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Abst r ac t

         Systems biology has experienced dramatic growth in the number, size,

       a nd complexit y of compu ta tion al models. To r e pr odu ce s imu la t ion

       r e s u lt s a n d r e u s e mode ls , r e s e a r ch e r s mu s t e xch a n g e u n a mbig u ou s

          mode l de s cr ipt ion s . W e r e vie w t h e la t e s t e dit ion of t h e S ys t e ms B iol-

          og y M a r k u p La n g u a g e (S B M L), a f or ma t de s ig n e d f or t h is pu r pos e . A

        commu n it y of mode le r s a n d s of t wa r e a u t h or s de ve lope d S B M L Le ve l

             3 ove r t h e pa s t de ca de . It s modu la r f or m con s is t s of a cor e s u it e d t o

       r e pr e s e n t in g r e a ct ion - ba s e d mode ls a n d pa ck a g e s t h a t e xt e n d t h e

         cor e wit h f e a t u r e s s u it e d t o ot h e r mode l t ype s in clu din g con s t r a in t -

      ba s e d mode ls , r e a ct ion - dif f u s ion mode ls , log ica l n e t wor k mode ls ,

         a n d r u le - ba s e d mode ls . Th e f or ma t le ve r a g e s t wo de ca de s of S B M L

         a n d a r ich s of t wa r e e cos ys t e m t h a t t r a n s f or me d h ow s ys t e ms biolo-

           g is t s bu ild a n d in t e r a ct wit h mode ls . M or e r e ce n t ly, t h e r is e of mu lt i-

           s ca le mode ls of wh ole ce lls a n d or g a n s , a n d n e w da t a s ou r ce s s u ch

        a s s in g le - ce ll me a s u r e me n t s a n d live ima g in g , h a s pr e cipit a t e d n e w

         wa ys of in t e g r a t in g da t a wit h mode ls . W e pr ovide ou r pe r s pe ct ive s

         on t h e ch a lle n g e s pr e s e n t e d by t h e s e de ve lopme n t s a n d h ow S B M L

         Le ve l pr ovide s t h e f ou n da t ion n e e de d t o s u ppor t t h is e volu t ion .3

      Ke yw ord s co mp u tati o n al mo d el i n g; f i l e f o rmat; i n tero p erab i l i ty ; rep ro d u ci b i l -

  i ty; s ys tems b i o l o gy

      Sub je ct C ate gorie s Co mp u tati o n al B i o l o gy; Metab o l i s m; Meth o d s an d

Res o u rces
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I n t r o d u c t io n

        Sys te m s m od e l i n g a n d n u m e r i c a l s i m u l a ti on s i n b i ol og y c a n b e

        tr a c e d to th e m i d -20th c e n tu r y. Th ou g h g e n e r a l th e or i z i n g a b ou t

         s ys te m s b e g a n e a r l i e r , th e a p p l i c a ti on of s ys te m s a n a l ys i s to b i ol og y
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           g a i n e d a tte n ti on i n th e 1950s th a n ks to th e wor k of b i ol og i s ts s u c h

        a s von Be r ta l a n ffy a n d Ka c s e r ( Von Be r ta l a n ffy, 1950; Ka c s e r ,

          1957) . Th e e r a of n u m e r i c a l s i m u l a ti on i n b i ol og y tr u l y b e g a n wi th

          th e l a n d m a r k wor ks of C h a n c e on e n z ym e ki n e ti c s ( C h a n c e ,e t al

         1940) , Hod g ki n a n d Hu xl e y on th e m ol e c u l a r b a s i s of n e u r on a l

         tr a n s m i s s i on ( Hod g ki n & Hu xl e y, 1952) , a n d Tu r i n g on th e c h e m i c a l

         b a s i s of m or p h og e n e s i s ( Tu r i n g , 1952) . Si n c e th e n , th e n u m b e r a n d

            va r i e ty of m od e l s h a ve g r own i n a l l of th e l i fe s c i e n c e s . As p r e c i s e

        d e s c r i p ti on s of p h e n om e n a th a t c a n b e s i m u l a te d , a n a l yz e d , a n d

       c om p a r e d wi th e xp e r i m e n ta l d a ta , m od e l s p r ovi d e u n i q u e i n s i g h ts

        th a t c a n c on fi r m or r e fu te h yp oth e s e s , s u g g e s t n e w e xp e r i m e n ts ,

     a n d i d e n ti fy r e fi n e m e n ts to th e m od e l s .

        Th e a va i l a b i l i ty of m or e d a ta , m or e p owe r fu l m od e l i n g m e th od s ,

         a n d d r a m a ti c a l l y i n c r e a s e d c om p u ti n g p owe r l e d to th e r i s e of

          s ys te m s b i ol og y a s a c om p e l l i n g r e s e a r c h th e m e a r ou n d th e tu r n of

         th e m i l l e n n i u m ( Ki ta n o, 2000; Id e ke r e t al , 2001) . Th ou g h c om p u ta -

          ti on a l m od e l s we r e a t fi r s t p u b l i s h e d a s p r i n te d e q u a ti on s i n j ou r n a l

         a r ti c l e s , th e d e s i r e to r e u s e a n e ve r -i n c r e a s i n g n u m b e r of m od e l s

        c a l l e d for d i g i ta l for m a ts th a t we r e i n te r op e r a b l e b e twe e n s oftwa r e

         s ys te m s a n d c ou l d b e e a s i l y e xc h a n g e d b e twe e n s c i e n ti s ts ( top i c s of

          i n te r e s t a s e a r l y a s th e 1960s ; c .f. Ga r fi n ke l , 1969) . Th i s d r ove

        e ffor ts to c r e a te tool - wa ys of r e p r e s e n ti n g m od e l s th a tind e pe nd e nt

          c ou l d a voi d th e p ote n ti a l for h u m a n tr a n s l a ti on e r r or s , b e s tor e d i n

         d a ta b a s e s , a n d p r ovi d e a c om m on s ta r ti n g p oi n t for s i m u l a ti on s a n d

         a n a l ys e s r e g a r d l e s s of th e s oftwa r e u s e d ( God d a r d , 2001;e t al

            Hu c ka , 2001; L l oyd , 2004) . O n e s u c h e ffor t wa s SBM L ,e t al e t al

         th e Sys te m s Bi ol og y M a r ku p L a n g u a g e . Its i n i ti a l d e s i g n wa s m oti -

         va te d b y d i s c u s s i on s to c r e a te a “ m e ta b ol i c m od e l fi l e for m a t”

          fol l owi n g a 1999 wor ks h op ( r e c ou n te d b y Ke l l & M e n d e s , 2008) . A

      d i s tr i b u te d c om m u n i ty th e r e a fte r d i s c u s s e d i d e a s th a t i n for m e d

            wor k a t C a l te c h i n l a te 1999/ e a r l y 2000 a n d l e d ( a fte r a s e r i e s of

          p u b l i c d r a fts ) to th e s p e c i fi c a ti on of th e offi c i a l ve r s i on of SBM L

            L e ve l 1 ve r s i on 1 b e i n g r e l e a s e d i n M a r c h 2001 ( Hu c ka , 2003) .e t al

       W h i l e SBM L wa s i n i ti a l l y d e ve l op e d to e xc h a n g e c om p a r tm e n ta l

       m od e l s of b i oc h e m i c a l r e a c ti on n e twor ks p r i m a r i l y for m u l a te d i n

           te r m s of c h e m i c a l ki n e ti c s ( Hu c ka e t al , 2001) , i t wa s a l wa ys u n d e r -

          s tood th a t th e r e e xi s te d m or e typ e s of m od e l s th a n th e i n i ti a l

       ve r s i on of SBM L c ou l d r e p r e s e n t e xp l i c i tl y. Howe ve r , s e e ki n g

         c om m u n i ty c on s e n s u s on a l i m i te d s e t of s i m p l e r fe a tu r e s , wh i c h

           c ou l d b e r e a d i l y i m p l e m e n te d i n s oftwa r e a t th e ti m e , wa s d e e m e d a

         m or e p r a g m a ti c s tr a te g y. A d e l i b e r a te d e c i s i on wa s ta ke n to d e l a y

           th e a d d i ti on of m or e a d va n c e d c a p a b i l i ti e s to a l a te r ti m e . As a

         r e s u l t, SBM L h a s e vol ve d i n s ta g e s i n a c om m u n i ty-d r i ve n fa s h i on

         th a t h a s b e n e fi te d fr om th e e ffor ts of m a n y r e s e a r c h e r s wor l d wi d e

           ove r two d e c a d e s . As ti m e p a s s e d , th e n e e d to s u p p or t a b r oa d e r

        r a n g e of m od e l typ e s , m od e l i n g fr a m e wor ks , a n d r e s e a r c h a r e a s

        b e c a m e a p p a r e n t. SBM L ’s s u c c e s s i n s e r vi n g a s a n i n te r c h a n g e

           for m a t for b a s i c typ e s of m od e l s l e d c om m u n i ti e s of m od e l e r s to a s k

           wh e th e r i t c ou l d b e a d a p te d or e xp a n d e d to s u p p or t m or e typ e s . In

      a d d i ti on to r e a c ti on -d i ffu s i on m od e l s , a l te r n a ti ve m od e l i n g fr a m e -

           wor ks h a ve r i s e n i n p op u l a r i ty i n th e p a s t d e c a d e ( M a c h a d o ,e t al

      2011) , a n d r e s e a r c h e r s h a ve fa c e d i n te r op e r a b i l i ty p r ob l e m s
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          b e twe e n s oftwa r e tool s d e ve l op e d for th e i r u s e . Th e s e n e e d s d r ove a

         p r ofou n d c h a n g e i n SBM L ’s s tr u c tu r e : A fa c i l i ty to p e r m i t l a ye r i n g

            th e c or e of SBM L wi th n e w fe a tu r e s s u i te d to m or e typ e s of m od e l s ,

           tog e th e r wi th a wa y for i n d i vi d u a l m od e l s to i d e n ti fy wh i c h s e ts of

         e xte n s i on s th e y n e e d for p r op e r i n te r p r e ta ti on . Th e r e l e a s e of SBM L

           L e ve l 3 ( Hu c ka , 2010) h a s p r ovi d e d a n e w fou n d a ti on toe t al

          e n a b l e th e e xc h a n g e of a g r e a te r va r i e ty of m od e l s i n va r i ou s

    d om a i n s of b i ol og y ( Fi g 1) .

          In th e r e s t of th i s a r ti c l e , we b e g i n b y s u m m a r i z i n g SBM L ’s

        g e n e r a l s tr u c tu r e a n d th e n d e s c r i b e th e m od u l a r i ty i n tr od u c e d i n

          L e ve l 3 a n d th e wi d e r a n g e of m od e l i n g for m a l i s m s s u p p or te d b y

         L e ve l 3 p a c ka g e s . W e fol l ow th a t b y d e s c r i b i n g th e c om m u n i ty

         a s p e c ts of SBM L d e ve l op m e n t. W e c on ti n u e wi th a d i s c u s s i on of

        SBM L ’s i m p a c t on b oth c om p u ta ti on a l m od e l i n g a n d th e m od e l i n g

         c om m u n i ty, a n d fi n a l l y, we c l os e wi th a d i s c u s s i on of for th c om i n g

c h a l l e n g e s .

   Th e st r u c t u r e o f S BM L

           Th e c or e of SBM L i s foc u s e d on e n c od i n g m od e l s i n wh i c h e n ti ti e s

          a r e l oc a te d i n c on ta i n e r s a n d a r e a c te d u p on b y p r oc e s s e s th a t

          m od i fy, c r e a te , or d e s tr oy e n ti ti e s . Th e c on ta i n e r s d o n ot n e e d to

        c or r e s p on d to p h ys i c a l s tr u c tu r e s ; th e y c a n b e c on c e p tu a l or

      a b s tr a c t. Ad d i ti on a l c on s tr u c ts a l l ow p a r a m e te r s , i n i ti a l c on d i ti on s ,

        oth e r va r i a b l e s , a n d oth e r m a th e m a ti c a l r e l a ti on s h i p s to b e d e fi n e d

           ( Fi g 2A) . In th e m os t c om m on typ e of m od e l , th e “ e n ti ti e s ” a r e

      b i oc h e m i c a l s u b s ta n c e s , th e “ c on ta i n e r s ” a r e we l l -m i xe d a n d

       s p a ti a l l y h om og e n e ou s , a n d th e “ p r oc e s s e s ” a r e b i oc h e m i c a l r e a c -

        ti on s h a p p e n i n g wi th i n or b e twe e n th e c on ta i n e r s . Th i s or i g i n a l l y

         l e d to th e SBM L c on s tr u c ts b e i n g n a m e d , , a n ds pe c ie s c o m par tm e nts

         r e ac tio ns , r e s p e c ti ve l y ( Fi g 2B) , b u t th e s e n a m e s a r e h i s tor i c a l a r ti -

         fa c ts a n d b e l i e th e g e n e r a l i ty of th e u n d e r l yi n g s c h e m e . Softwa r e

           a p p l i c a ti on s c a n m a p th e n a m e s to oth e r c on c e p ts to b e tte r s u i t th e i r

        p u r p os e s . For i n s ta n c e , “ s p e c i e s ” c ou l d b e m a p p e d to p op u l a ti on s

     of m ol e c u l e s , c e l l s , or e ve n or g a n i s m s .

       M od e l e r s a n d s oftwa r e d e ve l op e r s a r e e n c ou r a g e d to u s e

         SBM L ’s r e a c ti on c on s tr u c t to d e fi n e a m od e l ’s b e h a vi or i n p r e fe r -

          e n c e to for m u l a ti n g th e m od e l e xp l i c i tl y a s a s ys te m of e q u a ti on s .

           Th i s g i ve s u s e r s fr e e d om to c on ve r t th e m od e l i n to th e fi n a l for m a t

        th e y p r e fe r a s i m p l e r op e r a ti on th a n ( for e xa m p l e ) i n fe r r i n g a—

        r e a c ti on n e twor k fr om a s ys te m of d i ffe r e n ti a l e q u a ti on s . M or e

       i m p or ta n tl y, th e a p p r oa c h a l s o n a tu r a l l y h a n d l e s m od e l s wh e r e

        r e a c ti on ki n e ti c s a r e u n kn own or u n n e e d e d , s u c h a s i n te r a c ti on

         m a p s , a n d s u p p or ts th e e l a b or a ti on of th e r e a c ti on c on s tr u c t u s i n g

         SBM L p a c ka g e s ( d i s c u s s e d b e l ow) . Th a t s a i d , th e u s e of r e a c ti on s

         i s op ti on a l , a n d SBM L p r ovi d e s fe a tu r e s s u ffi c i e n t for e n c od i n g a

        l a r g e d i ve r s i ty of p u r e l y m a th e m a ti c a l m od e l s , too. W h e th e r u s i n g

          r e a c ti on s or n ot, va l u e s of m od e l va r i a b l e s a n d th e i r c h a n g e s ove r

        ti m e m a y b e fi xe d or d e te r m i n e d b y m a th e m a ti c a l e xp r e s s i on s ,

         e i th e r b e for e or d u r i n g s i m u l a ti on , c on ti n u ou s l y or i n r e s p on s e to

         d i s c r e te e ve n ts , wi th or wi th ou t ti m e d e l a ys . Un i ts of m e a s u r e m e n t

            c a n b e s p e c i fi e d for a l l e n ti ti e s a n d va l u e s ; i n a d d i ti on to a d d i n g a

          l a ye r of e s s e n ti a l p h ys i c a l kn owl e d g e ( a fte r a l l , h ow e l s e c ou l d on e

          i n te r p r e t wh e th e r a ti m e c ou r s e i s i n m i l l i s e c on d s or ye a r s ? ) , i n for -

         m a ti on a b ou t u n i ts c a n b e u s e d to ve r i fy th e r e l a ti on s h i p s

          e xp r e s s e d i n a m od e l . Un i ts a l s o fa c i l i ta te r e u s e of m od e l s a n d

      c om p on e n ts , i n te r c on n e c ti on of m od e l s , c on ve r s i on of m od e l s

       b e twe e n d i ffe r e n t fr a m e wor ks , a n d i n te g r a ti on of d a ta wi th

m od e l s .

