el e m e nts  i n S C  ris k m a n a g e m e nt,  s o it 
n e e ds  t o b e  e x a mi n e d  t o d e t er mi n e h o w  t o i n c or p or at e it 
i nt o a  c o n c e pt u al  fr a m e w or k. T o  m e et  t his n e e d,  t h e P o D  
a p pr o a c h  p r o p os es a n d  is b as e d  o n  t w o m o d elli n g  s p a c es: 
t h e d es cri pti o n  s p a c e (ill ustr at e d i n Fi g ur e  3 ) a n d  th e

Fi g u r e 3.  D es cri pti o n  s p a c e.

Fi g u r e 4.  P erf or m a n c e  s p a c e.

p erf or m a n c e  s p a c e (ill ustr at e d i n Fi g ur e  4 ). T h e  d es c ri p-
ti o n s p a c e is a  m ulti di m e nsi o n al  s p a c e: e a c h  di m e nsi o n  
is a n  attri b ut e  of  t h e S C  u n d er  st u dy, o r a  p ar a m et er  of  
its e n vir o n m e nt.  I n Fi g ur e  3 , th e  S C  is l o c at e d wit hi n  t his 
d es cri pti o n  sp a c e  as  a  bl u e  s p h er e. T h us,  it r e pr es e nts at  
e a c h p o in t in tim e th e  lo c a tio n o f th e S C w ith re g a rd s  
t o di m e nsi o ns  d es cri bi n g  its o w n  attri b ut e  a n d  its e n vi-
r o n m e nt c h ar a ct eristi cs  ( e. g. c ust o m er  d e m a n d,  a v ail a bl e  
c a p a cit y, r aw  m at eri al  pri c es,  pr o d u cti o n  c a p a cit y, et c.).  
T h e  d e g r e es  of  fr e e d o m of  e a c h  attri b ut e  d e fi n es  t h e c o n-
tr ol s p a c e ( c ol o ur p ar all el e pi p e ds).  T his  is a  s u bs p a c e i n 
w hi c h  t h e S C  c a n  m o v e  fr e el y. T his  s u bs p a c e all o ws  us  t o 
c o nsi d er  t h e st o c h asti c f a ct ors t h at c a n  b e  ass o ci at e d  wit h  
so m e  a ttrib u te s o f th e sy ste m (fo r e x a m p le  th e fo re c a st)  
b ut  als o  t h e v ari ati o ns  i n d u c e d b y  t h e d ail y  m a n a g e m e nt



of t h e S Cs.  T h e c o nt e xt c h ar a ct eristi cs r e pr es e nt ‘ris k y’
ar e as i n t h e d es cri pti o n s p a c e ( or a n g e s h a p e),  w h er e t h e
S C is  m or e s e nsiti v e t o c ert ai n p ot e nti als a n d d a n g ers
t h at c a n i m p a ct it.  T h e p ositi o n of t h e S C i n its d es cri p-
ti o n s p a c e e v ol v es o v er ti m e, f oll o wi n g t h e r e alis ati o n of
p ot e nti aliti es  m o dif yi n g t h e attri b ut es a n d p ar a m et ers of
t h e S C (r e d s p h er e), b ut als o f oll o wi n g t h e d e cisi o ns t a k e n
b y t h e m a n a g ers ( y ell o w s p h er e). Its p ositi o n i n t his s p a c e
m o d els t h e di ff er e nt st at es of t h e S C.

T h e p e rf o r m a n c e s p a c e is d e di c at e d t o t h e vis u ali-
s ati o n a n d  m a n a g e m e nt of t h e p erf or m a n c e of a n S C.
It is a  m ulti di m e nsi o n al s p a c e as  w ell: e a c h di m e nsi o n
is a  K PI t o b e c o nsi d er e d t o ass ess o v er all S C p erf or-
m a n c e. I n t h e c as e of t h e st u d y of S C r esili e n c e, its
di m e nsi o ns c o ul d b e o bt ai n e d fr o m t h e  K PIs i d e nti-
fi e d i n S e cti o n 2.  T h e p erf or m a n c e is vis u alis e d as a
p erf or m a n c e tr aj e ct or y ( c ol o ur tr aj e ct ori es of Fi g ur e 4 )
r e pr es e nti n g t h e c h a n g es of  K PIs o v er ti m e a n d t h e
i m p a cts of p ot e nti aliti es.  T h es e p ot e nti aliti es, b y t h eir
n at ur e, d e vi at e p ositi v el y ( cl os er) or n e g ati v el y (f urt h er)
t h e p erf or m a n c e tr aj e ct or y of t h e s yst e m fr o m its o bj e c-
ti v es.  T h e o bj e cti v es c o ul d t a k e s e v er al f or ms ( p oi nt of
s p a c e t o r e a c h, h y p er v ol u m e i n  w hi c h t h e S C s h o ul d
st a y, h y p er-s urf a c e r e pr es e nti n g a s atisf a cti o n tr a d e- o ff
b et w e e n  K PIs, et c.) a n d e v ol v e i n ti m e ( m o vi n g t ar g et).
T h e p erf or m a n c e o bj e cti v es ar e  m o d ell e d b y a h y p er-t u b e
( gr e e n i n Fi g ur e 4 ),  w hi c h r e pr es e nts t h e s u p p os e d s af e
s p a c e f or t h e p erf or m a n c e tr aj e ct or y t o r e a c h t h e o bj e c-
ti v e (it c o ul d als o r e pr es e nt t h e r esili e n c e z o n e of t h e
s yst e m i n  w hi c h t o  m ai nt ai n S C p erf or m a n c e i n t h e c as e
of t y p e β r esili e n c e).  Wit h t his p h ysi cs- b as e d a p pr o a c h,
p ot e nti aliti es ar e  m o d ell e d b y f or c es ( c ol o ur v e ct ors i n
Fi g ur e 4 ) t h at  m o v e t h e S C p erf or m a n c e li k e a n ‘ o bj e ct’
i n its  m ulti di m e nsi o n al  K PI s p a c e ( C er a b o n a et al. 2 0 2 0 ).
E a c h f or c e r e fl e cts t h e i nt e nsit y of t h e d e vi ati o n fr o m t h e
p erf or m a n c e tr aj e ct or y, i. e. t h e p ot e nti al i m p a ct of e a c h
p ot e nti alit y.

T his s p a c e is d e di c at e d t o s u p p ort t h e  m a n a g er i n
d e cisi o n- m a ki n g, i n cl u di n g st u d yi n g t h e b est c o m bi n a-
ti o ns of f or c es t o s el e ct, t o k e e p t h e s yst e m i n t h e t ar g et
h y p er-t u b e.  T h e first tr aj e ct or y  m o d ell e d i n t h e p erf or-
m a n c e s p a c e t o a p pl y t h e P o D a p pr o a c h is t h e i n erti a tr a-
j ect or y ( bl u e tr aj e ct or y).  T h e i n erti a tr aj ect or y is s e e n as
t h e tr aj e ct or y if t h e s yst e m f oll o ws its ‘ n or m al’ b e h a vi o ur
a n d is n ot dist ur b e d ( or at l e ast u n d er g o es t h e e x p e ct e d
f or c es). I m pli citl y, it  m o d els t h e  m a n a g ers’ e x p e ct ati o ns
i n t er ms of p erf or m a n c e, if e v er yt hi n g g o es as pl a n n e d.
M ost of t h e ti m e, t h e i n erti a tr aj ect or y c a n b e s e e n as t h e
t ar g et t o b e r e a c h e d. It is us e d as a r ef er e n c e i n t h e st u d y
of t h e s c e n ari os pr es e nt e d i n t h e p ot e nti aliti es st u d y. E a c h
d e vi ati o n fr o m t his tr aj e ct or y is s e e n as r es ulti n g fr o m a
f or c e.  T h e r e d tr aj e ct or y ( Fi g ur e 4 ) ill ustr at es t h e n oti o n
of a p assi v e tr aj ect or y . It is d e fi n e d i n t h e P o D a p pr o a c h as

t h e p erf or m a n c e  tr aj e ct or y of  a  s yst e m f oll o wi n g t h e r e al-
is ati o n of  a n  i niti all y u n e x p e ct e d  p ot e nti alit y  a n d  t h at n o  
c orr e cti v e  a cti o n  h as  b e e n  i m pl e m e nt e d t o mi ni mis e  t h e 
i m pa ct  o f t his p ot e nti alit y  o n  t h e s yst e m’s p erf or m a n c e  
( C er a b o n a et  al.  2 0 2 1 ). T h is tr aj e ct or y is o bt ai n e d  b y  
v ar yi n g  t h e st at e of  t h e s yst e m fr o m t1  t o t2  (t h e dis pl a c e-
m e n t b e tw e e n th e b lu e a n d re d sp h e re s in th e d e sc rip tio n  
s p a c e, in  Fi g ur e  3 ). T h e  y ell o w  tr aj e ct or y ( Fi g ur e 4 ) illu s-
tr at es t h e n oti o n  o f a n  a cti v e tr aj ect or y. It is d e fi n e d in  
t he  P O D  a p pr o a c h  as  t h e p erf or m a n c e  tr aj e ct or y of  a  s ys-
t e m f oll o wi n g t h e r e alis ati o n of  a  c orr e cti v e  a cti o n  t h at 
h as  b e e n  i m pl e m e nt e d t o m i ni mis e t h e i m p a ct of  t his 
p ot e nti alit y  o n  t h e s yst e m’s p erf or m a n c e.  T his  tr aj e ct or y 
is o bt ai n e d  b y  v ar yi n g  t h e st at e of  t h e s yst e m fr o m t2  t o ti 
(t h e dis pl a c e m e nt  b et w e e n  t h e r e d a n d  y ell o w  s p h er es i n 
t h e d es cri pti o n  s p a c e). T h e  r el ati o ns hi ps b et w e e n  t h es e 
t w o sp a c es  ar e  b uilt  b y  f u n cti o ns li n ki n g attri b ut es  t o 
K PIs.  H o w e v er,  d e p e n di n g  o n  t h e t y p e of  s yst e m st u d-
i e d a n d  its c o m pl e xit y,  th es e  f u n cti o ns c a n  b e  m or e  or  
l ess di ffi c ult  t o d et er mi n e  ( M or a d k h a ni et al.  2 0 2 0 ). I n t h e 
c as e  w h er e  t h es e r el ati o ns hi ps ar e  t o o c o m pl e x  t o d et er-
mi n e  ( as f or a n  S C  for  e x a m pl e),  si mul ati o n  m o d els  c a n  
b e  b uilt  a n d  si m ul ati o n e x p eri m e nts  c arri e d  o ut,  i n or d er  
t o m o d el  a n d  es ti m at e t h e d y n a mi cs  e xisti n g  b et w e e n  
t h e attri b ut es  a n d  t h e K PIs.  O b vi o usl y, i n erti a, p assi v e  
a n d  acti v e  traj ect ori es  a re al l sim ila r in n a tu re (th e y re p -
res e nt  t h e p erf or m a n c e  of  a  s yst e m f a ci n g a ct u aliti es),  
b u t th e y di ff er fro m th e se n se g iv e n to th e se a c tu a li-
ti es (e x p e ct e d  f or i n erti a, e x p e ct e d  a n d  u n e x p e ct e d  f or 
p assi ve , e x p e ct e d,  u n e x p e ct e d  a n d  c orr e cti v e  f or acti v e ).