          SBM L d oe s n ot d i c ta te wh i c h fr a m e wor k m u s t b e u s e d to a n a l yz e

           or s i m u l a te a m od e l ; i n fa c t, i t p u r p os e fu l l y l a c ks a n y e xp l i c i t wa y

          to s p e c i fy wh a t i s d on e wi th a m od e l wh e th e r to r u n s i m u l a ti on s—

             or oth e r typ e s of a n a l ys e s , h ow to r u n th e m , or h ow to p r e s e n t th e

     r e s u l ts b e c a u s e e xte r n a l i z i n g th i s i n for m a ti on e n h a n c e s m od e l—

       r e u s a b i l i ty a n d p e r m i ts i n d e p e n d e n t i n n ova ti on i n s e p a r a te b u t

         c om p l e m e n ta r y for m a ts . Two of th e m os t p op u l a r m e th od s for ti m e -

        c ou r s e s i m u l a ti on a r e c om m on l y u s e d : on e i s n u m e r i c a l i n te g r a ti on

         of d i ffe r e n ti a l e q u a ti on s c r e a te d fr om th e r e a c ti on s a n d oth e r r e l a -

         ti on s h i p s a ffe c ti n g m od e l va r i a b l e s , a n d th e oth e r i s s i m u l a ti n g th e

          ti m e e vol u ti on of th e m od e l a s a s toc h a s ti c s ys te m vi a a l g or i th m s

        s u c h a s th e on e d e ve l op e d b y Gi l l e s p i e ( 1977) . Al te r n a ti ve

          a p p r oa c h e s a r e a l s o i n u s e , p a r ti c u l a r l y wh e n a m od e l i s e n h a n c e d

  wi th SBM L p a c ka g e s .

         An y e l e m e n t of a n SBM L m od e l c a n b e e l a b or a te d u s i n g

       m a c h i n e -r e a d a b l e m e ta d a ta a s we l l a s h u m a n -r e a d a b l e n ote s . For

          m e ta d a ta , two s c h e m e s a r e s u p p or te d . Th e fi r s t i s d i r e c t l a b e l i n g of

        SBM L e l e m e n ts wi th te r m s fr om th e Sys te m s Bi ol og y O n tol og y

         ( SBO ; C ou r tot e t al , 2011) , wh i c h a l l ows th e m a th e m a ti c a l s e m a n -

           ti c s of e ve r y e l e m e n t of a m od e l to b e p r e c i s e l y s p e c i fi e d . Th e

       s e c on d s c h e m e u s e s s e m a n ti c we b te c h n ol og i e s a n d p r ovi d e s

        g r e a te r fl e xi b i l i ty to c a p tu r e a d d i ti on a l m e ta d a ta . For i n s ta n c e , a

            m ol e c u l a r s p e c i e s i n a m od e l c a n b e l i n ke d to a Un i P r ot e n tr y ( Th e

          Un i P r ot C on s or ti u m , 2017) i f i t r e p r e s e n ts a p r ote i n , or to C h E BI

           e n tr y ( Ha s ti n g s , 2013) i f i t r e p r e s e n ts a s i m p l e c h e m i c a l . Ge n ee t al

          O n tol og y te r m s ( GO ; As h b u r n e r , 2000) c a n b e a tta c h e d toe t al

     s p e c i e s , c om p a r tm e n ts , a n d m a th e m a ti c a l e l e m e n ts r e p r e s e n ti n g

        b i ol og i c a l p r oc e s s e s a n d fu n c ti on s . Si m p l e p r ove n a n c e d a ta s u c h a s

         i d e n ti ti e s of c r e a tor s c a n b e a d d e d to fa c i l i ta te a ttr i b u ti on a n d

        ve r s i on i n g . To h e l p s ta n d a r d i z e h ow a n n ota ti on s a r e s tor e d , SBM L

         e n c ou r a g e s th e u s e of g u i d e l i n e s a n d r e s ou r c e s e s ta b l i s h e d for th i s

  p u r p os e ( L e Novè          r e , 2005) . Fi n a l l y, s oftwa r e tool s c a n a l s o u s ee t al

         a n n ota ti on s to e n c od e tool -s p e c i fi c d a ta i n th e i r own for m a ts , th u s

           p r ovi d i n g a wa y to c a p tu r e d a ta th a t m i g h t oth e r wi s e b e l os t. An n o-

         ta ti on s th e r e b y h e l p e n r i c h th e m e a n i n g of m od e l c om p on e n ts , fa c i l -

         i ta te th e u n d e r s ta n d i n g a n d r e u s e of m od e l s , a n d h e l p s oftwa r e

        wor k wi th SBM L m or e fl e xi b l y ( Ne a l , 2019) .e t al

         Th e c or e fe a tu r e s d e s c r i b e d a b ove h a ve b e e n a b a c kb on e of

           SBM L e ve r s i n c e L e ve l 2, e ve n a s SBM L c on ti n u e d to e vol ve . Th e

          d e ve l op m e n t of th e m od u l a r L e ve l 3, d i s c u s s e d i n th e n e xt s e c ti on ,

          p r ovi d e d a n op p or tu n i ty to r e th i n k a n d r e d e s i g n a fe w oth e r r a r e l y

         u s e d fe a tu r e s . For e xa m p l e , th e s p e c i e s a ttr i b u te , d e s i g n e d toc h ar g e

          r e p r e s e n t m ol e c u l a r c h a r g e , wa s r e m ove d i n L e ve l 3 i n fa vor of

         l e tti n g a n SBM L p a c ka g e i n tr od u c e m or e c om p l e te s u p p or t for th e

 r e l e va n t c on c e p ts .

     S BM L L e ve l s mo d u la r it y a n d b r e a d t h3’

        C on s ta n t e vol u ti on i n s c i e n ti fi c m e th od s p r e s e n ts c h a l l e n g e s for th e

        c r e a ti on of s oftwa r e tool s a n d s ta n d a r d s . O n e c h a l l e n g e a r i s e s

         b e c a u s e th e c r e a ti on of n e w s ta n d a r d s r e q u i r e s l a b or , te s ti n g , a n d

         ti m e . Th i s ofte n c a u s e s s ta n d a r d i z a ti on e ffor ts to l a g b e h i n d th e

         l a te s t te c h n i c a l d e ve l op m e n ts i n a c on s ta n tl y m ovi n g fi e l d . A s e c on d

          c h a l l e n g e i s th a t u s e r s wa n t s u p p or t for n e w m e th od s a n d s ta n d a r d s

        i n s oftwa r e tool s , wh i c h p r e s s u r e s d e ve l op e r s to i m p l e m e n t s u p p or t

                       ª 2 02 0 Ca l i f orni a I ns ti tute of Tec hnol og y Publ i s hed under the terms of the CC BY 4 Mo lecula r Sy st ems Bio lo g y 16: e9 110 2 02 0| 3 o f 2 1

       Sa r a h M K e a t ing e t a l Mole c ular S ys t e m s Biology

Printed by [EM
B

O
 Press - 079.251.145.178 - /doi/epdf/10.15252/m

sb.20199110] at [28/08/2020].



/

         q u i c kl y. C om b i n e d wi th th e fi r s t c h a l l e n g e , i t m e a n s th a t s om e ti m e s

         p r ob l e m s wi th a s ta n d a r d ’s d e fi n i ti on a r e n ot d i s c ove r e d u n ti l m or e

          d e ve l op e r s a tte m p t to u s e i t i n d i ffe r e n t s i tu a ti on s , wh i c h i n tu r n

           ofte n m e a n s th a t r e vi s i on s to a s ta n d a r d a r e n e e d e d a fte r i t i s

       p u b l i s h e d . Fi n a l l y, a n oth e r c h a l l e n g e i s th a t s oftwa r e d e ve l op m e n t

        ofte n ta ke s p l a c e u n d e r r e s ou r c e c on s tr a i n ts ( fu n d i n g a n d ti m e ) ,

         l i m i ti n g th e s c op e of wor k th a t s oftwa r e d e ve l op e r s c a n u n d e r ta ke—

        i n c l u d i n g , s om e ti m e s , l i m i ti n g h ow m a n y fe a tu r e s of a s ta n d a r d

     th e y c a n s u p p or t i n th e i r s oftwa r e .

        Th e SBM L c om m u n i ty s ou g h t to a d d r e s s th e s e c h a l l e n g e s b y

        p u tti n g i n p l a c e c e r ta i n s tr u c tu r a l fe a tu r e s i n SBM L ’s d e ve l op -

            m e n t p r oc e s s . Th e fi r s t i s th e n oti on of . A L e ve l i n SBM LL e v e l s

           i s a n a tte m p t to p r ovi d e a g i ve n s e t of fe a tu r e s for d e s c r i b i n g

       m od e l s , wi th h i g h e r L e ve l s p r ovi d i n g m or e p owe r fu l fe a tu r e s .

          For e xa m p l e , th e a b i l i ty to e xp r e s s d i s c r e te e ve n ts wa s a d d e d to

            SBM L L e ve l 2 b u t d oe s n ot e xi s t i n L e ve l 1. SBM L L e ve l s a r e

         m os tl y u p wa r d l y c om p a ti b l e , i n th e s e n s e th a t th e va s t m a j or i ty

             of m od e l s e n c od e d i n L e ve l c a n b e tr a n s l a te d to L e ve l 1.n n +

          Ve r s io ns a r e u s e d to i n tr od u c e r e fi n e m e n ts to a g i ve n L e ve l to

         a c c ou n t for r e a l i z a ti on s th a t c om e fr om r e a l -l i fe u s e of SBM L .

        Fi n a l l y, SBM L L e ve l 3 i n tr od u c e d a n e xte n s i b l e m od u l a r a r c h i te c -

          tu r e c on s i s ti n g of a c e n tr a l s e t of fi xe d fe a tu r e s ( n a m e d S BM L

          L e v e l 3 Co r e pac kag e s) , a n d a s c h e m e for a d d i n g th a t c a n

        a u g m e n t th e b y e xte n d i n g e xi s ti n g e l e m e n ts , a d d i n g n e wCo r e

         e l e m e n ts , a n d a d j u s ti n g th e m e a n i n g or s c op e of e l e m e n ts . A

          m od e l d e c l a r e s wh i c h p a c ka g e s i t u s e s i n or d e r to g u i d e i ts

        i n te r p r e ta ti on b y s oftwa r e a p p l i c a ti on s . If a s oftwa r e tool d e te c ts

           th e p r e s e n c e of p a c ka g e s th a t i t d oe s n ot s u p p or t, i t m a y i n for m

          u s e r s i f i t c a n n ot wor k wi th th e m od e l . Tog e th e r , th e s e th r e e

       fe a tu r e s ( L e ve l s , Ve r s i on s , p a c ka g e s ) h e l p a d d r e s s th e c h a l l e n g e s

         d i s c u s s e d a b ove : th e y e a s e c op i n g wi th e vol u ti on i n m e th od s b y

       c ol l e c ti n g s i g n i fi c a n t c h a n g e s i n to d i s c r e te s ta g e s ( SBM L L e ve l s ) ,

         th e y h e l p d e a l wi th th e i n e vi ta b l e n e e d for r e vi s i on s ( Ve r s i on s

          wi th i n L e ve l s ) , a n d th e y a l l ow d e ve l op e r s to l i m i t th e fe a tu r e s e t
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                          Figure . SB ML L ev el ( Huc ka , ) c ons is ts of a c ore ( c enter) and s p ec ialized SB ML L ev el ( in b lue) , whic h p rov id e s y ntac tic al c ons truc ts to1 3 e t al 2019 3 pac kage s

   s up p ort ad d itional mod eling ap p roac hes .

                              The pac k ag e s support ne w type s of m od e l i ng (i n the g ray boxe s) ne e de d for l arg e and c om pl e x m od e l s suc h as those use d i n vari ous dom ai ns and fi e l ds of bi ol og y (i n the l i g ht

                      re d boxe s). The m e ani ng s of SBML pac k ag e l abe l s suc h as fbc are g i ve n i n Tabl e 1, wi th addi ti onal pac k ag e i nform ati on i n Box 1.“ ”
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          th e y i m p l e m e n t ( SBM L L e ve l s on th e on e h a n d , a n d SBM L L e ve l

    3 p a c ka g e s on th e oth e r ) .

          P a c ka g e s a l l ow SBM L L e ve l 3 ( Hu c ka e t al , 2019) to r e p r e s e n t

           m a n y m od e l typ e s a n d c h a r a c te r i s ti c s i n a m or e n a tu r a l wa y th a n i f

         th e y h a d to b e s h oe h or n e d i n to SBM L C or e c on s tr u c ts e xc l u s i ve l y.

          Twe l ve p a c ka g e s h a ve b e e n p r op os e d to d a te ( Ta b l e 1) ; e i g h t h a ve

         b e e n fu l l y d e ve l op e d i n to c on s e n s u s s p e c i fi c a ti ons a n d a r e e a c h u s e d

          b y a t l e a s t two s oftwa r e i m p l e m e n ta ti on s ( Box 1) , a n d a n oth e r two

          h a ve d r a ft s p e c i fi c a ti on s i n u s e b y s oftwa r e tool s . Ne w p a c ka g e s c a n

       b e d e ve l op e d i n d e p e n d e n tl y, wi th i n d e d i c a te d c om m u n i ti e s , a t a

            p a c e th a t s u i ts th e m . Th i s wa s th e c a s e for l og i c a l m od e l i n g wi th th e

       C oL oM oTo c om m u n i ty ( Na l d i , 2015) , c on s tr a i n t-b a s e d m od e l -e t al

          i n g wi th i n th e C O BR A c om m u n i ty ( He i r e n d t , 2019) , a n d r u l e -e t al

        b a s e d m od e l i n g wi th a c om m u n i ty of l i ke -m i n d e d s oftwa r e c r e a tor s

            ( Fa e d e r , 2009; Zh a n g , 2013; P a l m i s a n o , 2014; Bou ti l -e t al e t al e t al

   l i e r , 2018) .e t al

         Se ve r al b e n e fi ts a c c r u e fr om l e ve r ag i n g SBM L a s a s ta r ti n g p oi n t

           r a th er th a n c r e a ti n g a n e w, i n d e p e n d e nt for m a t. O n e i s i t m a ke s c l ea r

      wh e r e c om m on fe a tu r e s ove r l a p . M os t c om p u ta ti on a l m od e l i n g

         fr a m ewor ks i n th e d om a i n of b i ol og y s h a r e s om e c om m on c on c e pts

        —va r i a bl e s th a t r e p r e s e n t c h a r a c ter i s ti cs of d i ffe r e n t ki n d s of e n ti ti e s

       a n d p r oc e s s e s th a t r e p r e s en t i n te r ac ti on s b e twe e n e n ti ti e s , c on ta i n -

        e r s / l oca ti on s , e tc . a n d r e us i n g SBM L L e ve l 3 C or e c on s tr u c ts m a ke s—

        th e c on c e p tua l s i m i l a r i tie s e xp l i c i t. Th i s i n tu r n m a ke s i n te r p r e tati on

          of m od e l s e a s i e r ( n o n e e d to l e a r n n e w te r m i n ol og y) a n d r e u s e

        s i m p l er ( n o n e e d to tr a n s la te b e twe e n i n d e p en d e n t for m ats ) . An othe r

           b e n e fit i s th a t the c r e a tor s of th e for m a t c a n l e ve r a g e e xi s ti n g fe a tur e s

        d e ve l op e d for SBM L , s u c h a s m e c h a n i sm s for a n n ota ti on s , r a th e r

         th a n s p e n d ti m e d e ve l op in g n e w a p p r oa c he s to a c h i e vi n g th e s a m e

             g oa l s i n a n e w for m at. Thi s i n tu r n l e ad s to a n oth e r b e n e fi t: th e a b i l i ty

          to r e u s e a t l e a s t s om e p a r ts of e xi s ti ng s oftwa r e l i b r a r i e s d e ve l op e d

            for SBM L. It a l s o m e a n s th a t a s oftwa r e a p p l i c ati on m a y b e a b l e to

           i n te rp r e t a t l e a s t fu n d a m e n ta l a s p e c ts of a m od e l e ve n i f th es o m e

           a p p l i c ati on i s n ot d e s i g n e d to work wi th a p a r ti c u l a r SBM L L e ve l 3

         p a c ka ge , b y vi r tu e of u n d e r s ta n d i ng SBM L C or e ( a n d p e r h ap s oth e r

          p a c ka ge s u s e d b y th e m od e l ) . Th i s i m p r oves th e p ote n ti al for m od e l

        r e u s e , a n d b e n e fi ts m od e l c r e a tor s a n d s oftwa r e d e ve l op e r s a l i ke .

        Fi n a l l y, a c om m on fou n d a tion s i m p l i fi e s th e c r e a ti on of m u l ti fr am e -

           wor k m od e l s i n wh i c h s om e p a r ts of th e m od e l u s e on e for m al i s m

          a n d oth e r p a r ts u s e oth e r s [ e.g ., c ou p l i n g ki n e ti c m od e ls wi th fl u x

     b a l a n ce a n a l ysi s ; W a ta n a b e , 2018) .e t al

         Th ou g h th i s m od u l a r a p p r oa c h h a s b e n e fi ts , i t i s n ot wi th ou t

         p ote n ti a l p i tfa l l s . Th e m a i n r i s ks a r e fr a g m e n ta ti on of th e c om m u -

         n i ty, a n d i n c om p a ti b i l i ty of p a c ka g e s d u e to c om p l e x fe a tu r e d e p e n -

        d e n c i e s . Th e SBM L c om m u n i ty h a s a d d r e s s e d th e for m e r b y

     m a i n ta i n i n g c om m u n i c a ti on s b e twe e n p a c ka g e d e ve l op e r s ; th e

         c om m u n i ty p r oc e s s e s h a ve s u c h i n te r a c ti on s b u i l t i n . As for th e

          l a tte r , AP I l i b r a r i e s ( s e e Box 2) c a n h a n d l e c om b i n a ti on s ofs o m e

          p a c ka g e s a n d h i d e s om e of th e c om p l e xi ty. Sti l l , th e r e r e m a i n s om e

         c om b i n a ti on s of p a c ka g e s th a t a r e n ot fu l l y u n d e r s tood , a n d i t

           r e m a i n s for fu tu r e wor k to d e fi n e h ow ( i f e ve r ) th e y c a n b e

      c om b i n e d for u s e i n a s i n g l e m od e l .

    S BM L a s a c o mmu n it y st a n d a r d

        SBM L ’s s u c c e s s c a n b e a ttr i b u te d l a r g e l y to i ts c om m u n i ty-b a s e d

      d e ve l op m e n t a n d i ts c on s e n s u s -or i e n te d a p p r oa c h . SBM L h a s

        a l wa ys b e e n d e ve l op e d th r ou g h e n g a g e m e n t wi th i ts u s e r c om m u -

          n i ty to a c h i e ve g oa l s e xp r e s s e d b y th a t s a m e c om m u n i ty. To r e s ol ve

       oc c a s i on a l l y c on fl i c ti n g te c h n i c a l d e m a n d s , a g u i d i n g p r i n c i p l e h a s

         b e e n to s e e k c on s e n s u s b e twe e n d i ffe r e n t vi e wp oi n ts a n d th e n e e d s

          of d i ffe r e n t g r ou p s , to fi n d a m i d d l e g r ou n d th a t wou l d b e wh i l e—

        p e r h a p s n ot a p e r fe c t s ol u ti on a n a n d s ol u ti on .— ac c e ptabl e u s abl e

        Th i s a ttr a c te d th e r e s e a r c h e r s a n d s oftwa r e d e ve l op e r s wh o c on s ti -

        tu te SBM L ’s for e m os t s ta ke h ol d e r s . By u s i n g SBM L i n e ve r yth i n g

        fr om s oftwa r e to te xtb ooks , th e y h e l p e d d r i ve fu r th e r d e ve l op m e n t

           to fa c e th e r e a l n e e d s e xp r e s s e d b y th e p e op l e wh o h a ve th os e

        n e e d s . Th i s e n g a g e m e n t a l l owe d fa s te r fe e d b a c k fr om u s e r s to

          d e ve l op e r s a n d h a s h e l p e d p r od u c e a r i c h tool ki t of s oftwa r e a n d

       oth e r r e s ou r c e s th a t fa c i l i ta te SBM L ’s i n c or p or a ti on i n to s oftwa r e

 ( Box 2) .

          O ve r th e ye a r s , th e c om m u n i ty h a s d e s i g n e d r u l e s to or g a n i z e i ts

       g ove r n a n c e , d e ve l op a n d m a i n ta i n th e s p e c i fi c a ti on s , a n d fa c i l i ta te

         c ol l a b or a ti on a m on g u s e r s . Th e d e ve l op m e n t of SBM L a n d i ts L e ve l

           3 p a c ka g e s i s s h e p h e r d e d b y th e SBM L E d i tor s , a g r ou p of c om m u -

          n i ty-e l e c te d vol u n te e r s s e r vi n g te r m s of 3 ye a r s wh o fol l ow a wr i t-

         te n a n d p u b l i c p r oc e s s d e ta i l e d on th e we b p or ta l SBM L .or g .1 SBM L

       E d i tor s wr i te or r e vi e w SBM L s p e c i fi c a ti on d oc u m e n ts , or g a n i z e

          d i s c u s s i on s a n d vote on s p e c i fi c te c h n i c a l i s s u e s , a n d e n a c t th e d e c i -

         s i on s of th e c om m u n i ty. M a j or p r op os e d c h a n g e s to th e s p e c i fi -

          c a ti on s a n d p a c ka g e s a r e d i s c u s s e d b y th e c om m u n i ty vi a th e SBM L

 m a i l i n g l i s ts 2       a s we l l a s d u r i n g a n n u a l fa c e -to-fa c e m e e ti n g s .

         Th e c om m u n i ty c u r r e n tl y c om e s tog e th e r twi c e a ye a r wi th i n th e

       c on te xt of m e e ti n g s or g a n i z e d b y C O M BINE th e C om p u ta ti on a l

         M od e l i n g i n Bi ol og y Ne twor k; Hu c ka ( th ee t al , 2015) . H A RM O N Y

          Ha c ka th on on R e s ou r c e s for M od e l i n g i n Bi ol og y) i s a c od e fe s t th a t

          foc u s e s on th e d e ve l op m e n t of s oftwa r e , i n p a r ti c u l a r vi a th e d e ve l -

        op m e n t of l i b r a r i e s , tool s , a n d s p e c i fi c a ti on s ; b y c on tr a s t, th e

         CO M BIN E F o r u m m e e ti n g s foc u s on th e p r e s e n ta ti on of n ove l tool s

          a n d th e d i s c u s s i on of p r op os e d fe a tu r e s . In a d d i ti on to th e s e g e n e r a l

         m e e ti n g s , s p e c i a l SBM L wor ki n g g r ou p s a r e or g a n i z e d a s n e e d e d to

       d r i ve SBM L p a c ka g e d e ve l op m e n t. C O M BINE ’s c e n tr a l a c ti vi ty i s

     c oor d i n a ti n g a n d h a r m on i z i n g s ta n d a r d i z a ti on i n c om p u ta ti on a l

          b i ol og y, a n d SBM L i s on e of i ts c or e s ta n d a r d s . FAIR s h a r i n g , a

        b r oa d e r c om m u n i ty n e twor k th a t c ove r s l i fe s c i e n c e s m or e c om p r e -

        h e n s i ve l y ( Sa n s on e , 2019) , m a i n ta i n s i n te r c on n e c te d a n d or g a -e t al

         n i z e d c ol l e c ti on s of r e s ou r c e s i n m a n y a r e a s , i n c l u d i n g c u r a te d l i n ks

        b e twe e n SBM L a n d m a n y a s s oc i a te d fu n d e r s , d a ta b a s e s , a n d s ta n -

d a r d s . 3


      Figure . A c los er look at SB ML .2

                               (A) Frag m e nt s of the g l obal struc tur e of an SBML fi l e . In thi s e xam pl e , the us e of se ve ral SBML pac k ag e s i s de c l are d i n the fi l e he ade r. Mode l e l e m e nts i n the fi l e i nc l ude the

                        de sc ri pti ons of m ode l vari abl e s, as we l l as the i r re l ati onshi ps. El e m e nts of the sam e type are c ol l e c te d i nto L i stOf e l e m e nts; m ode l param e te rs are i n the L i stO fParam e te rs“ ”

                         e l e m e nt. SBML pac k ag e e l e m e nts c an re fe r to e l e m e nts i n the SBML C ore as ne c e ssary. (B) Mode l e l e m e nts are l i nk e d throug h uni que i de n ti fi e rs use d i n the m athe m ati c al

                        c onstruc ts and the e l e m e nts de sc ri bi ng the re ac ti ons, the m ol e c ul ar spe c i e s, and the i r l oc al i zati on. The ful l m ode l for thi s e xam pl e i s avai l abl e i n Bi oMode l s D atabase (Mal i k -

         She ri ff , 2 02 0) as the m ode l wi th i de n ti fi e r MOD EL 19 0409 0001.et a l
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  I mp a c t o f S BM L

        As c on tr i b u tor s to d e ve l op m e n ts i n m e th od s , s oftwa r e , a n d s ta n -

           d a r d s ove r th e p a s t two d e c a d e s ( Hu c ka e t al , 2015) , we c a n

           a tte s t to SBM L ’s p r ofou n d i m p a c t on th e fi e l d , b oth fr om ou r own

         fi r s t-h a n d e xp e r i e n c e s a n d fr om s u r ve ys ( Kl i p p , 2007) th a te t al

           i n d i c a te SBM L h a s b e c om e a s ta n d a r d . Th e i m p a c t i s ad e fac to

      r e s u l t of SBM L ’s c om m u n i ty-or i e n te d d e ve l op m e n t a p p r oa c h a n d

 i ts d e s i g n .

         Th e SBM L d e ve l op m e n t p r oc e s s h a s h e l p e d s h a p e th e fi e l d p a r tl y

       b y d i r e c tl y i n vol vi n g s oftwa r e d e ve l op e r s a n d m od e l e r s . Fr e q u e n t

        wor ks h op s h a ve p r ovi d e d e s s e n ti a l fe e d b a c k for d e ve l op e r s to h e l p

         th e m b e tte r s e r ve m od e l e r s ’ n e e d s ( e .g ., W a l te m a th e t al , 2014) .

          W or ks h op s a s we l l a s r e s ou r c e s s u c h a s th e SBM L Softwa r e Gu i d e

           ( s e e Box 2) h e l p e d r a i s e a wa r e n e s s of e xi s ti n g tool s , wh i c h i n tu r n

           i n c r e a s e d th e i r u s e a n d th e u s e of SBM L . Th i s h e l p e d c r e a te a

          c u l tu r e of s h a r i n g m od e l s a n d b u i l d i n g on e xi s ti n g wor k i n s ys te m s

           b i ol og y ( Sta n for d , 2015) . It a l s o l e d to n e w a c ti vi ti e s c e n te r e de t al  

       on th e m od e l s th e m s e l ve s , i n c l u d i n g a u tom a ti c m od e l g e n e r a ti on ,

        a n a l ys i s of m od e l s tr u c tu r e s , m od e l r e tr i e va l , a n d i n te g r a ti on of

    m od e l s wi th e xp e r i m e n ta l d a ta ( D r ä     g e r & P a l s s on , 2014) . SBM L ’s

        s u c c e s s fu l a p p r oa c h to c om m u n i ty or g a n i z a ti on h a s l e d oth e r s ta n -

       d a r d i z a ti on e ffor ts ( Bi oP AX , Ne u r oM L , SBGN, SE D -M L ) to a d op t

          s om e of th e s a m e a p p r oa c h e s ; SBM L wa s a l s o a fou n d i n g m e m b e r

          of C O M BINE ( Hu c ka , 2015) , d i s c u s s e d a b ove . Som e of th ee t al

       p r i m a r y s ta n d a r d i z a ti on e ffor ts i n C O M BINE , s u c h a s Bi oP AX

           ( D e m i r , 2010) a n d Ne u r oM L ( Gl e e s on , 2010) , a r e m or ee t al e t al

         d om a i n -s p e c i fi c th a n SBM L ; oth e r s , s u c h a s C e l l M L ( L l oyd ,e t al

       2004) , ove r l a p SBM L ’s p r i m a r y d om a i n s b u t offe r a l te r n a ti ve

           a b s tr a c ti on s ; a n d fi n a l l y, s ti l l oth e r s , s u c h a s SBGN ( va n Ie r s e l ,e t al

          2012) , SBO L ( R oe h n e r , 2016) , a n d SE D -M L ( W a l te m a th ,e t al e t al

   2011) , a r e c om p l e m e n ta r y for m a ts .

         Be for e th e a d ve n t of SBM L , i t wa s c h a l l e n g i n g to e xc h a n g e

      m od e l s b e c a u s e s oftwa r e tool s u s e d i n c om p a ti b l e d e fi n i ti on

        s c h e m e s . As m od e l s i n c r e a s e d i n s i z e a n d c om p l e xi ty, m a n u a l l y

       r e wr i ti n g th e m b e c a m e m or e d i ffi c u l t, e r r or -p r on e , a n d e ve n tu a l l y

                         T ab le . Summary of SB ML Le ve l Package statuse s. Symb ols: = re le ase d ; = not re le ase d ; comp le te ; in p rogre ss; n/a not1 3 ● ○ U = = =

ap p licab le .

    Package name Lab e l Purp ose Sp e cif ication

lib SB ML

Sup p ort

JSB ML

Sup p ort

T e st

 Suite Re f e re nce

      • Di s tri b u ti o n s d i s tri b Def i n e s tati s ti cal d i s tri b u ti o n s f o r
 q u an ti tati ve val u es .

   U U Smi th et al

( )2020

  • Fl u x B al an ce
Co n s trai n ts

    f b c Def i n e co n s trai n t- b as ed mo d el s (a.k.a.
 s tead y- s tate mo d el s )

 U U U U Ol i vi er an d
 B ergman n ( )201 8

       • G ro u p s gro u p s Co l l ect el emen ts to geth er f o r an n o tati o n
    p u rp o s es . G ro u p s h ave n o math emati cal

     mean i n g an d d o n o t af f ect s i mu l ati o n s

   U U U n / a Hu cka an d Smi th
( )201 6

 • Hi erarch i cal
 Mo d el Co mp o s i ti o n

      co mp Def i n e mo d el s co mp o s ed o f o th er mo d el s .
       Th e s u b mo d el s can b e s to red i n th e s ame“ ”

    f i l e o r as s ep arate f i l es .

  U U U U Smi th et al

( )201 5

        • Layo u t l ayo u t Sto re p o s i ti o n s an d s i zes o f mo d el
     co mp o n en ts i n n etw o rk d i agrams o f SB ML

    mo d el s . (Cf . th e Ren d eri n g p ackage.)

   U U U n / a G au ges et al

( )201 5

 • Mu l ti s tate,
 Mu l ti co mp o n en t, &

Mu l ti co mp artmen t
Sp eci es

       mu l ti Def i n e f eatu res s u ch as s tates o r b i n d i n g
     s i tes o n mo l ecu l ar s p eci es , o p ti o n al l y i n

   co mb i n ati o n w i th ru l e- b as ed p ro ces s es

U U U  Zh an g an d
Mei er-
Sch el l ers h ei m
( )201 8

 • Qu al i tati ve
Mo d el s

      q u al Al l o w mo d el w h ere SB ML s p eci es val u es’

    rep res en t q u al i tati ve acti vi ty l evel s rath er
   th an amo u n ts o r co n cen trati o n s

U U U   Ch ao u i ya et al

( )201 5

         • Ren d eri n g ren d er Exten d th e Layo u t p ackage to en ab l e s to ri n g
     grap h i cal s ymb o l s an d s tyl es , cu rves , co l o rs ,

    an d grad i en ts i n n etw o rk d i agrams

   U U U n / a B ergman n et al

( )201 8

          ○ Arrays arrays Def i n e arrays o f el emen ts , s u ch as arrays o f
     co mp artmen ts . (Co re SB ML Level s u p p o rts3

  o n l y s cal ar val u es .)