3. 2.  P o D  a n d  r e sili e n c e

T h e m a in c o n trib u tio n o f th is p a p e r is to stu d y h o w  
a n  a p pr o a c h  li k e P o D  c a n  c o ntri b ut e  t o a n  S C,  m or e  
r esili e nt. As  m e nti o n e d  i n t h e p r e vi o us se cti o n,  a n  ess e n-
ti al p a rt of  t h e r esili e n c e a n al ysis  is t h e i d e nti fi c ati o n of  
syst e m  st at es. P o D,  t h a n ks t o t h e t w o d e v el o p e d  s p a c es, 
al lo w s u s to fo llo w b o th th e e v o lu tio n o f th e sy ste m  
st at es o v er  ti m e wit h  t h e d escri pti o n  sp ac e  a n d  th e  i m p a ct 
of  t hes e  st at e c h a n g es  o n  t h e s yst e m p erf or m a n c e  wit h  
t h e p erf or m a nc e  s p ac e. T h e o b je c tiv e is to b e n e fi t fro m  
t his p erf or m a n c e  fr a m e w or k t o ass ess  S C  r esili e n c e a n d  
t h us st u d y t h e resili e n c e  fr o m a  ki n eti c  p oi nt  o f vi e w . Its 
g e o m etri c al  d e fi niti o n  r e m ai ns t o b e  d e fi n e d.  C hrist o-
p h er  a n d  P e c k  (2 0 0 4 ) p ro p os e  fi v e k e y  c a p a b ilitie s to  
i n cr e as e S C  r esili e n c e: ( 1) s el e ct str at e gi es t h at l e a v e as  
m a n y  o pti o ns  as  p ossi bl e,  ( 2) re- e x a mi n e  th e  ‘e ffi ci e n c y  
vs.  r e d u n d a n c y’ tr a d e o ff,  ( 3) de v el o p  c oll a b or ati v e  w or k-
i ng,  ( 4) d e v el o p  visi bilit y  a n d  ( 5) i m pr o v e S C  v el o cit y  
a n d a c c e ler a tio n . T h e la st  tw o c a p a b ilitie s a re v e r y in te r-
e sti n g i n t he  p ers p e cti v e  of  usi n g  t h e P o D  a p pr o a c h  
t o m a n a g e  r esili e n c e i n a  ki n eti c  m a n n er.  A d o b or  a n d



M c M ull e n ( 2 0 1 8 ) d e fi n e visi bilit y as t h e a bilit y of  m a n-
a g ers t o a c c ess a n o v er vi e w of t h e S C, a n d k n o w its e n vi-
r o n m e nt a n d k e y ass ets.  All t his i nf or m ati o n is i n cl u d e d
i n t h e d escri pti o n s p ac e ,  w hi c h t h er ef or e ai ms t o s u p p ort
t h e visi bilit y. I m pr o vi n g t h e s p e e d a n d a c c el er ati o n of a n
S C r e q uir es d e fi ni n g a n d vis u alisi n g t h e o bj e cti v es t o b e
r e a c h e d, i n p arti c ul ar b y vis u alisi n g, f or e x a m pl e, t h e p er-
f or m a n c e tr aj e ct or y of a n S C i n a r ef er e n c e fr a m e w or k
w h os e di m e nsi o ns ar e its p erf or m a n c e i n di c at ors. Fr o m
a ki n eti cs p ers p e cti v e, t h e f oll o wi n g e x pl ai ns h o w t o li n k
t h e c o n c e pt of p erf or m a n c e  m a n a g e m e nt t o ki n eti c a n d
p h ysi cs n ot ati o ns s u c h as dis pl ac e m e nt , v el ocit y a n d acc el-
er ati o n . Dis pl ac e m e nt ( K PI)  m e as ur es c h a n g es i n t h e
v al u e of a  K PI. Vel ocit y ( v) is t h e d eri v ati v e of t his dis-
pl a c e m e nt o v er a n i nt er v al δ t: d K PI

dt . It t h us r e pr es e nts t h e
p ositi v e or n e g ati v e gr o wt h of t h e  K PI. Acc el er ati o n is t h e

d eri v ati v e of t h e v el o cit y o v er a n i nt er v al δ t: d v
dt = d 2 K PI

dt 2 .
T h e a c c el er ati o n v al u e r e fl e cts t h e str e n gt h or  w e a k n ess
of t h e fl u ct u ati o n of a K PI i n a p ositi v e or n e g ati v e dir e c-
ti o n. Its dir e cti o n is al w a ys t h e s a m e as t h e n et f or c e
a cti n g o n t h e s yst e m pr o d u c e d b y t h e v ari ati o n of its
attri b ut es (t h e c h a n g es i n st at e d u e t o a dist ur b a n c e). I n
t h e pr o p os e d st u d y, t h e c al c ul at e d v el o citi es a n d a c c el er-
ati o ns  will b e l o c al v el o citi es a n d a c c el er ati o ns, c al c ul at e d
as

Vel o cit y =
x (t) − x (t − δ t)

δ t
= v x (t) ( 1)

A c c el er ati o n =
v x (t) − v x (t − δ t)

δ t
= a x (t) ( 2)

T h es e n oti o ns of dis pl ac e m e nt , v el ocit y a n d acc el er ati o n
o ff er n e w p ers p e cti v es i n t h e st u d y of t h e r esili e n c e of
a s yst e m.  T h e f oll o wi n g p oi nts ai m t o e x pl ai n h o w t o
i nt er pr et t h es e c o n c e pts i n t h e c o nt e xt of st u d yi n g t h e
r esili e n c e of a s yst e m.

• T h e dis pl ac e m e nt is e q ui v al e nt t o v ari ati o ns i n t h e v al-
u es of a  K PI. It  m e as ur es t h e g a p b et w e e n t h e i niti al
p erf or m a n c e of t h e s yst e m  wit h o ut a n y dist ur b a n c e
a n d t h e p erf or m a n c e f oll o wi n g a dist ur b a n c e, i n a t y p e
α or γ r esili e n c e vi e w. F or t y p e β r esili e n c e, t h e dis-
pl a c e m e nt  m e as ur es t h e g a p b et w e e n t h e o bj e cti v e
p erf or m a n c e ar e a a n d t h e p erf or m a n c e f oll o wi n g a
dist ur b a n c e.  T h e dis pl a c e m e nt t h us  m a k es it p ossi bl e
t o  m e as ur e t h e p erf or m a n c e l ost f oll o wi n g a disr u p-
ti o n.  T h e n oti o n of dis pl a c e m e nt is v er y cl os e t o t h e
e n gi n e eri n g visi o n of r esili e n c e  w hi c h  m ai nl y r ef ers
t o t h e ar e a c al c ul ati o n  m et h o d f o u n d i n t h e lit er a-
t ur e ( e. g. t h e r esili e n c e tri a n gl e pr es e nt e d i n S e cti o n
2).  T h e dis pl a c e m e nt pr o vi d es a d y n a mi c  m e as ur e of
r esili e n c e at e a c h i nst a nt,  w h er e as t h e ar e a pr o vi d es a
m e as ur e of r esili e n c e o v er a r a n g e of ti m e. L o w v al u es

of t h e dis pl a c e m e nt i m pl y n o si g ni fi c a nt c o ns e q u e n c es
or r a pi d r e c o v er y.

• T h e v el ocit y r e pr es e nts t h e gr o wt h of t h e s yst e m.  T h e
e v ol uti o n of its si g n (i. e. p ositi v e or n e g ati v e gr o wt h)
will  m a k e it p ossi bl e t o b ett er a p pr e h e n d a n d u n d er-
st a n d t h e i nt er n al d y n a mi cs of t h e s yst e m, i n p arti c-
ul ar h o w t h e s yst e m or g a nis es its elf t o b est a bs or b a
dist ur b a n c e ( all t h e p h as es of alt er n ati n g si g n of t h e
v el o cit y).

• T h e acc el er ati o n , es p e ci all y its n or m, all o ws us t o
q u a ntif y t h e  m a g nit u d e of dist ur b a n c e a s yst e m c a n
t ol er at e. Fr o m a n e c ol o gi c al r esili e n c e p ers p e cti v e,
C ar p e nt er et al. ( 2 0 0 1 ) d e fi n e r esili e n c e as t h e  m a g ni-
t u d e of dist ur b a n c e t h at c a n b e t ol er at e d b y a s yst e m,
i. e. t h e a m o u nt of e xtri nsi c f or c e t h e s yst e m c a n  wit h-
st a n d.  T his d e fi niti o n, st u di e d fr o m a p h ysi c al a n d
ki n eti c p oi nt of vi e w, all o ws us t o d e fi n e r esili e n c e as
t h e i nt e nsit y of t h e f or c e ( g e n er at e d b y a dist ur b a n c e)
t h at t h e s yst e m c a n a bs or b b ef or e  m o vi n g.  T his r esis-
t a n c e t o  m o v e m e nt is c h ar a ct eris e d b y t h e  m ass of t h e
s yst e m.  B y d e fi niti o n, p h ysi c al  m ass is t h e r esist a n c e
t h at a b o d y of  m att er o ff ers t o a c h a n g e i n its v el o cit y
or p ositi o n  w h e n a f or c e is a p pli e d (t h e E n c y cl o p a e di a
Brit a n ni c a).  M or e o v er, a c c or di n g t o  N e wt o n’s s e c o n d
l a w of  m oti o n, t h e i nt e nsit y of a f or c e is pr o p orti o n al
t o t h e  m ass of t h e s yst e m a n d t h e a c c el er ati o n of t h e
s yst e m pr o d u c e d b y t his n et of f or c e.  T h e  m ass of a
s yst e m as c o m pl e x as a n S C is di ffi c ult t o e v al u at e. It is
t h er ef or e n e c ess ar y t o q u a ntif y t h e a bilit y of a s yst e m
t o r esist a dist ur b a n c e b y  m e as uri n g its acc el er ati o n
aft er a disr u pti o n.