U U

 ○ Dyn ami cal
P ro ces s es

     d yn Des cri b e th e creati o n , d es tru cti o n , an d
    mo vemen t o f mo d el el emen ts d u ri n g

s i mu l ati o n

U U

         ○ Exten d ed math math Ad d i ti o n al co n s tru cts n o t i n cl u d ed i n th e
       s u b s et o f Math ML u s ed b y SB ML Level 3

   Co re f o r math emati cal exp res s i o n s

      ○ Sp ati al P ro ces s es s p ati al Def i n e s p ati al l y i n h o mo gen eo u s
   co mp artmen t geo metri es an d p ro ces s es

  s u ch as d i f f u s i o n

U U
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          u n te n a b l e . Th e d e ve l op m e n t of SBM L h a s e n a b l e d th e u s e of a

         s i n g l e m od e l d e s c r i p ti on th r ou g h ou t a p r oj e c t’s l i fe c yc l e e ve n wh e n

       p r oj e c ts i n vol ve h e te r og e n e ou s s oftwa r e tool s ( Box 3) . SBM L -

         c om p a ti b l e s oftwa r e tool s tod a y a l l ow r e s e a r c h e r s to u s e SBM L i n

         a l l a s p e c ts of a m od e l i n g p r oj e c t, i n c l u d i n g c r e a ti on ( m a n u a l or

    a u tom a te d ) , a n n ota ti on , c om p a r i s on , m e r g i n g , p a r a m e tr i z a ti on ,

     s i m u l a ti on / a n a l ys i s , r e s u l ts c om p a r i s on , n e twor k m oti f d i s c ove r y,

      s ys te m i d e n ti fi c a ti on , om i c s d a ta i n te g r a ti on , vi s u a l i z a ti on , a n d

          m or e . Su c h u s e of a s ta n d a r d i z e d for m a t, a l on g wi th s ta n d a r d a n n o-

          ta ti on s c h e m e s ( Ne a l e t al , 2019) a n d tr a i n i n g i n r e p r od u c i b l e m e th -

        od s , i m p r ove s r e s e a r c h wor kfl ows a n d i s g e n e r a l l y r e c og n i z e d a s

     p r om oti n g r e s e a r c h r e p r od u c i b i l i ty ( W a l te m a th & W ol ke n h a u e r ,

2016) .

         Th e a va i l a b i l i ty of a we l l -d e fi n e d for m a t h a s a l s o fa c i l i ta te d th e

        c om p a r i s on of s oftwa r e tool s to e a c h oth e r . Us i n g SBM L -e n c od e d

          m od e l s h a s b e c om e th e n or m to a s s e s s th e a c c u r a c y of m od e l i n g

         s oftwa r e : i n i ti a l l y i t i s d on e m a n u a l l y u s i n g m od e l s fr om Bi oM od e l s

          D a ta b a s e ( Be r g m a n n & Sa u r o, 2008) , a n d n ow, i t i s m or e c om m on l y

          d on e u s i n g th e SBM L Te s t Su i te ( Box 2) . SBM L ’s s e m a n ti c s a r e

        d e fi n e d p r e c i s e l y e n ou g h th a t m a n y s i m u l a ti on s ys te m s c a n p r od u c e

         e q u i va l e n t r e s u l ts for ove r 1200 te s t c a s e s , l e n d i n g c on fi d e n c e th a t

       SBM L -b a s e d s i m u l a ti on s c a n b e r e p r od u c i b l e i n d i ffe r e n t s oftwa r e

e n vi r on m e n ts .

          W h i l e c h e m i c a l ki n e ti c s m od e l s h a ve b e e n a s ta p l e of s ys te m s b i ol -

        og y, oth e r m od e l i n g fr a m e wor ks e xi s t. Th e s e h a ve b e n e fi te d fr om

          e ffor ts to e xte n d L e ve l 3 to b e tte r s u i t th e i r s p e c i fi c c h a r a c te r i s ti c s .

          E ve n wh e n m od e l s c ou l d i n p r i n c i p l e b e e n c od e d u s i n g c or e SBM L

           c on s tr u c ts , th e u s e of fe a tu r e s e xp l i c i tl y a d a p te d to th e n e e d s of a

        d om a i n c a n m a ke m od e l i n te r p r e ta ti on l e s s e r r or -p r on e a n d m or e

         n a tu r a l . Th e for m e r i s s u e wa s d e m on s tr a te d vi vi d l y wh e n ad h o c

        m e th od s of e n c od i n g g e n om e -s c a l e m od e l s l e d to i n c or r e c t i n te r p r e ta -

           ti on s , a n d a s u b s e q u e n t p r op os a l to u s e SBM L L e ve l 3 “ fb c ” a d d r e s s e d

     r e p r e s e n ta ti on a l i n c on s i s te n c i e s th a t h a d h i n d e r e d r e p r od u c i b i l i ty

          ( E b r a h i m e t al , 2015) . Th e u s e of m or e d om a i n -s p e c i fi c for m s of

         e n c od i n g h a s b e e n p r e fe r r e d b y s e ve r a l c om m u n i ti e s , s u c h a s th e

       q u a l i ta ti ve a n d r u l e -b a s e d m od e l i n g c om m u n i ti e s . For e xa m p l e , th e

          q u i c kl y a d op te d p a c ka g e SBM L L e ve l 3 “ q u a l ” ( C h a ou i ya , 2015)e t al

      s u p p or ts s oftwa r e i n te r op e r a b i l i ty for q u a l i ta ti ve m od e l i n g , i l l u s -

            tr a te d b y th e u s e of C e l l NO p t ( Te r fve , 2012) , wh i c h p r ovi d e s ae t al

          s e t of op ti m a l Bool e a n m od e l s th a t b e s t e xp l a i n s th e c a u s a l r e l a ti on -

         s h i p s b e twe e n e l e m e n ts of a s i g n a l tr a n s d u c ti on n e twor k a n d a s s oc i -

           a te d d a ta , a n d th e s u b s e q u e n t u s e of GINs i m ( C h a ou i ya , 2012)e t al

           or C e l l C ol l e c ti ve ( He l i ka r , 2012) to a s s e s s th e d yn a m i c a l p r op e r -e t al

         ti e s of th e s e m od e l s . R u l e -b a s e d m od e l i n g c a n r e p r e s e n t m od e l s th a t

         a r e i m p os s i b l e to e xp r e s s a s r e a c ti on n e twor ks , s u c h a s p ol ym e r i z a -

            ti on ( Fa e d e r , 2009) , or s i m p l y i m p r a c ti c a l to r e p r e s e n t d u e to th ee t al

        c om b i n a tor i a l n u m b e r of r e a c ti on s i m p l i e d b y th e r u l e s ( Hl a va c e k

            e t al , 2003) . Stor i n g r u l e d e fi n i ti on s i n SBM L i s n ow fe a s i b l e wi th th e

       “ m u l ti ” p a c ka g e , a l l owi n g r u l e -b a s e d m od e l i n g tool s s u c h a s

           Si m m u n e ( Zh a n g , 2013) a n d Bi oNe tGe n ( Fa e d e r , 2009) toe t al e t al

      r e a d a n d wr i te th e s a m e m od e l d e fi n i ti on s .

          SBM L h a s a l s o e a s e d th e a u tom a te d p r oc e s s i n g of m od e l s to th e

            p oi n t wh e r e th e y h a ve b e c om e j u s t a n oth e r typ e of d a ta i n th e l i fe

          s c i e n c e s . SBM L i s u s e d tod a y a s a n i m p or t/ e xp or t for m a t b y m a n y

        d a ta b a s e s of m a th e m a ti c a l m od e l s ( M i s i r l i e t al , 2014; Nor s i g i a n

            e t al e t al, 2019; M a l i k-Sh e r i ff , 2020) , a s we l l a s b y p a th wa y d a ta -

             b a s e s ( C a s p i , 2015; M i , 2016; Fa b r e g a t , 2017) a n de t al e t al e t al

           r e a c ti on d a ta b a s e s ( Ga n te r , 2013; W i tti g , 2017) . SBM L i se t al e t al

        th e p r e fe r r e d for m a t for m od e l c u r a ti on i n Bi oM od e l s D a ta b a s e

          ( M a l i k-Sh e r i ff , 2020) , n ot on l y b e c a u s e of i ts p op u l a r i ty b u te t al

         a l s o b e c a u s e of i ts p r ovi s i on s to p r e c i s e l y e n c od e a n d a n n ota te

         m od e l s to s u p p or t r e p r od u c i b l e m od e l i n g . SBM L i s a l s o u s e d to

         s h a r e m od e l s b y m or e g e n e r i c d a ta m a n a g e m e n t p l a tfor m s s u c h a s

        SE E K ( W ol s te n c r oft , 2016) a n d c om p r e h e n s i ve on l i n e s i m u l a -e t al

         ti on e n vi r on m e n ts ( e .g ., M or a r u , 2008; W e i d e m a n n ,e t al e t al

           2008; L e e , 2009; P e te r s , 2017) . M or e ove r , h a vi n g a ne t al e t al

        a g r e e d -u p on for m a t h a s fa c i l i ta te d th e i n tr od u c ti on of b e tte r m od e l

        m a n a g e m e n t s tr a te g i e s . Th i s i n c l u d e s s u p p or t for ta s ks s u c h a s

         m od e l s tor a g e a n d r e tr i e va l ( He n ke l , 2015) , ve r s i on c on tr ole t al

         ( Sc h a r m , 2016b ) , a n d c h e c ki n g q u a l i ty a n d va l i d i ty ( L i e b e r -e t al

         m e i s te r , 2008; L i e ve n , 2020) . Th e p r ol i fe r a ti on of d e r i ve de t al

          m od e l s h a s l e d to th e d e ve l op m e n t of m e th od s to c om p a r e m od e l

        s tr u c tu r e a n d s e m a n ti c a n n ota ti on s ( L a m b u s c h , 2018) , c u l m i -e t al

         n a ti n g i n th e d e ve l op m e n t of s e ve r a l m e th od s to q u a n ti fy m od e l

           s i m i l a r i ti e s ( He n ke l , 2016) , th a t c a n th e n b e u s e d to i m p r ovee t al

         th e r e l e va n c e of m od e l s e a r c h e s . O n c e m od e l e l e m e n ts c a n b e

        c om p a r e d , on e c a n a l i g n , c om b i n e , a n d m e r g e d i ffe r e n t m od e l s

   ( Kr a u s e , 2010) .e t al

            A b r oa d e r i m p a c t of SBM L a s a s ta n d a r d h a s b e e n th ed e fac to

        s u p p or t of p u b l i s h e r s a n d fu n d i n g a g e n c i e s . M a n y j ou r n a l s , a wa r e

       of th e c h a l l e n g e s s u r r ou n d i n g th e r e p r od u c i b i l i ty of s c i e n ti fi c

          r e s u l ts , e n c ou r a g e a u th or s n ot on l y to d e s c r i b e th e i r m od e l s b u t a l s o

         to m a ke th e i r m od e l s a va i l a b l e i n e l e c tr on i c for m . M o l e c u l ar S y s te m s

          Bio l o g y wa s th e fi r s t s u p p or te r of s u b m i s s i on s i n SBM L for m a t ( b e -

  g i n n i n g i n 20054, 5        ) . Tod a y, m os t j ou r n a l s s ti l l a voi d ar e qu ir ing

       s p e c i fi c for m a t, th ou g h s om e s u c h a s th e BM C6  a n d FE BS 7 j ou r n a l s

         d o e xp l i c i tl y e n c ou r a g e a u th or s to s u b m i t SBM L fi l e s a s s u p p or ti n g

          m a te r i a l for r e s e a r c h wh e r e i t i s r e l e va n t. O th e r s , s u c h a s Bi op h ys i -

        c a l J ou r n a l ( Ni c ke r s on & Hu n te r , 2017) , r e c om m e n d a u th or s d e p os i t

        m od e l s i n r e p os i tor i e s s u c h a s Bi oM od e l s D a ta b a s e , wh i c h e n c ou r -

          a g e s th e u s e of c om m on s ta n d a r d for m a ts s u c h a s SBM L . M a n y

          fu n d i n g a g e n c i e s a l s o n ow h a ve p ol i c i e s r e l a te d to d a ta s h a r i n g , a n d

        s om e p r og r a m a n n ou n c e m e n ts s u g g e s te d th e u s e of SBM L wh e r e

a p p r op r i a te .8

       Fi n a l l y , th e c on ti n u e d d e ve l o p m e n t of SB M L h a s s ti m u l a te d

          c ol l a b or a ti v e w or k a n d th e c r e a ti on of c on s or ti a . Th i s h a s l e d to

       b e tt e r a wa r e n e s s a n d c om  m u n i c a ti o n wi th i n g r ou p s i n t e r e s te d i n

        s p e c i fi c m od e l i n g fr a m e w or ks . A g ood e x a m p l e i s th e C oL oM oTo

        e f f o r t m e n t i o n e d a b o v e ; i t w a s l a u n c h e d b y r e s e a r c h e r s w h o

         n e e d e d a f o r m a t t o e x c h a n g e q u a l i t a t i v e m o d e l s b e t w e e n t h e i r s o f t -

        wa r e too l s a n d d e ve l o p e  d th e Q u a l i ta t i ve M od e l i n g p a c k a g e for

         S B M L ( N a l d i e t al , 2 0 1 5 ) a s t h e s o l u t i o n . N e v e r t h e l e s s , c h a l l e  n g e s

           r e m a i n , a s d i s c u s s e d i n t h e n e x t s  e c t i o n . T h e s e w i l l n e e  d t o b e

          c on f r on t e d to e n s u  r e th e l on g e vi ty of SBM L a s we l l a s c o n ti n u e d

d e v e l o p m e n t s .

 F o r t h c o min g c h a lle n g e s

        For n e a r l y two d e c a d e s , SBM L h a s s u p p or te d m a th e m a ti c a l m od e l -

            i n g i n s ys te m s b i ol og y b y h e l p i n g to foc u s th e e ffor ts of th e c om m u -

           n i ty a n d fos te r a c u l tu r e of op e n n e s s a n d s h a r i n g . Th e fi e l d i s

        e vol vi n g r a p i d l y, wh i c h p r e s e n ts c h a l l e n g e s th a t th e c om m u n i ty a n d

  SBM L m u s t fa c e .

           Th e fi r s t c h a l l e n g e i s to r e m a i n u s a b l e i n th e fa c e of r e l e n tl e s s

             g r owth i n m od e l s i z e s . O n e of th e d r i ve r s of l a r g e r s i z e i s th e r i s i n g
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        p op u l a r i ty of g e n om e -s c a l e m e ta b ol i c m od e l s ( Bor d b a r e t al , 2014) ,

        wh i c h c a n b e p r od u c e d s e m i -a u tom a ti c a l l y ( He n r y , 2010) .e t al

          M od e l i n g a p p r oa c h e s h a ve a l s o b e e n d e ve l op e d to c om b i n e th e u s e of

           s e ve r a l s u c h m od e l s ( e .g ., Bor d b a r , 2011) . It i s r e a s on a b l e toe t al

         e xp e c t m od e l s of e c os ys te m s to b e p r od u c e d s oon ( m i c r ob i om e s a n d

           th e i r h os t) . M od e l s i z e s wi l l a l s o i n c r e a s e a s m or e m od e l s of ti s s u e s

           a n d or g a n s a r e e xc h a n g e d a n d r e u s e d , e n c ou r a g e d b y th e u s e of s oft-

         wa r e p a c ka g e s th a t fa c i l i ta te th i s a p p r oa c h , s u c h a s th e op e n -s ou r c e

          tool s C HASTE ( M i r a m s , 2013) a n d C om p u C e l l 3D ( Swa t ,e t al e t al

          2012) . Th e c h a l l e n g e th i s p r e s e n ts i s h ow to d e fi n e , or g a n i z e , a n d

         m a n a g e l a r g e m od e l s . M e e ti n g th e c h a l l e n g e wi l l r e q u i r e a c om b i n a -

           ti on of n ove l a p p r oa c h e s to m od e l s tor a g e ( e .g ., He n ke l , 2015)e t al

           a n d c om p a r i s on ( e .g ., Sc h a r m , 2016a ,b ) , a s we l l a s m or e e ffe c -e t al

           ti ve u s e of SBM L L e ve l 3 fe a tu r e s . For e xa m p l e , th e SBM L Hi e r a r c h i c a l

         M od e l C om p os i ti on ( “ c om p ” ) p a c ka g e ( Sm i th , 2015) p r ovi d e s ae t al

            wa y to e n c od e m od e l s i n SBM L ou t of s e p a r a te b u i l d i n g b l oc ks or fr om

         p r e e xi s ti n g m od e l s ; th i s c a n m a ke l a r g e r m od e l s e a s i e r to s tr u c tu r e

           a n d m a i n ta i n , a n d i t i s a n a tu r a l wa y to c on s tr u c t m u l ti s c a l e m od e l s .

          Si m i l a r l y, th e Ar r a ys p a c ka g e m a y h e l p to d e fi n e a n d s tr u c tu r e l a r g e r

           m od e l s b y a l l owi n g m od e l s to b e d e fi n e d i n a m or e c om p a c t for m .

        SB ML Le ve l p ackage s of f icially p art of the stand ard3

Distrib utions

                     Th e d i s tri b p ackage (Smi th , ) p ro vi d es th e mean s to en co d e i n f o rmati o n ab o u t th e d i s tri b u ti o n an d u n certai n ty o f n u meri cal val u e s as s i gn ed“ ” et al 2020

                       to a mo d el el emen t. B i o l o gi cal mo d el s o f ten co n tai n el ements th at h ave i n exact n u merical val u es , s i n ce th ey are b as ed o n val u es th at are s to chas ti c i n
                    n ature o r d ata th at co n tai ns u n certai n ty; h o w ever, co re SB ML h as n o d i rect s u p po rt f o r en cod i n g val ues s amp l ed f ro m d i s tri bu ti on s . Th e recen tl y- f i nal i zed

                  “ ”distri b p ackage ad d s co n s tructs f o r s amp l in g o f ran d o m val u es f ro m p ro bab i l ity d i s tri b u ti o n s an d d es crib i n g u n certai n ty s tati s ti cs ab o u t el emen t val u es .

  Hie rarchical mod e l comp osition

                         Th e co mp p ackage (Smi th , ) al l o w s u s ers to b u i l d mo d el s f ro m o th er co mp l ete mo d el s o r f ro m mo d el f ragmen ts , as a w ay to man age co m-“ ” et al 201 5

                        p l exi ty an d co n s tru ct co mp o s i te mo d el s . Su b mo d el s can b e d es cri b ed w i th i n th e s ame SB ML f i l e o r l i n ked f ro m extern al f i l es . A s u b mo d el can act as a“ ”

                        temp l ate, an d th e s ame d ef i n i ti o n can b e reu s ed mu l ti p l e ti mes i n o th er mo d el s to avo i d d u p l i cati o n an d en ab l e reu s e o f p arts . Th e co mp p ackage al s o“ ”

                    en ab l es s u b mo d el s to h ave exp l i ci t i n terf aces (kn o w n as ) f o r o p ti o n al b l ack- b o x en cap s u l ati o n . Fi n al l y, co mp w as d es i gn ed s o th at a h i erar ch i calpor t s “ ”

                         mo d el can b e co n verted i n to a s i n gl e SB ML mo d el th at d o es n o t u s e an y co mp f eatu res , maki n g i t read ab l e b y s o f tw are th at d o es n o t d i rectl y s u p p o rt“ ”

              th e p ackage. Th e l i b rary l i b SB ML (B o rn s tei n , ) p ro v i d es a f ac i l i ty to d o th i s .et al 2008

  F lux b alance constr aints

                      Th e f b c p ackage (Ol i vi er & B ergman n , ) p ro vi d es a mean s o f en co d i n g co n s trai n t- b as ed mo d el s an d o p ti mi zat i o n s , s u ch as i s d o n e i n Fl u x B al an ce“ ” 201 8

                         An al ys i s (B o rd b ar , ). Co n s tru cts i n th e f b c p ackage al l o w f o r th e d ef i n i ti o n o f a l i s t o f o b j ecti ves f o r mi n i mi zati o n o r maxi m i zati o n , as w el l aset al 201 4 “ ”

                  f l u x b o u n d s o n reacti o n s an d gen e- r eacti o n map p i n gs . Ad d i ti o n al i n f o rmati o n s u ch as ch emi cal f o rmu l a an d ch arge en ab l e f u rth er mo d el an al ys es ,
            i n cl u d i n g cal cu l ati o n o f reacti o n mas s b al an ces , el ectro n l eaks , o r i mp l au s i b l e s o u rce s o f matter.

Group s

                  Th e gro u p s p ackage (Hu cka & Smi th , ) p ro vi d es co n s tru cts to d es cri b e co n cep tu al rel ati o n s h i p s b etw een mo d el el emen ts . G ro u p i n g s can i n d i cate“ ” 201 6

                     cl as s i f i cati o n , p arto n o my, o r merel y a co l l ecti o n o f th i n gs ; a gro u p s mean i n g can b e s p eci f i ed u s i n g s eman ti c an n o tati o n s . G ro u p s h ave n o s eman ti c’

          mean i n g an d can n o t i n f l u en ce th e math emati cal i n terp retati o n o f an SB ML mo d el .

    Multistate , multicomp one nt, and multicomp artme nt sp e cie s

                 Th e mu l t i p ackage (Zh an g an d Mei er- Sch el l ers h ei m, ) man ages th e co mb i n ato ri cs p ro d u ced b y en ti ti es ei th er co mp o s ed o f mu l ti p l e co mp o n en ts ,“ ” 201 8

                     s u ch as mo l ecu l ar co mp l exes , o r th at can exi s t i n mu l ti p l e s tates , s u ch as p ro tei n s w i th p o s t- tran s l ati o n al mo d i f i cati o n s . Wi th th e mu l ti p ackage, ru l es“ ”

                       can b e d ef i n ed f o r h o w reacti o n s d ep en d o n th e s tates o f th e en ti ti es an d th ei r l o cati o n s . Th e p ackage ad d s s yn tacti c co n s tru cts f o r mo l ecu l ar s p eci es
                    typ es , co mp artmen t typ es , f eatu res , b i n d i n g s i tes , an d b o n d s . En ti re f ami l i es o f mo l ecu l ar co mp l exes s h ari n g certai n p ro p erti es can b e d ef i n ed u s i n g p at-

    tern s created u s i n g th es e co n s tru cts .

 Qualitative mod e ls

                     Th e q u al p ackage (Ch ao u i ya , ) p ro vi d es co n s tru c ts to en co d e mo d el s w h o s e d yn ami cs can b e rep res en ted b y d i s crete, reach ab l e s tates co n -“ ” et al 201 5

                  n ected b y s tate tran s i ti o n s d en o ti n g q u al i t ati ve u p d ates o f mo d el el emen ts . Examp l es i n cl u d e l o gi cal regu l ato ry n etw o rks (B o o l ean o r mu l ti val u ed ) an d
                       P etri n ets . Th e q u al p ackage i n tro d u ces SB ML el emen ts to al l o w th e d ef i n i ti o n o f q u al i tati ve s p eci es , w h i ch are u s ed to as s o ci ate d i s crete l evel s o f“ ”

                  acti vi ti es w i th en ti ty p o o l s , as w el l as tran s i ti o n s , w h i ch d ef i n e th e p o s s i b l e ch an ges b etw een s tates i n th e tran s i ti o n grap h .

  Layout and re nd e ring

                      Th e l ayo u t (G au ges , ) an d ren d er (B ergman n , ) p ackages exten d SB ML to al l o w grap h i cal rep res en tati o n s o f n etw o rks o r p ath w ays“ ” et al 201 5 “ ” et al 201 8

                        to b e s to red w i th i n SB ML f i l es . Th e l ayo u t p ackage en ab l es th e en co d i n g o f p o s i ti o n s an d s i zes o f grap h i cal el emen ts s u ch as n o d es an d l i n es , w h i l e“ ”

                     th e i n f o rmati o n ab o u t co l o rs , f o n ts , etc., i s d ef i n ed b y th e ren d er p ackage. Th i s s ep arati o n p res en ts s everal ad van tages . Fo r examp l e, ap p l i cati o n s can“ ”

                         o f f er mu l ti p l e s tyl es f o r vi s u al i zi n g th e s ame l ayo u t o f a n etw o  rk map . Mo s t o f th e es s en ti al as p ects o f a n etw o rk d i agram can b e exp res s ed u s i n g j u s t
                         th e l ayo u t p a ckage, an d th u s to o l s d o n o t n eces s ari l y h ave to i mp l emen t a f u l l grap h i cs en vi ro n men t i f th ey d o n o t n eed to s u p p o rt cu s to mi zi n g a d i a-“ ”

 gram s l o o k- an d - f eel .’
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         A r e l a te d c h a l l e n g e c on c e r n s h u m a n u s a b i l i ty of SBM L a n d s i m i -

         l a r X M L -b a s e d for m a ts . Th ou g h SBM L i s i n te n d e d for s oftwa r e , n ot

         h u m a n s , to u s e d i r e c tl y, d e s i r e for a te xt-b a s e d or s p r e a d s h e e t-b a s e d

         e q u i va l e n t i s ofte n voi c e d ( e .g ., Ki r ou a c e t al , 2019) . Va r i ou s

         a n s we r s h a ve b e e n d e ve l op e d i n th e for m of te xt-b a s e d n ota ti on s

          ( e .g ., Gi l l e s p i e , 2006; Sm i th , 2009) a n d s p r e a d s h e e te t al e t al

        c on ve n ti on s ( e .g ., L u b i tz , 2016) , wi th b i d i r e c ti on a l tr a n s l a tor se t al

         for SBM L . Th e s e for m a ts h a ve u n d e n i a b l e a p p e a l for m a n y u s e r s

            a n d u s e c a s e s , d e s p i te th a t th e y d o n ot c a p tu r e th e e n ti r e ty of SBM L

         ( ofte n h a vi n g l i m i te d or m i s s i n g fa c i l i ti e s to e xp r e s s u n i ts , a n n ota -

          ti on s , or SBM L p a c ka g e s ) . Th e i r c h i e f d r a wb a c k i s th a t th e y b e c om e

         e r r or -p r on e to u s e a s m od e l s i z e i n c r e a s e s . Gr a p h i c a l u s e r i n te r fa c e s

            ( GUIs ; e .g ., Fu n a h a s h i , 2003; Hoop s , 2006; M or a r u ,e t al e t al e t al

          2008) c a n ove r c om e th i s ; s oftwa r e wi th GUIs c a n h e l p wi th th e

         c og n i ti ve b u r d e n of tr a c ki n g l a r g e n u m b e r s of m od e l e l e m e n ts . O n

           th e oth e r h a n d , GUIs c a n b e te d i ou s to u s e wh e n e n te r i n g l a r g e

         m od e l s , p e r for m a n c e of s om e s oftwa r e d oe s n ot s c a l e we l l wi th

        i n c r e a s i n g m od e l s i z e s , a n d s om e c a n n ot b e c on tr ol l e d p r og r a m m a t-

         i c a l l y for a u tom a ti on p u r p os e s . A m i d d l e g r ou n d m a y b e d om a i n -

       s p e c i fi c m od e l i n g l a n g u a g e s l a ye r e d on top of p r og r a m m i n g

           l a n g u a g e s s u c h a s P yth on ( e .g ., L op e z , 2013; O l i vi e r ,e t al e t al

           2005. Howe ve r , th e s e te n d to a p p e a l on l y to u s e r s wh o a r e c om for t-

          a b l e wi th ( or wi l l i n g to ta ke ti m e to l e a r n ) th e p r og r a m m i n g

          l a n g u a g e u s e d a s a s u b s tr a te . O ve r a l l , fu r th e r i n n ova ti on i n th i s a r e a

          wou l d b e we l c om e , b oth to h e l p s u p p or t SBM L L e ve l 3 p a c ka g e s

        a n d to h e l p u s e r s c op e wi th e ve r -i n c r e a s i n g m od e l s i z e s .

        Be c a u s e of th e d i ve r s i ty of b i ol og i c a l p h e n om e n a a m e n a b l e to

          m a th e m a ti c a l m od e l i n g , a s we l l a s th e i r s c a l e s a n d p r op e r ti e s , i t i s

           l i ke l y th a t a b r oa d va r i e ty of m od e l i n g a p p r oa c h e s wi l l b e a d d e d to

        e ve r y r e s e a r c h e r ’s e s s e n ti a l tool b ox ( C vi j ovi c e t al , 2014) . M e th od s

          s u c h a s m u l ti a g e n t a n d l a tti c e a p p r oa c h e s a r e c om i n g i n to wi d e r u s e

        to r e p r e s e n t e vol vi n g c e l l p op u l a ti on s , c e l l m i g r a ti on , a n d d e for m a -

        ti on . Som e r e s e a r c h e r s a r e e xp e r i m e n ti n g wi th s ol u ti on s u s i n g e xi s t-

          i n g SBM L p a c ka g e s ( W a ta n a b e & M ye r s , 2016; Va r e l a , 2019) .e t al

         M od e l i n g th e d e ve l op m e n t of ti s s u e s a n d or g a n fu n c ti on m a y a l s o

      r e q u i r e c om b i n i n g th e s e a p p r oa c h e s wi th r e a c ti on -d i ffu s i on m od e l s ,

       or m u l ti p h ys i c s a p p r oa c h e s ( Ni c ke r s on , 2016) . P op u l a ti one t al

      m od e l i n g wi l l n e e d to c om p l e m e n t tr a d i ti on a l i n s ta n c e -b a s e d

           s ys te m s i f we wa n t to ta ke i n to a c c ou n t p a ti e n t va r i a b i l i ty or i n for -

        m a ti on c om i n g fr om s i n g l e -c e l l m e a s u r e m e n ts ( L e vi n , 1997) .e t al

        Th e c ou p l i n g of d i ffe r e n t a p p r oa c h e s wi th i n th e s a m e s i m u l a ti on

       e xp e r i m e n t i s a l s o b e c om i n g m or e fr e q u e n t. Bi om ol e c u l a r r e a c ti on s

        m od e l e d u s i n g O D E s , P oi s s on p r oc e s s e s , a n d Fl u x Ba l a n c e An a l ys e s

           h a ve b e e n c ou p l e d i n th e fi r s t wh ol e -c e l l m od e l ( Ka r r , 2015) .e t al

           At th e or g a n l e ve l , l i ve r l ob u l e s h a ve b e e n m od e l e d u s i n g a c om b i -

         n a ti on of m e ta b ol i s m a n d m u l ti a g e n t m od e l s ( Sc h l i e s s , 2014) .e t al

       Se ve r a l a p p r oa c h e s m i xi n g m od e l i n g of c e l l m e c h a n i c a l p r op e r ti e s

         a n d g e n e r e g u l a tor y n e twor ks or s i g n a l i n g n e twor ks h a ve b e e n u s e d

   Sof tw are inf rastructure f or SB ML

   Ap p lication Programming Inte rf ace ( API)

        Op en - s o u rce (LG P L) l i b rari es an d co d e gen erato rs h el p read , w ri te,
         man i p u l ate, val i d ate, an d tran s f o rm SB ML. Th ey s u p p o rt al l Level s an d

       Vers i o n s o f SB ML, an d al l Level p ackages3

       1 2008Li b SB ML (B o rn s tei n ,et al ) (h ttp :/ / s b ml .o rg/ So f tw are/ l i b SB ML), w ri t-
           ten i n C+ + , o f f ers i n terf aces f o r C, C+ + , C#, J ava, J avaScri p t, MATLAB ,

      Octave, P erl , P HP , P yth o n , R, an d Ru b y
        2 201 5J SB ML (Ro d ri gu ez ,et al ) (h ttp :/ / s b ml .o rg/ So f tw are/ J SB ML) o f f ers a

  p u re J ava AP I
      3 Devi s er (h ttp :/ / s b ml .o rg/ So f tw are/ Devi s er) gen erates l i b SB ML co d e f o r

  rap i d p ackage p ro to typ i n g

 T e st Suite

     Th e SB ML Tes t Su i te (h ttp :/ / s b ml .o rg/ So f tw are/ SB ML_Tes t_Su i te) h el p s
        d evel o p ers i mp l emen t SB ML co mp ati b i l i ty an d h el p s u s ers ch eck SB ML

   f eatu res s u p p o rted i n s o f tw are

     1 Th o u s an d s o f tes t cas es f o r

•        Seman ti c i n terp retati o n o f mo d el s (f o r b o th d etermi n i s ti c an d
 s to ch as ti c s i mu l ati o n )

•  Syn tacti c co rrectn es s
            2 A grap h i cal f ro n t en d en ab l es cas es to b e f i l tered b y Level / Vers i o n an d

  typ e o f tes t
           3 An o n l i n e d atab as e al l o w s res u l ts to b e u p l o ad ed an d co mp ared w i th

   res u l ts f ro m o th er s i mu l ato rs

 Valid ation F acilitie s

           Val i d ati o n s o f tw are can ch eck f i l es f o r co mp l i an ce to th e d ef i n i ti o n o f SB ML,
      go o d mo d el i n g p racti ces , an d co n s i s ten cy o f u n i ts

     1 AP I l i b rari es i n cl u d e b u i l t- i n val i d ati o n
       2 On l i n e val i d ato r h as s i mp l e u s er i n terf ace (h ttp :/ / s b ml .o rg/ Faci l i ti es / Val

i d ato r)
     3 Web s ervi ces s u p p o rt s o f tw are acces s

   Val i d ati o n en s u res co mp l i an ce w i th :

•  SB ML s yn tax

•           SB ML val i d ati o n ru l es p u b l i s h ed as p art o f each accep ted SB ML s p eci -
f i cati o n

 C onve rsion F acilitie s

    Co n verters (h ttp :/ / s b ml .o rg/ So f tw are/ Co n verters ) can tran s l ate s o me
   o th er f o rmats to / f ro m SB ML

        1 Co n vers i o n to o l s s u p p o rt f o rmat co n vers i o n s f ro m MATLAB , B i o P AX,
    Cel l ML, XP P , SB tab , an d o th ers

           2 201 6On l i n e s ervi ces s u ch as SB FC (Ro d ri gu ez ,et al ) co n vert u p l o ad ed
     f i l es to a vari ety o f f o rmats

        3 AP I l i b rari es p ro vi d e co n verters b etw een d i f f eren t SB ML Level s / V ers i o n s
   an d d i f f eren t SB ML co n s tru cts

 Sof tw are Guid e

                 A catal o g (h ttp : / / s b ml .o rg/ SB ML_So f tw are_G u i d e) o f s o f tw are ap p l i cati o n s , l i b rari es , an d o n l i n e s ervi ces kn o w n to s u p p o rt SB ML o ver en tri e s to d ate— 290

           1 A tab u l ar i n terf ace h i gh l i gh ts s u p p o rted SB ML f eatu res o f each s o f tw are s ys tem.
         2 A l i s t i n terf ace d i s p l ays h u man - read ab l e s u mmari es o f s o f tw are s ys tems .