T h a n ks t o its visi o n of s yst e m  m a n a g e m e nt b y p erf or-
m a n c e tr aj e ct or y a n al ysis a n d its a n al o gi es  wit h p h ysi cs
(f or c e, dis pl a c e m e nt, v el o cit y a n d a c c el er ati o n), t h e P o D
a p pr o a c h m a k es it p ossi bl e t o li n k t h e t w o m ai n visi o ns
of r esili e n c e e xisti n g i n t h e lit er at ur e: e n gi n e eri n g a n d
e c ol o gi c al.  Wit h t his a p pr o a c h, it is p ossi bl e t o e v al u at e
r esili e n c e a c c or di n g t o t h es e t w o visi o ns. O n e i m p ort a nt
m e as ur e f or e n gi n e eri n g r esili e n c e is t h e p erf or m a n c e
l oss d u e t o a disr u pti o n,  w hi c h c a n b e  m e as ur e d b y t h e
c o n c e pt of dis pl a c e m e nt a n d dist a n c e. I n d e e d, as ill us-
tr at e d i n Fi g ur e 5 , b y a n al o g y  wit h t h e r esili e n c e tri a n gl e
(ill ustr at e d i n Fi g ur e 2 ), t h e i d e a is t o a p pr o xi m at e t h e
r esili e n c e b y t h e s u m of t h e y ell o w dist a n c es, pr o vi di n g
t h e  m e a ns t o esti m at e t h e ar e a b et w e e n t h e tr aj e ct ori es,
i n t h e c as e w h er e t h e ti m e i nt er v als b et w e e n e a c h dis-
t a n c e  m e as ur e m e nt ar e s m all e n o u g h a c c or di n g t o t h e
st u di e d s yst e m a n d t h e c o nsi d er e d  K PIs ( a o n e-ti m e st e p
i n Fi g ur e 5 ).  T hr e e s urf a c es c a n b e c al c ul at e d: ( 1) t h e ar e a
b et w e e n t h e i n erti a tr aj ect or y (f or t y p e α or γ r esili e n c e,
r es p e cti v el y t h e cl os est b or d er of t h e t ar g et z o n e f or t y p e
β r esili e n c e) a n d t h e p assi v e tr aj ect or y ,  m e as uri n g t h e



Fi g ur e 5. Dist a n c e at e a c h ti m e p oi nt b et w e e n t h e i n erti a a n d
p assi v e tr aj e ct ori es.

d e gr a d ati o n ( us e d t o  m e as ur e t h e n at ur al resili e nc e ), ( 2)
t h e dist a n c e b et w e e n t h e i n erti a tr aj ect or y (f or t y p e α
or γ r esili e n c e, r es p e cti v el y t h e cl os est b or d er of t h e
t ar g et z o n e f or t y p e β r esili e n c e) a n d t h e acti v e tr aj ec-
t or y,  m e as uri n g t h e act u al d e gr a d ati o n ( us e d t o  m e as ur e
t h e c orrect e d resili e nc e ) a n d ( 3) t h e dist a n c e b et w e e n
t h e acti v e a n d p assi v e tr aj ect ori es ,  m e as uri n g t h e act u al
c o m p e ns ati o n ( us e d t o  m e as ur e t h e g ai n i n resili e nc e ).

H o w e v er, n ot b ei n g i n di m e nsi o n t w o, t h e  m e as ur e-
m e nt of t h e dist a n c es ( 2) a n d ( 3) is n ot q uit e a c c ur at e.
T h es e  m e as ur e m e nts i m pl y t o c h e c k p oi nt b y p oi nt t h e
v al u e of t h e a n gl e I A P b et w e e n i n erti a (I), a cti v e ( A) a n d
p assi v e ( P) p ositi o n at ti m e t i (ill ustr at e d i n Fi g ur e 6 ).  T h e
cl os er t h e a n gl e I A P is t o 1 8 0° (t h e t hr e e p oi nts ar e o n t h e
s a m e li n e) or stri ctl y e q u al t o 0° (t h e t hr e e p oi nts ar e c o m-
bi n e d), t h e  m or e v ali d t h e  m e as ur es ar e. It is t h e n p ossi bl e
t o s a y t h at t h e act u al d e gr a d ati o n ( or a n g e dist a n c e i n
Fi g ur e 6 ) is e q u al t o t h e m e as ure d d e gr a d ati o n (t ur q u ois e
dist a n c e i n Fi g ur e 6 ), t h e a cti v e p ositi o n a n d t h e pr o-
j e ct e d a cti v e p ositi o n ar e t h us  m er g e d. If t his a n gl e is t o o

Fi g ur e  6.  Ill ustr ati o n of  dist a n c e  c o n c e pts.

f ar fr o m 1 8 0°,  a d diti o n al  c al c ul ati o ns  will  h a v e  t o b e  c ar-
ri e d o ut  a n d  a  n e w  di st a n c e will  h a v e  t o b e  c o nsi d er e d,  t h e 
e d g e  e ffect  ( pi n k d ott e d  li n e i n Fi g ur e  6 ), w hi c h  will  h a v e  
t o b e  a n al ys e d  i n rel ati o n  t o t h e p erf or m a n c e  o bj e cti v es  
of  t h e s yst e m i n or d er  t o k n o w  if its e ff e cts  a r e  p ositi v e  
o r n e g a tiv e . T h e sa m e  re a so n in g c a n  b e  a p p lie d to th e  
ac t u al c o m p e ns ati o n ( gre e n  dist a n c e  i n Fi g ur e  6 ) a n d  th e  
m e as ure d  c o m p e ns ati o n ( br o w n dist a n c e  i n Fi g ur e  6 ). T h e  
e c ol o gi c al  r esili e n c e, i. e. t h e m a g nit u d e  of  dist ur b a n c e  
t h at a  s yst e m c a n  a bs or b,  c a n  b e  c al c ul at e d  t h a n ks t o 
t h e a n al o gi es  wit h  p h ysi cs  o n  w hi c h  t h e P o D  a p pr o a c h  
is b as e d,  as  e x pl ai n e d  wit h  t h e n o ti o ns of  a c c el er ati o n  
a n d  f or c es. T his  p art  w ill b e  dis c uss e d  i n t h e dis c ussi o n  
s e cti o n ( S e cti o n 5).

4.  E x p eri m e nt s  a n d  r e s ult s

4. 1.  St u di e d  s u p pl y  c h ai n:  ri c h ki d s

T o  illu str ate th e c o n trib u tio n  o f th e P o D  a p p ro a c h  to  
t h e d e v el o p m e nt  of  S C  r esili e n c e c a p a biliti es,  th e  sel e ct e d  
us e- c as e  c o n c er ns  a  w orl d wi d e  S C  n et w or k  f or el e ctri-
c al  s k at e b o ar ds. T his  us e- c as e  h as  b e e n  cr e at e d  i n 2 0 1 9,  
t he  r es e ar c h ers w h o  cr e at e d  t his fi ctiti o us  a n d  ill ustr ati v e 
us e- c as e,  d e ci d e d  t o n a m e  it ‘ri c h ki ds’  b e c a us e  o nl y  ri c h 
ki ds  c o ul d  a ff or d  or  r e nt t his ki n d  of  ‘ v e hi cl e’. Its n et w or k  
is c o m p os e d  of  ei g ht  a ct u al  p art n ers  a n d  t hr e e p ot e nti al  
n e w p a rtn er s (a n e w c u sto m er  a n d tw o n e w su p p lie rs).  
Fi g ur e  7  ill ustr at es t h e st u di e d n et w or k.  T a bl e  2  bri e fl y  
d e s cri b es t h e f u n cti o n of  e a c h  a ct or  i n t h e n et w or k  a n d  
t h eir l o c ati o n.

I n or d er  t o c oll e ct  t h e m at eri al  n e c ess ar y  t o a p pl y  
t h e P o D  a p pr o a c h  (f or t his c as e  st u dy, t h e m a n a g e m e nt  
a n d  m e as ur e m e nt  of  t he  r esili e n c e of  c o m p a n y  A),  a  
si m ul ati o n m o d el  w as  b uilt  a n d  d e v el o p e d  o n  t h e A n y-
L o gi c ©  si m ul ati o n s oft w ar e, c o m bi ni n g  di s cr et e e v e nt  
a n d  a g e nt- b as e d  si m ul ati o n. B esi d es  its c o ntri b uti o n  t o 
t h e or y d e v el o p m e nt  (D a vis,  Eis e n h ar dt,  a n d  Bi n g h a m  
2 0 0 7 ), si mul ati o n  als o  pr o vi d es  a  virt u al  l a b or at or y i n 
w h ic h it is p os sib le to v isu a lise  th e e ff e c ts o f p o te n tia l-
iti es a n d  c orr e cti v e  a cti o ns  o n  t h e b e h a vi o ur  o f t h e S C  
( F al as c a, Z o b el,  a n d  C o o k  2 0 0 8 ), t h a n ks t o its a bilit y  t o 
pr o vi d e  inst a nt a n e o us  i nf or m ati o n o n  t h e st at e of  t h e s ys-
te m  ( C ar v al h o et  al.  2 0 1 2 ), i n cl u di n g t he  e v ol uti o n  of  
its p erf or m a n c e.  T h es e  a n al ys es  ar e  c arri e d  o ut  fr o m t h e 
st u d y of  s u ffi ci e ntl y d et ail e d  s c e n ari os, m ost  oft e n  b as e d  
i n t h eir c o nstr u cti o n  o n  pr e vi o us  dist ur b a n c e  d at a,  i n 
or d er  to  id e ntif y  a n d  u n d erst a n d  t h eir c a us es  a n d  e ff e cts  
o n  t h e s yst e m (I A A 2 0 1 3 ). T his  c as e  st u dy, al t h o u g h r el-
ati v el y  si m pl e, o ff ers  a  l ar g e p ot e nti al  o f  e v ol uti o n  a n d  
c o m pl e xi fi c ati o n,  es p e ci all y  f or t h e st u d y of  a  wi d e  r a n g e 
of  p ossi bl e  e v e nts  a n d  di st ur b a n c es. I n t h e pr o p os e d  
st u dy, si m ul ati o n is us e d  t o i d e ntif y t he  p erf or m a n c e  g a ps



Fi g u r e 7.  Ri c h  ki ds  –  S C  n et w or k.

T a bl e  2.  D e s cri pti o n of  t h e R i c h Ki ds  n e t w or k a ct ors.

C o m p a n y D es cri pti o n L o c ati o n

A b uil ds el e ctri c
s k at e b o ar d t h at c a n
b e dri v e n  wit h a n
A p p.

G a.  U S A

B b u ys t h e el e ctri cs p art
( e n gi n e a n d b att er y)
fr o m E a n d d e v el o p
t h e A p p t o s ell b ot h
t o A.

Fl. U S A

C b uil ds s y nt h eti c  w h e els
t o s ell t o A.

M e xi c o

D b uil ds t h e b o ar d fr o m
s y nt h eti c a n d  w o o d
( b o u g ht fr o m F) t o
s ell t o A.

Fr a n c e

E b uil ds e n gi n e a n d
b att er y t o s ell t o B.

C hi n a

F pr o vi d es  w o o ds t o  D. S w e d e n
G s k at e b o ar d s ell er fr o m

a s ki d o m ai n.
C a n a d a

H s k at e b o ar d s ell er fr o m
a s urf d o m ai n.

C a. U S A

I s k at e b o ar d s ell er
fr o m a s ki d o m ai n
( p ot e nti al).

It al y

J s y nt h eti c  w h e els
s u p pli er ( p ot e nti al).

Br a zil

K w o o d b o ar d s u p pli er
( p ot e nti al).