         3 So f tw are can b e ad d ed to th e l i s t u p o n req u es t.
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          to s tu d y m or p h og e n e s i s ( e .g ., Ta n a ka , 2015) . Th e c ou p l i n g ofe t al

          d i ffe r e n t a p p r oa c h e s c a n b e d on e wi th i n a s i n g l e h yb r i d m od e l , or

         e a c h m od e l c a n b e s i m u l a te d u s i n g d i ffe r e n t s oftwa r e a n d wi th

        d yn a m i c s yn c h r on i z a ti on a t r u n ti m e ( M a tti on i & L e Novè  r e , 2013) .

           O n c e a g a i n , th e SBM L “ c om p ” p a c ka g e c a n p l a y a r ol e i n s u p p or ti n g

          th e s e a p p r oa c h e s , b u t oth e r m e th od s a n d s oftwa r e wi l l b e n e e d e d i n

            th e fu tu r e , a s we l l a s b e tte r s u p p or t for c ou p l i n g m od e l s a t r u n ti m e

       u s i n g , for e xa m p l e , SE D -M L ( W a l te m a th , 2011) .e t al

        Th e s e d e ve l op m e n ts a r e a r i s i n g i n a l a n d s c a p e wh e r e s tr u c tu r a l

          m od e l s a r e s om e ti m e s n ot th e c e n tr a l ob j e c t of s tu d y, a n d i n s te a d

         fu n c ti on a s c ol l e c ti on of i n te g r a te d i n for m a ti on . An e xa m p l e of th i s

       i s R E C O N3D , a c om p r e h e n s i ve h u m a n m e ta b ol i c n e twor k wi th

        m e ta b ol i te a n d p r ote i n s tr u c tu r e i n for m a ti on ( Br u n k e t al , 2018) .

           SBM L wi l l c on ti n u e to h a ve a p i vota l r ol e h e r e too. W h e n SBM L

         wa s i n tr od u c e d , th e s ta te of m od e l i n g wor kfl ows a n d s oftwa r e tool s

           wa s m or e p r i m i ti ve a n d i t wa s n a tu r a l th a t a m od e l wa s s e l f-

      c on ta i n e d . SBM L -e n c od e d m od e l s ofte n h a d p r e d e fi n e d p a r a m e te r

          va l u e s ( a s i n i ti a l va l u e s for s ta te va r i a b l e s or p a r a m e te r s for m a th e -

        m a ti c a l e xp r e s s i on s ) , b u t tod a y, m od e l e r s i n c r e a s i n g l y wa n t to u s e

       th e s a m e m od e l wi th d i ffe r e n t p a r a m e te r i z a ti on s , s om e ti m e s wi th

        p a r a m e te r va l u e s e xp r e s s e d a s d i s tr i b u ti on s , l i s ts , or r a n g e s r a th e r

           th a n u n i q u e va l u e s . A p r oj e c t m a y a l s o u s e a n e n s e m b l e of r e l a te d

          m od e l s th a t d i ffe r i n p a r a m e te r s or i n tu r n i n g s om e m od e l e l e m e n ts

           on or off ( Ku e p fe r , 2007) . Th e s e m a n ti c a n n ota ti on of SBM Le t al

       e l e m e n ts a l s o h a s b e c om e i n c r e a s i n g l y i m p or ta n t, for m i n g a

         b e d r oc k for m a n y of th e a n a l ys e s u s i n g SBM L -e n c od e d m od e l s . Th e

           g r owth i n s i z e a n d s c op e of a n n ota ti on s h a s r e c e n tl y l e d th e m od e l -

          i n g c om m u n i ty to p r op os e a s ta n d a r d wa y of s tor i n g a n n ota ti on s i n

          s e p a r a te l i n ke d fi l e s ( Ne a l , 2019) , r e l yi n g on th e C O M BINEe t al

        Ar c h i ve for m a t ( Be r g m a n n , 2014) to b u n d l e e ve r yth i n ge t al

        tog e th e r . O th e r for m a ts th a t c a n c om p l e m e n t SBM L h a ve b e e n

       d e ve l op e d , a n d fu r th e r c oor d i n a ti on a n d e vol u ti on wi l l u n d ou b te d l y

           h a p p e n i n th e fu tu r e . As m e n ti on e d a b ove , SE D -M L i s a for m a t th a t

            p r ovi d e s a wa y to e n c od e wh a t to d o wi th a m od e l , wh i c h c om p l e -

          m e n ts SBM L a n d c om p e n s a te s for i ts l a c k of fe a tu r e s to d e fi n e

      p r oc e d u r e s . Fi n a l l y, e xp e r i m e n ta ti on i n i n te g r a ti n g SBM L m or e

         d i r e c tl y wi th oth e r for m a ts a n d d a ta a l s o c on ti n u e s . For i n s ta n c e ,

          p r e l i m i n a r y wor k h a s s h own th a t SBM L c a n b e e n r i c h e d wi th SBO L

          ( Voi g t , 2018) to p r ovi d e m od e l s of D NA c om p on e n ts ’ b e h a vi ore t al

         ( R oe h n e r & M ye r s , 2014) , a n d c on ve r s e l y, on g oi n g wor k i n s u p p or t-

       i n g g e n om e -s c a l e m od e l s of m e ta b ol i s m a n d g e n e e xp r e s s i on

         ( kn own a s , Th i e l e , 2012) a u g m e n ts SBM L wi thM E - m o d e l s e t al

          SBO L to m or e fu l l y c a p tu r e m od e l s for u s e wi th M E -m od e l i n g s oft-

       wa r e . Fu tu r e d e ve l op m e n ts i n m od e l i n g p a r a d i g m s m a y r e q u i r e

    E xamp le s of SB ML use case s

                    SB ML s i mp act o n co mp u tati o n al s ys tems b i o l o gy i n cl u d es i ts f aci l i tati o n o f co l l ab o rati ve w o rk. I n mu l ti p l e i n s tan ces , i t h as p reci p i tated en ti rel y n ew p ro -’

      j ects , as i l l u s trated b y th e examp l es b el o w .

     SB ML throughout the mod e l lif e cycle

                       En co d i n g a mo d el i n a s tan d ard f o rmat s u ch as SB ML makes i t eas i er to u s e d i f f eren t s o f tw a re to o l s f o r d i f f eren t p u rp o s es w i th o u t f o rmat co n vers i o n ,
                          an d th u s makes i t eas i er to l everage th e mo s t s u i tab l e to o l s at d i f f eren t p o i n ts i n a w o rkf l o w . Th e f o l l o w i n g i s an examp l e. A s i gn al i n g p ath w ay can b e

                   d es i gn ed grap h i cal l y u s i n g Cel l Des i gn er (Fu n ah as h i , ). Th e res u l ti n g mo d el can th en b e s emi - au to mati cal l y an n o tated u s i n g th e o n l i n e to o let al 2003

                   s eman ti cSB ML (K rau s e , ). Exp eri men tal ki n eti c i n f o rmati o n can b e retri eved i n SB ML f o rmat f ro m th e SAB I O- Reacti o n K i n eti cs d atab as e (Wi tti get al 201 0

                        et al et al et al, ). To o l s s u ch as COP ASI (Ho o p s201 7 , ) an d P yB i o NetF i t (Mi tra2006 , ) p ro vi d e f aci l i ti es to es ti ma te p arameters an d to s i mu l ate th e201 9

                      mo d el w i th vari o u s al go ri th ms . Oth er SB ML- en ab l ed to o l s s u ch as Tel l u ri u m (Med l ey , ) an d P ySCeS (Ol i vi er , ) p ro vi d e cap ab i l i ti es s u chet al 201 8 et al 2005

                     as i d en ti f i ab i l i ty an d b i f u rcati o n an al ys i s . Each s tep o f th e p ro ces s ap p l i ed to a mo d e l f ro m creati o n to p u b l i cati o n o f res u l ts mo d el i n g, s i mu l ati o n , an d—

                    an al ys i s can b e d o cu men ted u s i n g n o tes attach ed to every mo d el el emen t. Th e mo d el can even b e tu rn ed i n to a p u b l i s h ab l e d o cu men t u s i n g—

                      SB ML LaTeX (Dräger , ). Fi n al l y, th e mo d el can b e exp o rted f ro m s el ected mo d el i n g to o l s , to geth er w i th d ata an d o th er i n f o rmati o n al l b u n d l ed2 et al 2009

                     to geth er i n COMB I NE Arch i ve f o rmat (B ergman n , ) an d p u b l i s h ed i n mo d el rep o s i to ri es s u ch as B i o Mo d el s Datab as e (Mal i k- Sh eri f f , ).et al 201 4 et al 2020

    Pip e line f or automate d mod e l b uild ing

                    B ei n g ab l e to d es cri b e mo d e l el emen ts p reci s el y u s i n g s eman ti c an n o tati o n s f aci l i tates th e creati o n o f au to mated p i p el i n es (Dräger , ). Su chet al 201 0

                      p i p el i n es can co mb i n e exi s ti n g mo d el s w i th d atab as es o f mo l ecu l ar p h en o typ es o r reacti o n ki n eti cs (Li , ). Th ey can al s o gen erate mo d el set al 201 0 d e

                     novo et alf ro m d ata res o u rces , as h as b een d emo n s trated b y th e P ath Mo d el s p ro j ect (B ü ch el2 , ). P ath Mo d el s h as p ro d u ced , SB ML mo d el s201 3 2 1 4 3 000

                     — —al l f u l l y an n o tated f o r o ver , o rgan i s ms , b y u s i n g p ath w ay d ata. Metab o l i c p ath w ays w ere en co d ed i n SB ML Level Co re w h i l e s i gn al i n g p ath -2 600 3

      w ays w ere en co d ed w i th th e SB ML q u al“ ”             p ackage (Ch ao u i ya , ). Mo reo ver, co n s trai n t- b as ed mo d el s o f gen o me- s cal e reco n s tru cti o n w ere p ro -et al 201 3

                    vi d ed f o r each o rgan i s m. Oth er p i p el i n es h ave n o w b een b u i l t, i n cl u d i n g o n es th at can s ys temati cal l y gen erate al tern ati ve mo d el s f o r d i f f eren t ti s s u e
                 typ es (Wan g , ) an d p ati en t d ata (Uh l en , ), an i mp o rtan t s tep to w ard p ers o n al i zed med i ci n e.et al 201 2 et al 201 7

         De ve lop me nt, sharing, and re use of ge nome - scale mod e ls of human me tab olism

                  Co n s trai n t- b as ed mo d el i n g ap p ro ach es s u ch as Fl u x B al an ce An al ys i s an d i ts vari an ts p ermi t th e u s e o f w h o l e- g en o me reco n s tru cti o n s to geth er w i th
                    exp eri men tal mo l ecu l ar p h en o typ es , i n o rd er to p red i ct h o w mu tati o n s o r d i f f eren t en vi ro n men ts af f ect metab o l i s m as w el l as p red i ct d ru g targets an d

                      b i o markers (O B ri en , ). Wi th th e avai l ab i l i ty o f gen o me- s cal e metab o l i c reco n s tru cti o n s , th e u s e o f metab o l i c f l u x mo d el s at th e s ame s cal e h as’ et al 201 5

                       b een i n creas i n g (B o rd b ar , ). A recen t d evel o p men t i n th e f i el d h as b een th e cu rati o n o f co n s en s u s metab o l i c mo d el s , i n p arti cu l ar f o r h u manet al 201 4

                      metab o l i s m (B ru n k , ). Th o s e co mmu n i ty ef f o rts rel y o n SB ML f o r en co d i n g an d s h ari n g th e mo d el s , i n cl u d i n g an n o tati o n s , w h i ch are cru ci al toet al 201 8

                       b ei n g ab l e to reu s e th e reco n s tru cti o n s l ater, an d al s o f o r vi s u al rep res en tati o n u s i n g th e Layo u t (G au ges , ) an d Ren d eri n g (B ergman n ,et al 201 5 et al

                   201 8 201 8) p ackages . Th e Fl u x B al an ce Co n s trai n t p ackage (Ol i vi er & B ergman n , ) en ab l es en co d i n g o f th e i n f o rmati o n req u i red f o r mo d el o p ti mi zati o n
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                      et al, ; Ravi kri s h n an & Raman , ), an d n ew val i d ati o n to o l s f o r gen o me- s cal e metab o l i c mo d el s h ave b een mad e avai l ab l e b y th e l arger co mmu -201 5 201 5

      n i ty (e.g., MEMOTE; Li even , ).et al 2020
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          s i m i l a r fl e xi b i l i ty i n h ow m od e l s a r e r e p r e s e n te d : s om e m a y b e b e s t

        s e r ve d b y i m p l e m e n ti n g n e w SBM L p a c ka g e s , oth e r s b y e xte n d i n g

        e xi s ti n g p a c ka g e s , s ti l l oth e r s b y c om b i n i n g SBM L wi th oth e r

for m a ts .

       Be s i d e s th e te c h n i c a l c h a l l e n g e s , s oc i a l a n d c u l tu r a l c h a l l e n g e s

           a l s o e xi s t for for m a ts s u c h a s SBM L . O n e i s to c on ti n u e r a i s i n g

       a wa r e n e s s a m on g r e s e a r c h e r s , s oftwa r e d e ve l op e r s , a n d fu n d e r s of

         th e e xi s te n c e of SBM L a n d r e l a te d C O M BINE s ta n d a r d s . Som e m a y

             n ot ye t b e u s i n g SBM L s i m p l y b e c a u s e th e y a r e n ot a wa r e of i t, or

          i ts r e c e n t a d d i ti on of s u p p or t for m a n y m od e l i n g for m a l i s m s ( Fi g 1) .

       R a i s i n g a wa r e n e s s wi l l r e q u i r e c on ti n u a l e d u c a ti on a n d ou tr e a c h ,

       e s p e c i a l l y to s tu d e n ts a n d e a r l y-c a r e e r s c i e n ti s ts . Awa r e n e s s wou l d

           b e a i d e d b y g r e a te r p r om oti on on th e p a r t of j ou r n a l s a n d r e vi e we r s

           of th e u s e of SBM L a n d r e l a te d for m a ts i n p a p e r s u b m i s s i on g u i d e -

          l i n e s . D e s p i te s om e p r og r e s s i n th i s a r e a ( d i s c u s s e d i n th e p r e vi ou s

          s e c ti on ) , th e l a c k of s tr on g e r d e m a n d s b y j ou r n a l s a n d r e vi e we r s i s

           s u r e l y on e r e a s on a u th or s a r e e i th e r n ot a wa r e or n ot m oti va te d to

     p u b l i s h th e i r m od e l s i n s oftwa r e -i n d e p e n d e n t for m a ts .

        In a d d i ti on , u s a b i l i ty of s ta n d a r d for m a ts d e p e n d s c r u c i a l l y on

         th e i r i m p l e m e n ta ti on i n s oftwa r e tool s , a n d m oti va ti n g th i s wor k i s

           a n oth e r c h a l l e n g e for SBM L . A p i vota l fa c tor for th e s u c c e s s of SBM L

        h a s b e e n th e e xte n s i ve s oftwa r e e c os ys te m , wh i c h p r ovi d e s r e l a ti ve l y

         e a s y i m p or t a n d e xp or t of SBM L fr om p op u l a r s oftwa r e s ys te m s .