C a n a d a

b et w e e n t h e a ct u al a n d t h e d esir e d st at e of t h e S C ( C ar-
v al h o et al. 2 0 1 2 ),  w h e n c arr yi n g o ut di ff er e nt s c e n ari os
( p ot e nti aliti es a n d c orr e cti v e s ol uti o ns).  T h e c oll e cti o n
of d at a r el at e d t o t h es e t ests (t h e e v ol uti o n of S C p erf or-
m a n c e)  w as c oll e ct e d at r e g ul ar ti m e i nt er v als d uri n g t h e
si m ul ati o n, f oll o wi n g a st a n d ar d pr o c e d ur e,  w hi c h c o n-
sists of r u n ni n g t h e si m ul ati o n o v er a fi x e d p eri o d of ti m e
(i n t his st u d y 3 6 5 d a ys), i n or d er t o o bt ai n ti m e s eri es of
r es ults t o a n al ys e ( M a c d o n al d et al. 2 0 1 8 ). I n t his st u d y,
t h e ti m e s eri es of r es ults o bt ai n e d fr o m s o- c all e d c o m-
p ar e r u n si m ul ati o ns, i n  w hi c h  A n y L o gi c © g e n er at es t h e
r a n d o m f a ct ors fr o m i d e nti c al s e e ds.  T h es e si m ul ati o ns

c oll e ct  o nl y  t h e e ff e cts  attri b ut e d  t o t h e e x p eri m e nt al  f a c-
t ors, t h us r e m o vi n g t h e e ff e cts  r el at e d t o t h e st o c h asti c 
fa ct ors,  th eir  cl e a ni n g  is ess e nti al  t o o bt ai n  c o nsist e nt  a n d  
c o m p ar a bl e  r es ults (M a c d o n al d  et  al.  2 0 1 8 ).

4. 2.  P o D:  a p pli c ati o n  t o ri c h ki d s  r e sili e n c e 
m a n a g e m e nt

In  t h e p ers p e cti v e  of  t h e P o D  a p pr o a c h,  d e vi ati o ns  fr o m 
t h e S C  i n erti a tr aj ect or y ( S C’s initi al  p erf or m a n c e  tr aj e c-
t or y) ar e  c o nsi d er e d  as  p ot e nti aliti es  (ris ks, o p p ort u niti es  
r es ulti n g fr o m i n fli ct e d e v e nts  o r  m a n a g er’s  d e cisi o ns)  
a n d  s o as  f or c es. A c c or di n g  t o p assi v e  a n d  acti v e  traj ec-
t ori es d e fi n e d  i n S e cti o n  3,  d e vi ati o ns  a r e  g e n er at e d  b y  
v a ri ati o ns i n s yst e m attri b ut es.  T h es e  v ari ati o ns  c a n  b e  
g e n er at e d  b y  t w o t y p es of  f or c es: i n flicte d f orc es t h at ar e  
im p os e d o n th e S C a n d m o di fy a ttrib u te s o u t o f c o n tro l  
of  th e  m a n a g ers  (or  h ar d  t o c h a n g e),  a n d  m a n a g e d  f orc es 
t hat  c orr es p o n d  t o a cti o ns  t a k e n b y  d e cisi o n- m a k ers,  i. e. 
v ari ati o ns  o n  attri b ut es  o v er  w hi c h  t h e c o m p a n y’s  m a n-
a g ers  h a v e  d e cisi o n- m a ki n g  p o w er.  P ot e nti aliti es  als o  
h a v e  t h eir o w n  attri b ut es  c all e d  c h ar a ct eristi cs.  F or  t his 
c as e  st u dy, t h e c h ar a ct eristi cs  r et ai n e d ar e  ( 1) t h e d at e  of  
a p p e ar a n c e  of  t h e p ot e nti alit y, ( 2) its d ur ati o n  a n d  ( 3) its 
i m p a cts o n  t h e S C  attri b ut es.

T w o  p ot e nti aliti es  will  b e  st u di e d i n t his ill ustr ati v e 
e x a m pl e  of  t h e c o ntri b uti o ns  of  t h e P o D  a p pr o a c h  i n 
m a n a gi n g  S C  r esili e n c e. T h e  first  p ot e nti alit y  ( p assi v e) 
will  a i m t o str ess t h e m o d el  wit h  a  stri ke at  t h e b o ar d  s u p-
p lier D . T h is p o te n tia lity w ill b e a c tiv a te d tw o m o n th s  
a ft er t h e b e gi n ni n g  o f t h e si m ul ati o n (t h e b e gi n ni n g  o f 
t h e y e ar  a n d  t h e e x p eri m e nt  l asti n g 3 6 5  d a ys),  will  h a v e  a  
d ur ati o n  of  f o ur m o nt hs  a n d  will  r e d u c e t h e pr o d u cti o n  
c a p a cit y  of  s up pli er  D  b y  7 0 %.  T h e  s e c o n d p ot e nti alit y  
will  b e  a  c orr e cti v e  a cti o n  ( a cti v e) i m pl e m e nt e d b y  t h e 
m a n a g ers  t o r e d u c e t h e i m p a ct of  t his stri k e o n  t h e p er-
f or m a n c e of  c o m p a n y  A:  T h e  m a n a g ers  will  a cti v at e  t h e



o p p ort u nit y t o d o u bl e s o urc e t h e s u p pl y of b o ar ds.  A c o n-
tr a ct  wit h s u p pli er  K  will b e c o n cl u d e d o n e  m o nt h aft er
t h e b e gi n ni n g of t h e pr e vi o us p ot e nti alit y a n d  will l ast
t h e  w h ol e si m ul ati o n.  T h e s u p pli er  will c o v er 3 0 % of t h e
b o ar d r e q uir e m e nt. I n or d er t o b e a bl e t o vis u alis e t h e
p erf or m a n c e tr aj e ct ori es, t hr e e  K PIs h a v e b e e n s el e ct e d
i n t his st u d y: t h e pr o fit (i n h u n dr e ds of t h o us a n ds of
e ur os), t h e i n v e nt or y of fi nis h e d pr o d u ct a n d t h e d el a y
( e q ui v al e nt t o t h e l e a d ti m e r ati o i ntr o d u c e d b y  C ar v al h o
et al. 2 0 1 2 ).  T h e d el a y i n di c at or is c al c ul at e d as t h e r ati o
b et w e e n t h e s u m of t h e  w aiti n g ti m e t o h a v e t h e pr o d-
u cts i n st o c k a n d t h e d eli v er y ti m e, all di vi d e d b y t h e
e x p e ct e d l e a d ti m e a gr e e d u p o n b et w e e n c o m p a n y  A a n d
its c ust o m ers.

As e x pl ai n e d i n S e cti o n 3, a n al ysi n g a n d  m e as uri n g
S C r esili e n c e a c c or di n g t o a ki n eti c visi o n is d o n e i n
t hr e e st e ps: ( 1) dis pl ac e m e nt (t h e g a p b et w e e n t h e i niti al
p erf or m a n c e of t h e c o m p a n y  A a n d t h e st u di e d p ot e n-
ti aliti es), ( 2) v el ocit y a n d ( 3) acc el er ati o n . Fi g ur e 8 ill us-
tr at es t h es e t hr e e st e ps f or t h e fi nis h e d g o o ds i n v e nt or y
K PI. I n t h es e fi g ur es, t h e or a n g e ar e a c orr es p o n ds t o t h e
a cti v ati o n p eri o d of t h e disr u pti o n.  T h e gr e e n li n e i n di-
c at es t h e st art d at e of t h e c orr e cti v e p ot e nti alit y.  A c c or d-
i n g t o Fi g ur e 8 , t h e e ff e ct of t h e disr u pti o n o n fi nis h e d
g o o ds i n v e nt or y is n ot i m m e di at el y f elt.  T h e first i m p a cts
a p p e ar 7 0 d a ys aft er t h e st art of t h e stri k e.  At t h e o ns et
of t h e disr u pti o n, c o m p a n y  A h a d s u ffi ci e nt r a w  m at e-
ri al i n v e nt ori es t o c o nti n u e o p er ati n g pr o p erl y.  H o w e v er,

o n c e t his st o c k  w as c o ns u m e d, t h e i m p a ct of t h e dis-
r u pti o n  w as br ut al, as s h o w n b y t h e  m a g nit u d e of t h e
a c c el er ati o n f or t his i n di c at or. T his disr u pti o n h as a si d e
e ff e ct a n d l e a ds t o a b ull w hi p e ff e ct ( m ai nl y d u e t o t h e
i nt er n al d y n a mi cs of t h e n et w or k a n d t h e a c c u m ul ati o n
of p e n di n g pr o d u cti o n or d ers) j ust aft er t h e r e c o v er y.  T h e
c orr e cti v e p ot e nti alit y d el a ys t h e i m p a ct of t h e disr u pti o n
o n t h e fi nis h e d pr o d u ct i n v e nt or y b y 4 3 d a ys.  H o w e v er, it
will n ot pr e v e nt t h e b ull w hi p e ff e ct,  w h os e e ff e cts o n s u p-
pl y p erf or m a n c e a p p e ar  m or e q ui c kl y, f oll o wi n g a f ast er
r e c o v er y.

C o nsist e nt  wit h S e cti o n 3, t h e pr o p os e d r esili e n c e
m e as ur e ai ms t o e xt e n d t h e c o n c e pt of r esili e n c e tri a n-
gl e  wit h a  m ulti- di m e nsi o n al  m e as ur e b as e d o n s yst e m
p erf or m a n c e tr aj e ct ori es. Fi g ur e 9 pr o vi d es a n o v er vi e w
of t h e t hr e e di ff er e nt tr aj e ct ori es  m o d ell e d i n its p erf or-
m a n c e fr a m e w or k, i n  w hi c h di m e nsi o ns ar e t h e t hr e e
s el e ct e d  K PIs ( pr o fit, d el a y a n d fi nis h e d g o o d i n v e nt or y).
A first a n al ysis ( p ur el y gr a p hi c al) s h o ws t h at f oll o wi n g
t h e stri k e (r e d p assi v e tr aj e ct or y), t h e p erf or m a n c e of t h e
S C is v er y d e gr a d e d, p arti c ul arl y fr o m a fi n a n ci al p oi nt
of vi e w.  T h e a cti o n ( bl a c k a cti v e tr aj e ct or y) of d o u bl e
s o ur ci n g t h e r a w  m at eri al c o n c er n e d all o ws t o  miti g at e
t h e fi n a n ci al i m p a ct a n d t o r et ur n m or e q ui c kl y t o n or m al
at t h e l e v el of d el a ys a n d fi nis h e d g o o d i n v e nt or y.

Fr o m t h es e tr aj e ct ori es, a first  m e as ur e of r esili e n c e
is t h e s u m of t h e d e gr a d ati o n dist a n c es ( p ur pl e h or-
i z o nt al li n e i n Fi g ur e 6 ) at e a c h ti m e p oi nt (i n t his

Fi g ur e  8.  Dist a n c e,  dis pl a c e m e nt,  v el o cit y  a n d  a c c el er ati o n  f or t h e I n v e nt or y K PI.



Fi g u r e 9.  Ri c h  ki ds  3 D  p erf or m a n c e  tr aj e ct ori es.

e x a m pl e,
3 6 5

t= 0
(i n erti a(t) − p assi v e (t))2 ),  w hi c h c orr e-

s p o n ds t o t h e n at ur al resili e nc e of t h e s yst e m. F or t h e
stri k e disr u pti o n, t h e n at ur al resili e nc e of ri c h ki ds S C
is e q u al t o 2 3 6.1 T h e s e c o n d  m e as ur e of r esili e n c e is
t h e s u m of t h e m e as ure d act u al d e gr a d ati o n dist a n c es
(t ur q u ois e dist a n c e i n Fi g ur e 6 ) at e a c h ti m e p oi nt

(
3 6 5

t= 0
(i n erti a(t) − a cti v e (t))2 ),  w hi c h c orr es p o n ds t o

t h e c orrect e d resili e nc e of t h e s yst e m.  As  m e nti o n e d i n
S e cti o n 3. 2, n ot b ei n g i n di m e nsi o n t w o, t h e  m e as ur e-
m e nt of t his dist a n c e is n ot q uit e a c c ur at e a n d i m pli es t o
c h e c k p oi nt b y p oi nt t h e v al u e of t h e a n gl e I A P b et w e e n
i n erti a (I), a cti v e ( A) a n d p assi v e ( P) p ositi o n at ti m e ti.
F or t his ill ustr ati v e e x a m pl e, 2 8 % of t h e a n gl es I A P ar e
stri ctl y e q u al t o 0°, 5 9 % ar e gr e at er t h a n 9 0° a n d 4 4 %
ar e gr e at er t h a n 1 3 0° (s o o nl y 1 3 % ar e l o w er t h a n 9 0°,
w hil e n ot b ei n g stri ctl y e q u al t o 0°).  T h us, i n t his c as e, it
is c o nsi d er e d v ali d t o a p pr o xi m at e t h e a ct u al d e gr a d ati o n
b y t h e  m e as ur e d d e gr a d ati o n.  T h e c orrect e d resili e nc e of

ri c h ki ds S C is e q u al t o 1 6 6,  w hi c h is a 3 0 % g ai n, s h o wi n g
t h at t h e s el e ct e d c o u nt er  m e as ur e h as b e e n si g ni fi c a ntl y
e ffi ci e nt.

If t h e  m aj orit y of t h e a n gl es I A P m e as ur e d h a d b e e n
l ess t h a n 9 0°, t h e e d g e e ffect w o ul d n o l o n g er h a v e
b e e n n e gli gi bl e, t h e pr oj e cti o n c al c ul ati o ns  w o ul d h a v e
b e c o m e  m a n d at or y. F or i nst a n c e, t his sit u ati o n c a n b e
ill ustr at e d b y t h e fir e fi g ht er  w h o, i n or d er t o i n cr e as e
his r esili e n c e t o fir e, w e ars a fir e pr o of s uit ( a cti v e p ot e n-
ti alit y).  H o w e v er, t his s uit is h e a v y a n d c u m b ers o m e,
w hi c h sl o ws d o w n his  m o v e m e nts a n d his s p e e d of  m o v e-
m e nt ( e d g e e ff e ct). I n t h at c as e, t h e r esili e n c e c a n b e
c al c ul at e d as t h e s u m of t h e act u al d e gr a d ati o n dis-
t a n c es ( or a n g e dist a n c e i n Fi g ur e 6 ) at e a c h ti m e p oi nt

(
3 6 5

t= 0
(i n erti a(t) − pr oj e ct e d a cti v e (t))2 ) w h er e t h e pr o-

j ecte d acti v e tr aj ect or y is c o m p os e d b y t h e pr oj e cti o ns of
all p oi nts of t h e acti v e tr aj ect or y o n t h e s e g m e nts j oi ni n g
all i n erti a p ositi o ns a n d p assi v e p ositi o ns at e a c h  m o m e nt
of ti m e. H o w e v er, t his a bs ol ut el y i m pli es si m ult a n e o usl y



m e as uri n g  t h e e d g e  e ffe ct a s  t h e s u m o f  t h e dist a n c es  
b et w e e n  all  p oi nts  of  t h e acti v e  tr aj ect or y a n d  t h eir c orr e-
s p o n di n g pr oj e cti o ns  o n  t h e s e g m e nts j oi ni n g all  i n erti a 
p ositi o n s a n d p assi v e  p ositi o ns  at  e a c h  m o m e nt  of  ti m e 
( pi n k d as h  li n e i n Fi g ur e  6 ).

5.  C o n cl u si o n,  li mit ati o n s a n d  f ut ur e w or k s

5. 1.  C o n cl u si o n  a n d  li mit ati o n s

T his  arti cl e  ill ustr at es s o m e pr eli mi n ar y  a p pli c ati o ns  of  
t h e p h ysi cs- b as e d  a p pr o a c h  t o s u p pl y c h ai n  r esili e n c e 
m a n a g e m e nt,  t hr o u g h first  r es ults, e ss e nti all y  c o n c e p-
t u al, o n  a  ki n eti c  visi o n  of  r esili e n c e m a n a g e m e nt.  I n 
t his p a p er,  b y  ass o ci ati n g  a  si m ul ati o n m o d el  t o t he  pr e-
s e nt e d d e cisi o n  fr a m e w or k, P o D,  it is p ossi bl e  t o pr e di ct  
th e  c o ns e q u e n c es  of  a  disr u pti o n,  a n  e v e nt,  or  a  d e ci-
sio n o n a su p p ly c h a in . T h is p re di c tio n is v isu al ly re p -
res e nt e d  as  a  p erf or m a n c e  tr aj e ct or y wit hi n  t h e s yst em ’s 
K PIs  fr a m e w or k. Ris ks,  o p p ort u niti es  a n d  d e cisi o ns  ar e  
m o d e lle d  fro m a ‘w h a t  if’ a p p ro a c h a n d  th e ir im p a c ts  
o n th e su p p ly c h a in  a re se e n a s d e v ia tio n s fro m th e p e r-
for m a n c e  tr aj e ct ory. F oll o wi n g  t h at pri n ci pl e,  t his arti cl e  
s h o ws h o w  it is p ossi bl e  t o b e n e fit  f r o m t his i n n o v ati v e 
a p pr o a c h  t o e v al u at e  t h e r esili e n c e of  a  s u p pl y c h ai n  t o 
disr u pti o ns.  T his  r esili e n c e e v al u ati o n  h as  b e e n  c al c u-
l at e d a s t he  s urf a c e b et w e e n  t h e e x p e ct e d  tr aj e ct or y (s o-
c al le d  ‘in er tia’ o r ‘ta rg et ’ tr aje c to r y ) a n d th e p e rtu rb e d  
tr aj e ct or y ( wit h o r wit h o ut  c orr e cti v e  d e cisi o ns  a n d  
a cti o ns).

H o w e v er,  t his visi o n  is cl e arl y  str o n gl y d e p e n d e nt  o n  
ti m e a n d  t h e d ur ati o n  o n  w hi c h  t h e m e as ur e  s h o ul d b e  
p er fo rm e d is h a rd to e sta b lish. T h is q u e stio n o f d u ra -
ti o n is als o  t h e m ai n  dr a w b a c k  a n d  li mit ati o n of  t h e 
r esili e n c e tri a n gl e fr o m w hi c h  t his pr o p os al  is i ns pir e d. 
T h e or eti c all y, t his d ur ati o n  s h o ul d b e  d e fi n e d  a c c or di n g  
t o t h e m o m e nt  w h e n  th e  p ert ur b e d  p erf or m a n c e  tr a-
j e ct or y (p assi v e  or  acti v e  traj ect ori es ) j oi ns t h e r ef er e n c e 
p erf or m a n c e  tr aj e ct or y (i n erti a tr aj ect or y). In  t h e pr e vi-
o us  ill ustr ati v e e x a m pl e  of  S e cti o n  4,  t h e m a g nit u d e  o f 
t h e disr u pti o n  ( a n d/ or t h e d ur ati o n  of  th e  e x p eri m e nt,  
a n d/ or  t h e i n e ffi ci e n c y of  t h e c o u nt er m e as ur e  f o r t h e 
acti v e  traj ect or y ) d o es  n ot  all o w  t h e acti v e  tr aj ect or y t o 
a ct u all y  j oi n th e  i n erti a tr aj ect or y, w hi c h  fu n d a m e nt all y  
s h o ws n o  resili e n c e.  N e v ert h el ess,  t h e e x a m pl e  still s h o ws 
h o w  t h e t h e or eti c al a n d  a bstr a ct  visi o n  of  t h e ‘r esili e n c e 
tri a n gl e’ c a n  b e  e xt e n d e d  a n d  f or m all y c al c ul at e d  t h a n ks 
t o t h e ki n eti c  n at ur e  of  th e  P o D  p ar a di g m.  T his  q u es-
ti o n of  d ur ati o n  is als o  t h e m ai n  dr a w b a c k  a n d  li mit ati o n 
o f t h e r esili e n c e tri a n gl e. Wit h  t his vi e w , t his d ur ati o n  is 
t h er ef or e v ari a bl e  a c c or di n g  t o t h e s yst e m st u di e d a n d  
th e p o te n tia litie s th a t im p a c t it. H o w e v e r, a c c o rdi n g to L i  
et  al.  (2 0 1 7 ), t he  l a c k of  a  b o u n d  f or t h e m e as ur e m e nt  of

ti m e, es p e ci all y  t h e r e c o v er y ti m e ( v ari a bl e f or e a c h  s ys-
t e m a n d  p ot e nti alit y),  m e a ns  t h at t h e r esili e n c e tri a n gl e 
c a n n ot  b e  us e d  t o c o m p ar e  r esili e n c e b et w e e n  di ff er e nt  
s yst e ms. T o  o v er c o m e  t his p r o bl e m a n d  m a k e  t h e pr o-
p os e d  m e as ur e  c o m p ar a bl e  f or a n y  s yst e m, i n t h e s a m e 
w a y  as  t h e resili e n c e  m e as ur e  pr o p os e d  b y  Z o b el  (2 0 1 1 ), 
a stric t u p p er  lim it o n re c o v er y tim e sh o u ld b e d e fi n e d ,  
all o wi n g  a  s u ffi ci e ntl y l o n g-ti m e i nt er v al t o b e  c o nsi d er e d  
o v er  w hi c h  t h e l oss of  fu n cti o n alit y  c a n  b e  d et er mi n e d.  
T his  v al u e  ass u m es  of  c o urs e  t h at a n y  s yst e m will  r et ur n 
t o its ori gi n al  st at e b ef or e  t his ti m e li mit ( Li et  al.  2 0 1 7 ). 
T his  stri ct u p p er  li mit o n  r e c o v er y ti m e o ff ers  t h e p ossi-
b ilit y of  a  st a n d ar d m e as ur e  f or t h e ti m e i nt er v al b et w e e n  
e a c h  dist a n c e  m e as ur e m e nt  ( e. g. o n e  t h o us a n dt h o f t his 
ti m e), t h us all o wi n g  t h e s urf a c e b et w e e n  t h e di ff er e nt  tr a-
je ct ori es  ( e x p e ct e d a n d  p ert ur b e d)  t o b e  a p pr o xi m at e d  
a n d c o m p a re d fo r a n y sy ste m .