         Howe ve r , i m p l e m e n ti n g fu l l SBM L c om p a ti b i l i ty i n s oftwa r e i s n ot a

        s i m p l e m a tte r , a n d p r ob l e m s wi th c om p a ti b i l i ty i n th e s oftwa r e

         e c os ys te m c a n b e a s i g n i fi c a n t s ou r c e of fr u s tr a ti on . Im p r ovi n g th e

      s oftwa r e r e q u i r e s c on ti n u ou s i n ve s tm e n t i n tool d e ve l op m e n t.

           Th a t, i n tu r n , i s r e l a te d to a fi n a l c h a l l e n g e : ob ta i n i n g a n d m a i n -

            ta i n i n g fu n d i n g . By vi r tu e of n ot b e i n g a n a ti ve for m a t of a n y p a r ti c -

           u l a r s oftwa r e tool , a for m a t s u c h a s SBM L m a y r e q u i r e e xtr a wor k

          to d e fi n e b y c on s e n s u s , a n d th e n a g a i n for d e ve l op e r s to i m p l e m e n t

           i n s oftwa r e a n d s ti l l , i t wi l l l a g b e h i n d th e l e a d i n g e d g e of r e s e a r c h—

        b e c a u s e e xc h a n g e for m a ts on l y b e c om e i m p or ta n t a fte r m or e th a n

        on e s oftwa r e s ys te m h a s s om e th i n g to e xc h a n g e . Fu n d e r s m a y

         won d e r wh e th e r th e r e s ou r c e s , ti m e a n d e ffor t s p e n t on s ta n d a r d s

         d e ve l op m e n t wou l d n ot b e b e tte r a p p l i e d to oth e r g oa l s . Howe ve r ,

           th e s e c os ts m u s t b e we i g h e d a g a i n s t th e c os ts to a wh ol e r e s e a r c h

          fi e l d of h a vi n g s ta n d a r d s a n d th e r e a r e m a n y s u c h c os ts . Tono t —

         ta ke on e e xa m p l e , m od e l s i n n on s ta n d a r d for m a ts a r e m or e d i ffi c u l t

          to r e vi e w, ve r i fy, a n d r e u s e . J ou r n a l r e vi e we r s m a y n ot h a ve a c c e s s

           to th e n e c e s s a r y s oftwa r e , or th e s oftwa r e m a y n ot b e we l l te s te d ,

          a l l of wh i c h i n c r e a s e th e c h a n c e s th a t th e p u b l i s h e d m od e l c on ta i n s

        e r r or s . R e s e a r c h e r s c a n s p e n d s u b s ta n ti a l ti m e a tte m p ti n g to r e p r o-

            d u c e th e r e s u l ts , on l y to fa i l . W or s e , th i s i s a r e p e a ti n g c os t: fa i l u r e s

        to r e p r od u c e m od e l s a r e r a r e l y p u b l i s h e d or p u b l i c i z e d , wh i c h

         m e a n s a n u n tol d n u m b e r of r e s e a r c h e r s m a y s p e n d ti m e ( a n d

          r e s e a r c h fu n d i n g ) on a fu ti l e e ffor t. Fu n d e r s r e c og n i z e th a t too m a n y

       r e s e a r c h r e s u l ts a r e i r r e p r od u c i b l e , a n d h a ve u r g e d c om m u n i ty

         a c ti on ( e .g ., C ol l i n s & Ta b a k, 2014) . Th e c on ti n u e d d e ve l op m e n t of

         e xc h a n g e for m a ts , s u c h a s SBM L , i s a c r u c i a l a n d c os t-e ffe c ti ve

    m e a n s to e n a b l e r e p r od u c i b l e r e s e a r c h .

Conclusion

         SBM L a n d a s s oc i a te d s oftwa r e l i b r a r i e s a n d tool s h a ve b e e n i n s tr u -

          m e n ta l i n th e g r owth of s ys te m s b i ol og y. As m od e l i n g a n d s i m u l a -

         ti on g r e w i n p op u l a r i ty, SBM L a l l owe d r e s e a r c h e r s to e xc h a n g e a n d

       ( r e ) u s e n e w m od e l s i n a n op e n , we l l -s u p p or te d , i n te r op e r a b l e

          for m a t. SBM L h a s m a d e p os s i b l e m u c h of th e r e s e a r c h p u r s u e d b y

           th e a u th or s of th i s a r ti c l e a n d a l s o h e l p e d u s to s tr u c tu r e ou r

         th ou g h ts a b ou t ou r m od e l s a n d th e b i ol og y th e y r e p r e s e n t. Tod a y,

        s c i e n ti s ts c a n b u i l d , m a n i p u l a te , a n n ota te , s tor e , r e u s e , p u b l i s h , a n d

           c on n e c t m od e l s to e a c h oth e r a n d to b a s i c d a ta s ou r c e s . In e ffe c t,

           SBM L h a s tu r n e d m od e l s i n to a ki n d of d a ta a n d tr a n s for m e d m od e l -

          i n g i n b i ol og y fr om a n a r t to a n e xe r c i s e i n e n g i n e e r i n g .

          As th e fi e l d of s ys te m s b i ol og y c on ti n u e s to g r ow a n d a d d r e s s

         e m e r g i n g c h a l l e n g e s , SBM L wi l l g r ow a l on g wi th i t. Th i s e vol u ti on

          wi l l ( a s i t a l wa ys h a s ) d e p e n d on c l os e c oop e r a ti on b e twe e n b i ol o-

          g i s ts a n d s oftwa r e d e ve l op e r s . W e h op e th a t SBM L wi l l c on ti n u e to

         b e a s ou r c e of i n s p i r a ti on for m a n y r e s e a r c h e r s , e s p e c i a l l y th os e

            n e w to th e fi e l d . In r e tu r n , m a y th e y h e l p d e ve l op th e n e xt g e n e r a -

         ti on of SBM L to s u p p or t m or e c om p r e h e n s i ve , r i c h e r , a n d m or e

         d i ve r s e m od e l s , a n d e xp a n d th e r e a c h of s ys te m s m od e l i n g towa r d

    e n ti r e c e l l s , or g a n s , a n d or g a n i s m s .
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 s o f tw are d evel o p men t.

 A u t h o r c o n t r ib u t io n s

              SMK , DW, MK , FZ, AD, CC, an d MH w ro te th e b u l k o f th e man u s cri p t. To geth er

                w i th FTB , AF, CSG , TH, SH, RM- S, SLM, I I M, CJ M, AN, B G O, SS, J CS, LP S, MJ S, DT,

            LW, an d DJ W, th ey al s o w ro te an d / o r ed i ted s p eci f i cati o n s f o r SB ML Level 3

               Co re an d th e Level p ackages . MLB , K B , J RF, HFG , TMH , YI , WL, ALL, DL, EM,3

              CJ P , K R, NR, CAS, B ES, J S, J CS, NS, NT, an d J W co n tri b u ted p ro p o s al s f o r SB ML

             Level an d / o r are p as t o r cu rren t memb ers o f th e SB ML Team. MM- S, HMS,3

             B P , HB , HK , AF, HH, J CD, an d MH w ere p ri n ci p al i n ves ti gato rs (o r th e eq u i va-

         l en t, d ep en d i n g o n th e i n s ti tu ti o n ) f o r gran ts s u p p o rti n g SB ML d evel o p men t.

         Th e SB ML co mmu n i ty memb ers l i s ted i n th e Ap p en d i x s u p p o rted th e

         d evel o p men t o f SB ML Level th ro u gh p arti ci p ati o n i n d i s cu s s i o n s , co mmen -3

       tary o n s p eci f i cati o n d o cu men ts , an d / o r i mp l emen  tati o n o f SB ML- u s i n g

s o f tw are.

  Co n flic t o f in t e r e st

           TH h as s erved as a s h areh o l d er an d / o r h as co n s u l ted f o r Di s co very Co l l ecti ve,

I n c.

N o t e

 1 . h ttp :/ / s b ml .o rg/ Do cu men ts / SB ML_Devel o p men t_P ro ces s

 2. h ttp :/ / s b ml .o r g/ Fo ru ms /

 3 9 71. h ttp s :/ / f ai rs h ari n g. o rg/ FAI Rs h ari n g. q v f

 4 2005. h ttp s :/ / w w w .emb o .o rg/ n ew s / p res s - rel eas es / / n o w - l i ve- mo l ecu l ar-

s ys tems - b i o l o gy- a- f i rs t- i n - s ys tems - b i o l o gy- p u b l i s h i n g

 5 1 74 4 4 292. h ttp s :/ / w w w .emb o p res s .o rg/ p age/ j o u rn al / / au th o rgu i d e# d a

tad ep o s i ti o n

 6. h ttp s :/ / w w w .b i o me d cen tral .co m/ getp u b l i s h ed / w ri ti n g- res o u rces / a d d

i ti o n al - f i l es

 7 1 74 24 65 8. h ttp s :/ / o n l i n el i b rar y.w i l ey.co m/ p age/ j o u rn al / / h o mep a ge/

Fo rAu th o rs .h tml

    8 08 023. See, f o r examp l e, h ttp s :/ / gran ts .n i h .go v/ gran ts / g u i d e/ p a- f i l es / p ar- - .

h tml

 9. h ttp s :/ / s u mmero f co d e.w i th go o gl e.co m
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        L e i d e n Un i ve r s i ty, Th e Ne th e r l a n d s ; a n d ( 2) Sc h ool of M e d i c i n e ,

     Na ti on a l Un i ve r s i ty of Ir e l a n d , Ga l wa y, Ir e l a n d .
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 M a r ti n a Fr ö   h l i c h [ M .F.] ( h ttp s :/ / or c i d .or g / 0000-0001-6760-7200)

       D i vi s i on of Ap p l i e d Bi oi n for m a ti c s , D KFZ a n d NC T He i d e l b e r g ,

  69120, He i d e l b e r g , Ge r m a n y.

   M i h a i Gl on t [ M .G.G.] ( h ttp s :/ / or c i d .or g / 0000-0002-8211-7581)

     E u r op e a n Bi oi n for m a ti c s In s ti tu te , E u r op e a n M ol e c u l a r Bi ol og y

     L a b or a tor y ( E M BL -E BI) , W e l l c om e Ge n om e C a m p u s , Hi n xton ,

    C a m b r i d g e , C B10 1SD , Un i te d Ki n g d om .

   E m a n u e l Gon ça l ve s [ E .G.] ( h ttp s :/ / or c i d .or g / 0000-0002-9967-

       5205) W e l l c om e Sa n g e r In s ti tu te , W e l l c om e Ge n om e C a m p u s , Hi n x-

  ton , Un i te d Ki n g d om .

   M a r ti n Gol e b i e ws ki [ M .G.] ( h ttp s :/ / or c i d .or g / 0000-0002-8683-

      7084) HITS g Gm b H, Sc h l os s -W ol fs b r u n n e n we g 35, 69118 He i d e l -

 b e r g , Ge r m a n y.

   Hova ki m Gr a b s ki [ H.G.] ( h ttp s :/ / or ci d .or g / 0000-0001-6115-

       9339) D e p a r tm e n t of M e d i c a l Bi oc h e m i s tr y a n d Bi ote c h n ol og y, In s ti -

      tu te of Bi om e d i c i n e a n d P h a r m a c y, R u s s i a n -Ar m e n i a n Un i ve r s i ty,

  Y e r e va n 0051, Ar m e n i a .

   Al e x Gu tte r i d g e [ A.G.] ( h ttp s :/ / or c i d .or g / 0000-0001-7515-634X )

GSK.

    D a m on Ha c h m e i s te r [ D .G.] C M T, L L C .

    L e on a r d A Ha r r i s [ L .H.] ( h ttp s :/ / or c i d .or g / 0000-0003-2112-6940)

      Bi oc h e m i s tr y, Va n d e r b i l t Un i ve r s i ty Sc h ool of M e d i c i n e , Na s h vi l l e ,

   Te n n e s s e e 37232, Un i te d Sta te s .

    Be n j a m i n D He a vn e r [ B.D .H.] ( h ttp s :/ / or c i d .or g / 0000-0003-

      2898-9044) D e p a r tm e n t of Bi os ta ti s ti c s , Un i ve r s i ty of W a s h i n g ton ,

    Se a ttl e , W a s h i n g ton 98195, Un i te d Sta te s .

   R on He n ke l [ R .H.] ( h ttp s :/ / or c i d .or g / 0000-0001-6211-2719)

      Bu s i n e s s In for m a ti on Sys te m s , Un i ve r s i ty of R os toc k, 18059

 R os toc k, Ge r m a n y.

    W i l l i a m S Hl a va c e k [ W .S.H.] ( h ttp s :/ / or c i d .or g / 0000-0003-4383-

       8711) Th e or e ti c a l D i vi s i on , L os Al a m os Na ti on a l L a b or a tor y, L os

     Al a m os , Ne w M e xi c o 87545, Un i te d Sta te s .

    Bi n Hu [ B.H.] ( h ttp s :/ / or c i d .or g / 0000-0002-0278-8466) C l i n i c a l

      C l ou d Bi oi n for m a ti c s , L L C , Atl a n ta , Ge or g i a , Un i te d Sta te s .

       D a n i e l R Hyd u ke [ D .R .H.] Te g m i n e Th e r a p e u ti c s , Sa n Fr a n c i s c o,

   C a l i for n i a 94114, Un i te d Sta te s .

        Ka i to Ii [ K.I.] D e p a r tm e n t of Bi o-s c i e n c e s a n d In for m a ti c s , Ke i o

   Un i ve r s i ty, Ka n a g a wa , 223-8522, J a p a n .

    Hi d d e d e J on g [ H.d .J .] ( h ttp s :/ / or c i d .or g / 0000-0002-2226-650X )

      Un i v. Gr e n ob l e Al p e s , In r i a , 38000 Gr e n ob l e , Fr a n c e .

    Ni c k J u ty [ N.J .] ( h ttp s :/ / or c i d .or g / 0000-0002-2036-8350) Sc h ool

       of C om p u te r Sc i e n c e , Un i ve r s i ty of M a n c h e s te r , M a n c h e s te r M 13

  9P L , Un i te d Ki n g d om .

    P e te r D Ka r p [ P .K.] ( h ttp s :/ / or c i d .or g / 0000-0002-5876-6418)

       Bi oi n for m a ti c s R e s e a r c h Gr ou p , SR I In te r n a ti on a l , M e n l o P a r k, C a l i -

   for n i a 94025, Un i te d Sta te s .

    J on a th a n R Ka r r [ J .K.] ( h ttp s :/ / or c i d .or g / 0000-0002-2605-5080)

        Ic a h n In s ti tu te a n d D e p a r tm e n t of Ge n e ti c s a n d Ge n om i c Sc i e n c e s ,

          Ic a h n Sc h ool of M e d i c i n e a t M ou n t Si n a i , Ne w Y or k, Ne w Y or k,

  10029, Un i te d Sta te s .

    D o u g l a s B K e l l [ D . K . ] ( h t t p s : / / o r c i d . o r g / 0 0 0 0 - 0 0 0 1 - 5 8 3 8 - 7 9 6 3 )

      D e p a r tm e n t of Bi o c h e m i s t r y, In s ti t u te of I n te g  r a ti ve Bi ol og y ,

     F a c u l t y o f H e a l t h a n d L i f e S c i e n c e s , Un ive rs it y of L ive rp oo l, C row n

         St, L i ve r p ool L 6 9 7 ZB, Un i te d Ki n g d om ; ( 2 ) Th e Nov o Nor d i s k

      F o u n d a t i o n C e n t e r f o r B i o s u s t a i n a b i l i t y , B u i l d i n g 2 2 0 , C h e m i -

       t o r v e t , T e c h n i c a l U n i v e r s i t y o  f D e n m a r k , 2  8 0 0 K o n g e n s L y n g b y ,

D e n m a r k .

      Roland Keller [R.K.] University of Tuebingen, Tü  bingen, Germany.

    Il ya Ki s e l e v [ I.K.] ( h ttp s :/ / or c i d .or g / 0000-0003-1057-5986) In s ti -

       tu te of C om p u ta ti on a l Te c h n ol og i e s SB R AS, Novos i b i r s k 630090,

R u s s i a .

   Ste ffe n Kl a m t [ S.K.] ( h ttp s :/ / or c i d .or g / 0000-0003-2563-7561)

        M a x P l a n c k In s ti tu te for D yn a m i c s of C om p l e x Te c h n i c a l Sys te m s ,

 M a g d e b u r g , Ge r m a n y.