I n a d diti o n  t o t he  t e m p or al as p e ct  of  m e as uri n g  
r esili e n c e, its m ulti di m e nsi o n al  n at ur e  als o  m a k es  it dif-
fi c ult  t o a ss ess  ( b y m ulti di m e nsi o n al,  w e  m e a n  its m e a-
s ur e m e nt b as e d  o n  t h e e v al u ati o n  o v er  ti m e o f t h e i m pa ct  
of  a  p ot e nti alit y  o n  s e v er al K PIs).  I n or d er  t o f a cilit at e 
th e  vis u alis ati o n  of  p erf or m a n c e  tr aj e ct ori es, t h e p erf or-
m a n c e  s p a c e h as  b e e n  li mit e d to  t hr e e di m e nsi o ns.  Of  
c o urs e,  f or s u c h a  c o m pl e x  s yst e m, it is u nli k el y  t h at 
d e cisi o n- m a k ers  will  li mit t h e ms el v es t o o bs er vi n g  thr e e  
p erf or m a n c e  i n di c at ors. A ct u all y, t h er e mi g ht  b e  d o z e ns,  
h u n dr e ds  or  t h o us a n ds of  t h e m. Alt h o u g h,  ‘s o m e st u di es 
h a v e  a d dr ess e d  t h e m ulti di m e nsi o n al  n at ur e  of  r esili e n c e 
b y  a g gr e g ati n g  t h e m a g nit u d e  of  d e vi ati o n  fr o m e q uili b-
ri u m a n d  t h e ti m e t o r e c o v er y of  t h e p erf or m a n c e  pr o fil e  
t o c a pt ur e  r esili e n c e’ ( M u n o z a n d  D u n b ar  2 0 1 5 ), n o t a bl y 
t hr o u g h t h e us e  of  t h e r esili e n c e tri a n gl e. T h us,  t h e m ul-
ti di m e nsi o n al n at ur e  of  r esili e n c e t e n ds t o f av o ur  t h e us e  
o f a n  a g gr e g at e  i n d e x o v er  ot h er  fo r ms of  p erf or m a n c e  
m e as ur e m e nt  ( M u n o z a n d  D u n b ar  2 0 1 5 ). H o w e v er,  t h e 
u se o f a n a g g re g a tio n in d e x d o e s n o t al lo w fo r a n a c c u r ate  
c h a r ac ter isa tio n o f re silie n c e .It is in th is c a se th a t th e p e r-
for m a n c e  s p a c e will  ta k e  all  its i m p ort a n c e, n ot a bl y  b y  its 
a bilit y  t o b e  c o m p os e d  wit h  as  m a n y  di m e nsi o ns  as  t h e 
n u m b er  of  K PIs.  T his  c a p a bilit y  all o ws  us  t o ass ess  dis-
t a n c e b et w e e n  t h e e x p e ct e d  tr aj e ct or y a n d  t h e p ert ur b e d  
tr aj e ct ori es, w h at e v er  t h e n u m b er  of  K PIs  ( e v e n if it is n ot  
p ossi bl e  t o vis u alis e  t h e m b e y o n d  t hr e e di m e nsi o ns).

5. 2.  F ut ur e  w or k s

H o w e v er,  b ei n g  a bl e  t o th e or eti c all y  c o m p ut e  t h e o v er-
all  p erf or m a n c e  of  t h e o bs er v e d  s yst e m as  a  tr aj e ct or y 
i m p a ct e d b y  a n y  e v e nt  ( p ositi vel y  or  n e g ati v el y)  is cl e arl y  
o n e  gr e at  c o ntri b uti o n  of  t h e P o D  a p pr o a c h,  it is m a n d a-
t or y t o fi n d  a  w a y  t o m a k e  t h es e r es ults h a n dl e a bl e  b y  
d e cisi o n- m a k ers.  S o m e  first  r es e ar c h w or ks  ar e  c urr e ntl y



Fi g ur e  1 0.  I mm ersi v e  e n vir o n m e nt  f or P o D  vis u alis ati o n  a n d  i nt er a cti o n.

b ei n g c o n d u ct e d o n t h e us e of virt u al a n d a u g m e nt e d
r e aliti es ( V R a n d  A R) t o i m m ers e d e cisi o n- m a k ers i n a n
a bstr a ct d e cisi o n visi o n  w h er e t h e y c o ul d vis u alis e a n d
f e el t h e p erf or m a n c e tr aj e ct ori es a n d i nt er a ct e ffi ci e ntl y
wit h t h e m ( as s h o w n i n Fi g ur e 1 0 ).

I n Fi g ur e 1 0 , t h e i d e al p erf or m a n c e tr aj e ct or y is r e p-
r es e nt e d b y a p erf e ctl y str ai g ht  w hit e li n e ( e v e n t h o u g h
it h as a  m or e c o m pli c at e d tr aj e ct or y i n its ori gi n al  m ulti-
di m e nsi o n al s p a c e),  w hil e t h e a ct u al p erf or m a n c e tr aj e c-
t or y is r e pr es e nt e d, r el ati v e t o t his  w hit e r ef er e n c e li n e,
b y a gr e e n li n e ( w hi c h t e n ds t o b e a c o n e t o r e pr es e nt
u n c ert ai nt y).  T h e c ol o ur e d str e a ms ( bl u e, or a n g e, et c.)
r e pr es e nt e v e nts (ris ks or o p p ort u niti es) t h at m a y o c c ur
a n d t h e gr e y v ort e x r e pr es e nts t h e t ar g et h y p er t u b e.
T h e  w orl d gl o b e o n t h e ri g ht pr es e nts t h e str u ct ur e of
t h e S C u n d er c o nsi d er ati o n (s o t h at t h e c ol o ur e d e v e nts
c a n b e c o nt e xt u alis e d a n d b ett er u n d erst o o d).  T his  V R
vi e w c o ul d o p e n t h e d o or t o a n e w g e n er ati o n of i m m er-
si v e a n al yti cs e x pl oiti n g t h e or eti c al c o ntri b uti o ns s u c h as
P o D a n d pr o vi di n g vis u alis ati o n a n d i nt er a cti o n t o ols f or
d e cisi o n- m a k ers.

B esi d es, i n a d diti o n t o t his i m m ersi v e e n vir o n m e nt
a n d t h e pr o p os e d r esili e n c e  m e as ur e, t h e ki n eti cs f e at ur es
of t h e P o D visi o n als o all o w us t o c o nsi d er a  m e as ur e
dir e ctl y i ns pir e d b y t h e n oti o n of e c ol o gi c al r esili e n c e:
r esili e n c e c a n b e s e e n as t h e disr u pti o n t h at a s yst e m c a n
f a c e  wit h o ut b e c o mi n g i n e ff e cti v e.  M or e pr e cis el y, i n t h e
c o nt e xt of P o D, r esili e n c e c a n t h us b e s e e n as t h e p ert ur-
b ati o n f or c e t h at a n S C c a n t a k e wit h o ut b e c o mi n g u n a bl e

t o r e a c h its e x p e ct e d t ar g et.  As pr es e nt e d i n Fi g ur e 4 , t h e
t ar g et h y p er-t u b e c a n b e c o nsi d er e d as t h e s u b- p art of t h e
s p a c e i n w hi c h t h e p erf or m a n c e tr aj e ct or y s h o ul d r e m ai n
t o b e a bl e t o r e a c h its p erf or m a n c e o bj e cti v e.  C o nsi d er-
i n g t h es e d e fi niti o ns, o n e c a n s a y t h at r esili e n c e c o ul d
b e d e fi n e d as t h e s et of f or c es t h at a n S C c a n t a k e  wit h-
o ut l e a vi n g t h e t ar g et h y p er-t u b e ( es p e ci all y b y a cti v ati n g
c o u nt er f or c es).  H o w e v er, t his h y p er-t u b e is ti m e d e p e n-
d e nt: t h e l ess e ff e cti v e t h e S C is, t h e m or e t his h y p er-t u b e
will s hri n k a n d e v e nt u all y dis a p p e ar if t h e t ar g et c a n n ot
b e r e a c h e d a n y m or e. T o ill ustr at e t his i d e a, l et us t a k e t h e
e x a m pl e of t h e  writi n g of a 2 0- p a g e d o c u m e nt i n 1 0 d a ys,
wit h a  writi n g c a p a cit y of 5 p a g es p er d a y. I niti all y, t h e t ar-
g et h y p er-t u b e is q uit e  wi d e: t h e  writ er c a n  writ e 0, 1, 2, 3,
4 or 5 p a g es o n t h e first d a y, t h e s a m e o n t h e s e c o n d d a y,
et c. a n d h e  m a y e v e n d e ci d e t o n ot  writ e a n y p a g e d uri n g
t h e 1 6 first d a ys. B ut o b vi o usl y, w h e n h e r e a c h es t h e 1 6t h
d a y, h e o nl y c a n  writ e 5 p a g es p er d a ys o n t h e 1 7t h, 1 8t h,
1 9t h a n d 2 0t h d a ys.  T h e h y p er-t u b e di d s hri n k t o a li n e.
A n d if t h e  writ er d o es n ot  writ e 5 p a g es o n e a c h of t h es e
l ast d a ys, t h er e is n o  m or e s ol uti o n a n d n o  m or e h y p er-
t u b e. T his visi o n is o n t h e o n e h a n d cl os e t o t h e n oti o n of
criti c al p at h, b ut o n t h e ot h er h a n d als o cl os e t o t h e pr o p-
erti es of s o m e  m at eri als t h at ar e a bl e t o a bs or b s h o c ks a n d
i m p a cts, t o a c c u m ul at e t h e m t o a c ert ai n l e v el of a c c u-
m ul ati o n at t h e e n d of  w hi c h t h e y br e a k at t h e sli g ht est
s h o c k.

Wit h r e g ar ds t o t h e pr e vi o us c o nsi d er ati o ns a n d t h e
P o D fr a m e w or k, S C r esili e n c e ( b y a n al o g y wit h t h e



e c ol o gi c al r esili e n c e visi o n) c a n t h e n b e d e fi n e d as t h e
s et of f or c es f or  w hi c h t h e S C is a bl e t o a cti v at e c o u nt er-
f or c e(s)  w hi c h  will all o w its p erf or m a n c e tr aj e ct or y t o
r e m ai n  wit hi n a d o a bl e t ar g et h y p er-t u b e.  T h e v ol u m e of
t h e r e d h y p er- c o n e pr es e nt e d i n Fi g ur e 1 1 c o ul d t h us b e
a n ot h er  m e as ur e of S C r esili e n c e: it c orr es p o n ds t o t h e
s p a c e i n  w hi c h e a c h f or c e v e ct or, r e pr es e nti n g o n e ( or
s e v er al) disr u pti o n(s) a p pli e d t o t h e S C c o ul d b e c o u n-
t er e d b y  m a n a g e d f or c es (i. e. c o u nt er  m e as ur es a n d d e ci-
si o ns)  m ai nt ai ni n g t h e p erf or m a n c e tr aj e ct or y  wit hi n
a d o a bl e t ar g et h y p er-t u b e. T h e S C c a n n ot a bs or b a n
i m p a ct  w hi c h f or c e is o utsi d e of t his v ol u m e.  T his n e w
visi o n of r esili e n c e  m e as ur e m e nt i m pli es: ( 1) b ei n g a bl e
t o i d e ntif y all t h e  m a n a g e d f or c es at e a c h  m o m e nt, ( 2)
b ei n g a bl e t o m e as ur e t h eir i nt e nsit y a n d ( 3) b ei n g a bl e
t o  m e as ur e t h e gl o b al v ol u m e r es ult a nt of t h es e f or c es.
T h es e p oi nts r ais e t h e q u esti o n of t h e i n d e p e n d e n c e of
t h e f or c es ( w hi c h is at t h e h e art of t h at a p pr o a c h) a n d
t h er ef or e o n t h e b asis of  w hi c h crit eri a is it p ossi bl e t o
s u m t h e f or c es?

T h e q u esti o n of o bt ai ni n g or esti m ati n g t h e f or c es is
pri m or di al f or t his a p pr o a c h. I n t his arti cl e, t h e f or c es
ar e esti m at e d b y si m ul ati o n. Si m ul ati o n h as b e e n us e d
t o c o nsi d er all t h e st o c h asti c f a ct ors t h at c a n b e ass o-
ci at e d  wit h a dist ur b a n c e: its d at e of a p p e ar a n c e, its
d ur ati o n a n d its i m p a cts o n t h e s yst e m attri b ut es. F or
i nst a n c e, i d e ntif yi n g t h e  mi cr o-i m p a cts of n at ur al dis-
r u pti o ns s u c h as h urri c a n es is n ot a n e as y t as k.  C urr e ntl y,
t h er e is n o s ci e nti fi c  m et h o d t o a c c ur at el y q u a ntif y a n d
pr e di ct t h e l o n g-t er m e v ol uti o n a n d s p ati al distri b uti o n
of h urri c a n es, n or t h eir i m p a cts o n s o ci et y’s i nfr astr u c-
t ur e ( Li n k o v et al. 2 0 1 4 ), s u c h as a n S C f or e x a m pl e.
Si m ul ati o n all o ws t o  m o d el t h e i nt er n al d y n a mi cs of a

Fi g ur e  1 1.  R e sili e n c e h y p er- c o n e.

s yst e m ( as a bl ac k b o x ) at a gr a n ul arit y l e v el  w hi c h p er-
mits t o o bs er v e t h e i m p a ct of a disr u pti o n  w hil e c o n-
si d eri n g all  mi cr o- c o ns e q u e n c es. F or e x a m pl e, it c a n b e
us e d t o  m o d el t h e  mi cr o- c o ns e q u e n c es of t h e h urri c a n e
b y pi c ki n g r a n d o ml y a m o n g t h e  w ar e h o us es a n d r o a ds of
t h e i m p a ct e d r e gi o n a c c or di n g t o a q u asi- c o nst a nt p er-
c e nt a g e a n d  m a ki n g t h e m i n o p er ati v e.  T his is  w h y, si m u-
l ati o n h as als o b e e n us e d t o li n k t h e d escri pti o n s p ac e a n d
t h e p erf or m a nc e s p ac e : Tr a nsf or mi n g mi cr o-i m p a cts t o
m a cr o-i m p a cts.  T h e us e of si m ul ati o n as a li n k b et w e e n
t h es e t w o s p a c es o p e ns t h e d o or t o a  wi d er g e n er alis ati o n:
st u d yi n g t h e s p a c e of p ossi biliti es a n d t h e ‘ d e nsit y’ of t h e
d es cri pti o n a n d p erf or m a n c e s p a c es i n or d er t o f or m alis e
t h e f or c es. I n t his c o nt e xt, d e nsit y r ef ers t o t h e d e gr e e of
e as e or di ffi c ult y i n r e a c hi n g a p oi nt i n t h e p erf or m a n c e
s p a c e. I n a  w a y, t h e st u d y of t h e d e nsit y of t h e p erf or-
m a n c e s p a c e c o ul d s h o w t h at s o m e ar e as of t h e s p a c e ar e
m or e or l ess a c c essi bl e ( d e p e n di n g o n ti m e of c o urs e) vi a
t h e i n fli ct e d a n d m a n a g e d f or c es. C o n v ers el y, s o m e p arts
of t his s p a c e c o ul d b e i n a c c essi bl e b y a n y c o m bi n ati o n
of t h e i d e nti fi e d f or c es a v ail a bl e (i. e. b y a n y c o m bi n a-
ti o n of t h e attri b ut es of t h e s yst e m, a n y v ari ati o n of t h e
p ar a m et ers of t h e ass o ci at e d di git al  m o d el).  T his visi o n
c a n b e u n d erst o o d b y a n al o g y  wit h t h e el e ctr o ni c d e nsit y
of t h e air  w hi c h d et er mi n es t h e c o urs e of a li g ht ni n g b olt
w hi c h tr a v els t h e m ost a d v a nt a g e o us p at h t o stri k e t h e
gr o u n d.  T h e st u d y of t h e d e nsit y of t h e s p a c e, c o m bi n e d
wit h t h e ‘ c o n e’ visi o n of r esili e n c e i ntr o d u c e d i n t h e pr e-
vi o usl y, c o ul d als o all o w us t o d et er mi n e t h e ar e as  w h er e
t h e s yst e m is m or e or l ess r esili e nt a n d ulti m at el y t h e
b est c o m bi n ati o ns of f or c es t o  m a k e t h e s yst e m r esili e nt.
T o d o t his, it is n e c ess ar y t o  m a k e t h e si m ul ati o n  m o d el
s u ffi ci e ntl y e x h a usti v e a n d c o v eri n g t o e xtr a ct, f oll o wi n g
s e nsiti vit y a n al ys es, a g e n eri c f or m ul ati o n of t h e i m p a ct
of a n e v e nt o n a t y p e of s yst e m i n t h e f or m of a f or c e dis-
t ur bi n g t h e p erf or m a n c e tr aj e ct or y.  Of c o urs e, it  w o ul d
b e p ossi bl e t o us e ot h er  m or e f or m al t o ols ( m at h e m ati-
c al  m o d elli n g,  m a c hi n e l e ar ni n g, et c.) t o cr e at e t h e li n k
b et w e e n t h es e t w o s p a c es a n d  m o d el t h e d y n a mi cs of
a s yst e m.  T h e us e of n e ur al n et w or ks c o ul d b e a n ot h er
s ol uti o n.  H o w e v er, t his s ol uti o n r e q uir es a l ar g e a m o u nt
of tr ai ni n g d at a,  w hi c h  m e a ns t h at t h e s e nsiti vit y a n al y-
sis c a m p ai g ns  m e nti o n e d a b o v e  m ust first b e c arri e d o ut.
T h e bi g a d v a nt a g e o v er si m ul ati o n is t h at o n c e tr ai n e d
c orr e ctl y, t h e n e ur al n et w or k c o ul d ( 1) a v oi d h a vi n g t o
f or m alis e t h e f or c e a n d ( 2) i n cr e as e t h e r a n g e of p ossi bl e
s c e n ari os c o v er e d.

P h ysi cs i n a d diti o n t o c o ntri b uti n g t o t h e q u esti o n of
f or c es, tr aj e ct or y a n d  m o v e m e nt, c o ul d als o c o ntri b ut e t o
pr o vi di n g ot h er  m e as ur es of t h e r esist a n c e a n d a bs or p-
ti o n c a p a cit y of a s yst e m, i n p arti c ul ar b y t h e  m e c h a ni cs
of t h e s oli d b y st u d yi n g t h e d ef or m ati o ns of t h e s oli d f ol-
l o wi n g a dist ur b a n c e, b ut als o t h e a bilit y of a s yst e m t o



c h a n g e  its o w n  attri b ut es  (i. e. its s h a p e fr o m t h e p oi nt  
of  vi e w  of  p h ysi cs)  t o o pti mis e  ( m a xi mis e o r mi ni mis e)  
its sus c e pti bilit y  to  a  p ot e nti alit y.  W or k  o n  e n er g y  c a n  
als o  b e  c a rri e d o ut  t o d et er mi n e  t h e c ost  of  m ai nt ai ni n g  
a  s yst e m i n its r esili e n c e c o n e.

N ot e

1. It is i m p ort a nt t o n oti c e t h at t his v al u e is f or a d ur ati o n of
1 0  m o nt hs (t h e stri k e o c c urri n g 2  m o nt hs aft er t h e b e gi n-
ni n g of t h e y e ar a n d t h e e x p eri m e nt l asti n g 3 6 5 d a ys). T h e
ti m e d ur ati o n  m ust b e d e fi n e d a n d dis c uss e d; els e it is
m e a ni n gl ess.

Di s cl o s ur e  st at e m e nt

N o  p ot e nti al  c o nfli ct  o f i nt er est w as  r e p ort e d b y  t h e a ut h or(s).

N ot e s  o n  c o ntri b ut or s

T hi b a ut  C er a b o n a  is P h D  st u d e nt i n t h e 
I n d ustri al E n gi n e eri n g  C e nt er  of  I MT  
Mi n es  Al bi.  His  a c a d e mi c  b a c k gr o u n d  
i nc lu d e s  a m a ste r’s d e g re e in in d u s-
tri al e n gi n e eri n g.  His  r es e ar c h i nt er ests 
i n cl u d e su p pl y  c h ai n  m a n a g e m e nt,  p erf or-
m a n c e m e a su re m e n t, risk m a n a g e m e n t,  
r esili e n c e m e as ur e m e nt,  d e cisi o n  s u p p ort

a n d virt u al r e alit y.  His e m ail a d dr ess is t hi b a ut. c er a b o n a @
mi n es- al bi.fr.

Fr e d eri c k  B e n a b e n  is F ull  Pr of ess or  i n 
t h e I n d ustri al E n gi n e eri n g  D e p art m e nt  of  
I M T Mi n es  Al bi  ( F R A N C E) a n d  A dj u n ct-
Pr of ess or  a t G e or gi a  T e c h  I S y E a n d  B eiji n g  
Ji a oT o n g  U ni v ersit y  S E M.  H e  e ar n e d  his  
P h. D . i n C o m p ut er  S ci e n c es  fr o m U ni v er-
sit y of  M o nt p elli er.  H e  is th e  h e a d  of  t h e 
r es e ar c h a xis  ‘S e c urit y  a n d  Cr isis M a n a g e-

m e nt’.  H e  is Di r e ct or o f t h e I O M E G A- V R L a b  (i m m ersi v e 
t e c h n ol o gi es for  s e c urit y) a n d  C o -Dir e ct or  of  t h e int er n ati o n al  
la b or at or y  SI R e N  ( S e nti e nt I m m ersi v e R es p o ns e  N et w or k),  
b et w e e n  I M T Mi n es  Al bi  a n d  G e or gi a  T e c h  I S y E. H e  w or ks  o n  
t h e us e  of  d a t a t o m o d el  i nst a bl e sit u ati o n a n d  e x pl oit  Arti fi-
ci al  I nt elli g e n c e to  s u p p ort d e cisi o n- m a ki n g  a n d  s e c urit y m a n-
a g e m e nt.  H e  h as  e xt e nsi v e  r es e ar c h c o ll a b or ati o n e x p eri e n c e  
wit h  i n d ustr y o v er  t h e l ast 1 5  y e ars,  i ncl u di n g  p u bli cl y  f u n d e d 
r es e ar c h pr oj e cts  a n d  i n d ustri al pri v at e  c o m m o n  r es e ar c h l a bs. 
His  e m ail  a d dr ess  is fr e d eri c k. b e n a b e n @ mi n es- al bi.fr.

B e n oit  M o ntr e uil  is Pr of ess or  i n t h e H.
Milt o n  St e w art  S c h o ol  of  I n d ustri al a n d
S yst e ms  E n gi n e eri n g  at  G e or gi a  T e c h  a n d
t h e C o c a- C ol a  C h air  i n M at eri al  H a n dli n g
& D istrib u ti on .  A t G e o rg ia T e c h , h e is
Dir e ct or  of  S u p pl y  C h ai n  &  L o gisti cs  I nsti-
t ut e, Dir e ct or  of  t h e P h ysi c al  I nt er n et C e n-
t er, a n d  C o- Dir e ct or  of  t h e int er n ati o n al

SI R e N  ( S e nti e nt I m m ersi v e R es p o ns e  N et w or k)  L a b or at or y.  
His  m ai n  r es e ar c h i nt er ests f o c us o n  d e v el o pi n g  m et h o d ol o-
gi es  a n d  t e c h n ol o gi es t o m o d el,  o pti mis e,  tr ansf or m  a n d  e n a bl e  
b usi n ess es,  s u p pl y c h ai ns  a n d  v al u e  cr e ati o n  n et w or ks  t o e n a bl e  
t h e m t o t hri v e i n a  r a pi dl y c h a n gi n g  h y p er c o n n e ct e d  w orl d.

H e h as e xt e nsi v e r es e ar c h c oll a b or ati o n e x p eri e n c e  wit h t h e
i n d ustr y, r e c e ntl y wit h A m eri c ol d, Niss a n, S F E x pr ess, T h e
H o m e  D e p ot a n d  U P S.  H e e ar n e d his P h. D. i n I n d ustri al
E n gi n e eri n g fr o m  G e or gi a  Te c h i n 1 9 8 2.  His e m ail a d dr ess is
b e n oit. m o ntr e uil @is y e. g at e c h. e d u.

M att hie u  L a ur as  is full  Pr of ess or  a n d  
D e p ut y- H e a d  of  th e  I n d ustri al E n gi n e er-
i n g C e nt er  at  I M T Mi n es  Al bi.  H e  is 
t h e Pi err e  F a br e  ‘ A gil e S u p pl y  C h ai n’  
C h air  a n d  t h e S ci e nti fi c  Dir e ct or  of  v ari-
o us  p u bli c - pri v at e  j oi nt r es e ar c h la bs  a n d  
r es e ar c h pr oj e cts.  H e  is A dj u n ct- Pr of ess or  
at  G e or gi a  T e c h  I S y E a n d  B eiji n g  Ji a oT o n g

U ni v ersit y S E M.  His r es e ar c h  w or ks d e v el o p c o ntri b uti o ns t o
s u p p ort c oll a b or ati v e n et w or ks’ st a k e h ol d ers t o b ett er  m a k e
t h eir d e cisi o ns i n u n c ert ai n a n d/ or disr u pti v e e n vir o n m e nt.
His r es e ar c h a cti viti es c o n c er n b ot h i n d ustri al  m a n a g e m e nt
s yst e ms a n d crisis  m a n a g e m e nt s yst e ms s u c h as h u m a nit ari a n
s u p pl y c h ai ns.  His e m ail a d dr ess is:  m att hi e u.l a ur as @ mi n es-
al bi.fr

L o uis  F a u g er e  is A p pli e d  S ci e ntist  i n 
t h e M o d eli n g  a n d  O pti mi z ati o n  R es e ar c h  
Gr o u p  at  A m a z o n  a n d  A ffi li at e R es e ar c h er  
i n t h e P h ysi c al  I nt er n et C e nt er  at  G e or-
gi a  T e c h.  H e  e ar n e d  his  P h. D.  i n In d us-
tri al E n gi n e eri n g  fr o m G e or gi a  T e c h’s  
H.  Milt o n  St e w art  S c h o ol  of  I n d ustri al 
a n d  S yst e ms  E n gi n e eri n g  a n d  a  Di pl ô m e

d’I n g é ni e ur i n  M e c h a ni c al a n d I n d ustri al E n gi n e eri n g fr o m
Arts et  M éti ers P aris Te c h.  His  m ai n r es e ar c h i nt er ests li e at
t h e i nt ers e cti o n of t h e P h ysi c al I nt er n et, S u p pl y  C h ai n  M a n-
a g e m e nt, a n d  Tr a ns p ort ati o n a n d L o gisti cs S yst e ms.  His r e c e nt
c o ntri b uti o ns f o c us o n d esi g ni n g,  m a n a gi n g, a n d o p er ati n g
s ust ai n a bl e a n d r esili e nt l o gisti cs s yst e ms.  His e m ail a d dr ess is
l o uis.f a u g er e @ g at e c h. e d u.

Mi g uel  C a m p os  is a  F ul bri g ht  S c h ol ar  
Gr a nt e e  fr o m B o g ot a,  C ol o m bi a.  H e  is 
c urr e ntl y  a  f o urt h- y e ar P h. D.  st u d e nt i n 
I n d ustri al E n gi n e eri n g  at  t h e H.  M ilt o n 
St e w art  S c h o ol  of  I n d ustri al a n d  S yst e ms  
E n gi n e eri n g,  G e or gi a  I nstit ut e of  T e c h n ol-
o g y.  H is a c a d e mi c  b a c k gr o u n d  i n cl u d es 
b a c h e l or’s a n d m a ste r’s d e g re e s i n in d u s-

tri al e n gi n e eri n g.  Wit h o v er 7 y e ars of e x p eri e n c e  wit h
i n d ustr y-r el at e d pr oj e cts,  Mi g u el is c urr e ntl y  w or ki n g as a
Gr a d u at e  R es e ar c h  Assist a nt f or t h e P h ysi c al I nt er n et  C e nt er
u n d er t h e dir e cti o n of  Dr. B e n oit  M o ntr e uil.  His  m ai n r es e ar c h
f o c us es o n i m pr o vi n g t h e p erf or m a n c e of s u p pl y c h ai ns a n d
l o gisti cs s yst e ms t hr o u g h t h e us e of l ar g e-s c al e si m ul ati o n.
M or e br o a dl y, his r es e ar c h i nt er ests i n cl u d e s u p pl y c h ai n e n gi-
n e eri n g, tr a ns p ort ati o n, p ar c el d eli v er y, d ur a bl e g o o ds d eli v er y,
m a n uf a ct uri n g, a p pli e d st atisti cs a n d l ar g e-s c al e si m ul ati o n.
His e m ail a d dr ess is  m c a m p os @ g at e c h. e d u.

J ulie n Je a n y is a n  e n gi n e er  s p e ci alis e d i n 
C o g niti v e  S ci e n c es  a n d  Arti fi ci al  I nt el-
li g e n c e. H e  is c urr e ntl y  t h e m a n a g er  
of  t h e S C A LI A N  R & D  L a b,  a n d  c o-
dir e ct or  of  th e  S C A N  c o m m o n  L a b or a-
to r y, a n i nitia tiv e fo u n d e d  b y S C A L IA N  
a n d I MT  M i ne s A lb i. H is e m a il  a d d re ss is  
juli e n.j e a n y @s c ali a n. c o m.



D at a  a v ail a bilit y  st at e m e nt

T h e  d at a  t h at s u p p ort t h e a p pli c ati o n  of  t h e P o D  a p pr o a c h  t o 
r esili e n c e ass ess m e nt  ar e  o nl y  a v ail a bl e  fr o m t h e c orr es p o n di n g  
a ut h or  u p o n  r e as o n a bl e r e q u est.

R ef er e n c e s

A d e ns o- Dí a z,  B el ar mi n o,  J uli o M ar- Orti z,  a n d  S e b asti á n
L o z a n o. 2 0 1 8 . “ Ass essi n g S u p pl y  C h ai n  R o b ust n ess t o Li n ks
F ail ur e. ” I nter n ati o n al J o ur n al of Pr o d ucti o n  R es e arc h 5 6
( 1 5): 5 1 0 4 – 5 1 1 7. d oi:1 0. 1 0 8 0/ 0 0 2 0 7 5 4 3. 2 0 1 7. 1 4 1 9 5 8 2 .

A d o b or,  H e nr y, a n d  R o n al d S.  M c M ull e n. 2 0 1 8 . “ S u p pl y C h ai n
R esili e n c e:  A  D y n a mi c a n d  M ulti di m e nsi o n al  A p pr o a c h. ”
T h e I nter n ati o n al J o ur n al of L o gistics  M a n a g e m e nt 2 9 ( 4):
1 4 5 1 – 1 4 7 1. d oi: 1 0. 1 1 0 8/IJ L M- 0 4- 2 0 1 7- 0 0 9 3 .

A m b ul k ar, S a ur a b h, J e n nif er Bl a c k h urst, a n d S c ott  Gr a w e.
2 0 1 5 . “‘ Fir m’s  R esili e n c e t o S u p pl y  C h ai n  Disr u pti o ns: S c al e
D e v el o p m e nt a n d E m piri c al E x a mi n ati o n.’ ” J o ur n al of  O p er-
ati o ns  M a n a g e m e nt 3 3 – 3 4 ( 1): 1 1 1 – 1 2 2. d oi: 1 0. 1 0 1 6/j.j o m.
2 0 1 4. 1 1. 0 0 2 .

B e h z a di,  G ol n ar,  Mi c h a el J usti n  O’ S ulli v a n, a n d  Ta v a L e n n o n
Ols e n. 2 0 2 0 . “ O n  M etri cs f or S u p pl y  C h ai n  R esili e n c e. ”
E ur o p e a n J o ur n al of  O p er ati o n al  R es e arc h 2 8 7 ( 1): 1 4 5 – 1 5 8.
d oi: 1 0. 1 0 1 6/j. ej or. 2 0 2 0. 0 4. 0 4 0 .

B e n a b e n, Fr e d eri c k, L o uis F a u g er e,  B e n oit  M o ntr e uil,  M att hi e u
L a ur as,  N af e  M or a d k h a ni,  T hi b a ut  C er a b o n a, J u a n qi o n g
G o u, a n d  We n xi n  M u. 2 0 2 1 . “I nst a bilit y Is t h e N or m! A
P h ysi cs- B as e d  T h e or y t o  N a vi g at e a m o n g  Ris ks a n d  O p p or-
t u niti es. ” E nter pris e I nf or m ati o n S yste ms , 1 – 2 8. d oi:1 0. 1 0 8 0/
1 7 5 1 7 5 7 5. 2 0 2 1. 1 8 7 8 3 9 1 .

B e n a b e n, Fr e d eri c k, Ji a y a o Li, I br a hi m  K o ur a,  B e n oit  M o n-
tr e uil,  M att hi e u L a ur as,  We n xi n  M u, a n d J u a n qi o n g  G o u.
2 0 1 9 . “ A  Te nt ati v e Fr a m e w or k f or  Ris k a n d  O p p ort u nit y
D et e cti o n i n  A  C oll a b or ati v e E n vir o n m e nt B as e d o n  D at a
I nt er pr et ati o n. ” d oi:1 0. 2 4 2 5 1/ HI C S S. 2 0 1 9. 3 6 9 .

Br a n d o n-J o n es, E m m a, Bri a n S q uir e, C h a d W. A utr y, a n d
K e n n et h J. P et ers e n. 2 0 1 4 . “ A  C o nti n g e nt  R es o ur c e- B as e d
P ers p e cti v e of S u p pl y  C h ai n  R esili e n c e a n d  R o b ust n ess. ”
J o ur n al of S u p pl y  C h ai n  M a n a g e m e nt 5 0 ( 3): 5 5 – 7 3.
d oi: 1 0. 1 1 1 1/js c m. 1 2 0 5 0 .

Br u n e a u,  Mi c h el, St e p h a ni e E.  C h a n g,  R o n al d  T. E g u c hi,
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