    E d d a Kl i p p [ E .K.] ( h ttp s :/ / or c i d .or g / 0000-0002-0567-7075) Th e o-

     r e ti c a l Bi op h ys i c s , In s ti tu te of Bi ol og y, Hu m b ol d t-Un i ve r s i tät z u

   Be r l i n , 10099 Be r l i n , Ge r m a n y.

 Christ ian K nü   p fe r [ C .K.] ( h ttps :/ /or c id .org / 0000-0002-1323-5445)

        In s ti tute of C om p ute r Sc i e n ce , Fa c u l ty of M a the m a ti c s a n d C om pu te r

       Sc ie n c e, Fr i e d r ic h Sc h il le r Un i ver s ity J e n a , 07743 J e n a, Ge r m an y.

   Fe d or Kol p a kov [ F.A.K.] ( h ttp s :/ / or c i d .or g / 0000-0002-0396-

       0256) ( 1) L a b or a tor y of Bi oi n for m a ti c s , In s ti tu te of C om p u ta ti on a l

       Te c h n ol og i e s of SB R AS, Novos i b i r s k, 630090, R u s s i a n Fe d e r a ti on ;

      ( 2) Bi os oft.R u L L C , Novos i b i r s k, 630090, R u s s i a n Fe d e r a ti on .

     Fa l ko Kr a u s e [ F.K.] Th e or e ti s c h e Bi op h ys i k, Hu m b ol d t-Un i ve r -

s i tä      t z u Be r l i n , 10099 Be r l i n , Ge r m a n y.

   M a r ti n a Ku tm on [ M .S.-K.] ( h ttp s :/ / or c i d .or g / 0000-0002-7699-

        8191) ( 1) D e p a r tm e n t of Bi oi n for m a ti c s - Bi GC a T, NUTR IM Sc h ool

       of Nu tr i ti on a n d Tr a n s l a ti on a l R e s e a r c h i n M e ta b ol i s m , M a a s tr i c h t

      Un i ve r s i ty, 6229E R M a a s tr i c h t, Ne th e r l a n d s ; ( 2) M a a s tr i c h t C e n tr e

      for Sys te m s Bi ol og y ( M a C SBi o) , M a a s tr i c h t Un i ve r s i ty, 6229E R

 M a a s tr i c h t, Ne th e r l a n d s .

   C a m i l l e L a i b e [ C .L .1] ( h ttp s :/ / or c i d .or g / 0000-0002-4625-743X )

     E u r op e a n Bi oi n for m a ti c s In s ti tu te , E u r op e a n M ol e c u l a r Bi ol og y

     L a b or a tor y ( E M BL -E BI) , W e l l c om e Ge n om e C a m p u s , Hi n xton ,

    C a m b r i d g e s h i r e , C B10 1SD , Un i te d Ki n g d om .

   C on or L a wl e s s [ C .L .2] ( h ttp s :/ / or c i d .or g / 0000-0002-4186-8506)

      W e l l c om e C e n tr e for M i toc h on d r i a l R e s e a r c h , Ne wc a s tl e Un i ve r s i ty,

        Framlington Place, Newcastle upon Tyne, NE2 4HH, United Kingdom.

    L u L i [ L .L .] ( h ttp s :/ / or c i d .or g / 0000-0002-6199-522X ) Si g n a l l i n g ,

       Th e Ba b r a h a m In s ti tu te , C a m b r i d g e , C B22 3AT, Un i te d Ki n g d om .

    L e s l i e M L oe w [ L .M .L .] ( h ttp s :/ / or c i d .or g / 0000-0002-1851-4646)

      Un i ve r s i ty of C on n e c ti c u t Sc h ool of M e d i c i n e , Fa r m i n g ton ,

   C on n e c ti c u t 06030, Un i te d Sta te s .

   R a i n e r M a c h n e [ R .M .] ( h ttp s :/ / or c i d .or g / 0000-0002-1274-5099)

      In s ti tu te for Syn th e ti c M i c r ob i ol og y, He i n r i c h He i n e Un i ve r s i ty

D ü  s s e l d or f, Ge r m a n y.

   Y u ki ko M a ts u oka [ Y .M .] ( h ttp s :/ / or c i d .or g / 0000-0002-5171-

      9096) Th e Sys te m s Bi ol og y In s ti tu te , Tokyo, J a p a n .

   P e d r o M e n d e s [ P .M .] ( h ttp s :/ / or c i d .or g / 0000-0001-6507-9168)

       C e n te r for Q u a n ti ta ti ve M e d i c i n e , Un i ve r s i ty of C on n e c ti c u t Sc h ool

      of M e d i c i n e , Fa r m i n g ton , C on n e c ti c u t 06030, Un i te d Sta te s .

    Hu a i yu M i [ H.M .] ( h ttp s :/ / or c i d .or g / 0000-0001-8721-202X ) D i vi -

       s i on of Bi oi n for m a ti c s , D e p a r tm e n t of P r e ve n ti ve M e d i c i n e , Ke c k

          Sc h ool of M e d i c i n e of USC , L os An g e n e s , C A 90033, Un i te d Sta te s .

   Fl or i a n M i tta g [ F.M .] ( h ttp s :/ / or c i d .or g / 0000-0002-6472-0221)

Tü  b i n g e n , Ge r m a n y.

    P e d r o T M on te i r o [ P .T.M .] ( h ttp s :/ / or c i d .or g / 0000-0002-7934-

   5495) INE SC -ID / In s ti tu to Su p e r i or Té    c n i c o, Un i ve r s i d a d e d e L i s b oa ,

      R u a Al ve s R e d ol 9, 1000-029 L i s b on , P or tu g a l .

    Ke d a r Na th Na ta r a j a n [ K.N.] ( h ttp s :/ / or c i d .or g / 0000-0002-9264-

     1280) Un i ve r s i ty of Sou th e r n D e n m a r k, D e n m a r k.

    P ou l M F Ni e l s e n [ P .N.] ( h ttp s :/ / or c i d .or g / 0000-0002-4704-0179)

       ( 1) Au c kl a n d Bi oe n g i n e e r i n g In s ti tu te , Th e Un i ve r s i ty of Au c kl a n d ,

       Au c kl a n d , Ne w Ze a l a n d ; ( 2) D e p a r tm e n t of E n g i n e e r i n g Sc i e n c e ,

      Th e Un i ve r s i ty of Au c kl a n d , Au c kl a n d , Ne w Ze a l a n d .
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   Tr a m y Ng u ye n [ T.N.] ( h ttp s :/ / or c i d .or g / 0000-0002-8035-0259)

        E l e c tr i c a l a n d C om p u te r E n g i n e e r i n g , Un i ve r s i ty of Uta h , Sa l t L a ke

    C i ty, Uta h 84129, Un i te d Sta te s .

   Al i d a P a l m i s a n o [ A.P .] ( h ttp s :/ / or c i d .or g / 0000-0002-1859-3719)

       ( 1) D e p a r tm e n t of C om p u te r Sc i e n c e , Vi r g i n i a Te c h , Bl a c ks b u r g ,

       Vi r g i n i a , 24060, Un i te d Sta te s ; ( 2) D e p a r tm e n t of Bi ol og i c a l

      Sc i e n c e s , Vi r g i n i a Te c h , Bl a c ks b u r g , Vi r g i n i a , 24060, Un i te d

Sta te s .

     J e a n -Ba p ti s te P e tti t E u r op e a n Bi oi n for m a ti c s In s ti tu te , E u r op e a n

     M ol e c u l a r Bi ol og y L a b or a tor y ( E M BL -E BI) , W e l l c om e Ge n om e

      C a m p u s , Hi n xton , C a m b r i d g e s h i r e C B10 1SD , Un i te d Ki n g d om .

   Th om a s P fa u [ T.P .] ( h ttp s :/ / or c i d .or g / 0000-0001-5048-2923)

        Sys te m s Bi ol og y Gr ou p , L i fe Sc i e n c e s R e s e a r c h Un i t, Un i ve r s i ty of

 L u xe m b ou r g , L u xe m b ou r g .

    R ob e r t D P h a i r [ R .P .] ( h ttp s :/ / or c i d .or g / 0000-0001-7979-2386)

  In te g r a ti ve Bi oi n for m a ti c s , In c .

   Tom a s R a d i voye vi tc h [ T.R .] ( h ttp s :/ / or c i d .or g / 0000-0002-9701-

      1851) Q u a n ti ta ti ve He a l th Sc i e n c e s , C l e ve l a n d C l i n i c , C l e ve l a n d ,

   O h i o 44195, Un i te d Sta te s .

    J oh a n n M R oh we r [ J .R .] ( h ttp s :/ / or c i d .or g / 0000-0001-6288-

      8904) D e p a r tm e n t of Bi oc h e m i s tr y, Ste l l e n b os c h Un i ve r s i ty, Ste l l e n -

   b os c h 7600, Sou th Afr i c a .

      O l i ve r A R u e b e n a c ke r [ O .R .] Br oa d In s ti tu te , M a s s a c h u s e tts ,

 Un i te d Sta te s .

   J u l i o Sa e z -R od r i g u e z [ J .S-R .] ( h ttp s :/ / or c i d .or g / 0000-0002-8552-

      8976) ( 1) In s ti tu te for C om p u ta ti on a l Bi om e d i c i n e , He i d e l b e r g

       Un i ve r s i ty, Fa c u l ty of M e d i c i n e , & He i d e l b e r g Un i ve r s i ty Hos p i ta l ,

       Bi oq u a n t, He i d e l b e r g , Ge r m a n y; ( 2) J oi n t R e s e a r c h C e n te r for

      C om p u ta ti on a l Bi om e d i c i n e , R W TH Aa c h e n Un i ve r s i ty, Fa c u l ty of

  M e d i c i n e , Aa c h e n , Ge r m a n y.

   M a r ti n Sc h a r m [ M .S.1] ( h ttp s :/ / or c i d .or g / 0000-0003-4519-7030)

       D e p a r tm e n t of Sys te m s Bi ol og y a n d Bi oi n for m a ti c s , Un i ve r s i ty of

   R os toc k, R os toc k, 18051, Ge r m a n y.

      He n n i n g Sc h m i d t [ H.S.] In ti Q u a n Gm b H, C H-4055, Ba s e l ,

Swi tz e r l a n d .

        Fa l k Sc h r e i b e r [ F.S.] ( 1) D e p a r tm e n t of C om p u te r a n d In for m a -

       ti on Sc i e n c e , Un i ve r s i ty of Kon s ta n z , Kon s ta n z , 78464, Ge r m a n y;

       ( 2) Fa c u l ty of IT, M on a s h Un i ve r s i ty, M e l b ou r n e , Au s tr a l i a .

   M i c h a e l Sc h u b e r t [ M .S.2] ( h ttp s :/ / or c i d .or g / 0000-0002-6862-

      5221) E u r op e a n M ol e c u l a r Bi ol og y L a b or a tor y, E u r op e a n Bi oi n for -

       m a ti c s In s ti tu te , W e l l c om e Ge n om e C a m p u s , C a m b r i d g e , C B10 1SD ,

 Un i te d Ki n g d om .

       R om a n Sc h u l te [ R .S] D e p a r tm e n t of C om p u te r Si e n c e , E b e r h a r d

  Ka r l s Un i ve r s i ty, Tü   b i n g e n , 72074 Ge r m a n y.

    Stu a r t C Se a l fon [ S.C .S.] ( h ttp s :/ / or c i d .or g / 0000-0001-5791-

        1217) D e p a r tm e n t of Ne u r ol og y a n d Fr i e d m a n Br a i n In s ti tu te , Ic a h n

          Sc h ool of M e d i c i n e a t M ou n t Si n a i , Ne w Y or k, Ne w Y or k, 10029,

 Un i te d Sta te s .

   Ki e r a n Sm a l l b on e [ K.S.] ( h ttp s :/ / or c i d .or g / 0000-0003-2815-

       7045) Bu xwor th , Hi g h P e a k SK23 7NS, Un i te d Ki n g d om .

   Syl va i n Sol i m a n [ S.S.2] ( h ttp s :/ / or c i d .or g / 0000-0001-5525-7418)

 In r i a Sa c l a y-Î        l e d e Fr a n c e , L i fe wa r e g r ou p , 91120 P a l a i s e a u , Fr a n c e .

    M e l a n i e I Ste fa n [ M .I.S.] ( h ttp s :/ / or c i d .or g / 0000-0002-6086-

       7357) ( 1) E d i n b u r g h M e d i c a l Sc h ool : Bi om e d i c a l Sc i e n c e s , Un i ve r -

        s i ty of E d i n b u r g h , E d i n b u r g h , Un i te d Ki n g d om ; ( 2) ZJ U-UoE In s ti -

       tu te , Zh e j i a n g Un i ve r s i ty Sc h ool of M e d i c i n e , Ha i n i n g , C h i n a .

    D e vi n P Su l l i va n [ D .P .S.] ( h ttp s :/ / or c i d .or g / 0000-0001-6176-

       108X ) E n c od i a In c ., Sa n D i e g o, C a l i for n i a , Un i te d Sta te s .

   Koi c h i Ta ka h a s h i [ K.T.] ( h ttp s :/ / or c i d .or g / 0000-0002-4235-9914)

        R IKE N C e n te r for Bi os ys te m s D yn a m i c s R e s e a r c h , Su i ta , O s a ka 565-

 0874, J a p a n .

   Ba s Te u s i n k [ B.T.] ( h ttp s :/ / or c i d .or g / 0000-0003-3929-0423)

       Am s te r d a m In s ti tu te for M ol e c u l e s , M e d i c i n e s a n d Sys te m s , Vr i j e

     Un i ve r s i te i t Am s te r d a m , 1081HV Am s te r d a m , Th e Ne th e r l a n d s .

   D a vi d Tol n a y [ D .T.2] ( h ttp s :/ / or c i d .or g / 0000-0002-5281-6410)

       C om p u ti n g a n d M a th e m a ti c a l Sc i e n c e s , C a l i for n i a In s ti tu te of Te c h -

     n ol og y, P a s a d e n a , C a l i for n i a 91125, Un i te d Sta te s .

      Ib r a h i m Va z i r a b a d [ I.V.] D i a g n os ti c L a b or a tor i e s a n d Bl ood

       R e s e a r c h In s ti tu te , Bl ood C e n te r of W i s c on s i n , M i l wa u ke e , W i s c on -

  s i n , Un i te d Sta te s .

    Axe l von Ka m p [ A.K.] ( h ttp s :/ / or c i d .or g / 0000-0002-2956-7815)

        An a l ys i s a n d R e d e s i g n of Bi ol og i c a l Ne twor ks , M a x P l a n c k In s ti tu te

       for D yn a m i c s of C om p l e x Te c h n i c a l Sys te m s , 39106 M a g d e b u r g ,

Ge r m a n y.

   Ul r i ke W i tti g [ U.W .] ( h ttp s :/ / or c i d .or g / 0000-0002-9077-5664)

      Sc i e n ti fi c D a ta b a s e s a n d Vi s u a l i z a ti on , He i d e l b e r g In s ti tu te for

    Th e or e ti c a l Stu d i e s , 69118 He i d e l b e r g , Ge r m a n y.

   C l e m e n s W r z od e k [ C .W .] ( h ttp s :/ / or c i d .or g / 0000-0003-4995-

        780X ) ( 1) C e n te r for Bi oi n for m a ti c s Tu e b i n g e n ( ZBIT) , Un i ve r s i ty of

 Tu e b i n g e n , Tü      b i n g e n , Ge r m a n y; ( 2) R oc h e P h a r m a c e u ti c a l R e s e a r c h

       a n d E a r l y D e ve l op m e n t, p R E D In for m a ti c s , R oc h e In n ova ti on C e n te r

     M u n i c h , Non n e n wa l d 2, 82377 P e n z b e r g , Ge r m a n y.

   Fi n j a W r z od e k [ F.W .] ( h ttp s :/ / or c i d .or g / 0000-0001-5031-1016)

       ( 1) C e n te r for Bi oi n for m a ti c s Tu e b i n g e n ( ZBIT) , Un i ve r s i ty of

 Tu e b i n g e n , Tü       b i n g e n , Ge r m a n y; ( 2) Gr ou p In for m a ti c s , R oc h e In n o-

       va ti on C e n te r M u n i c h , Non n e n wa l d 2, 82377 P e n z b e r g , Ge r m a n y.

   Ioa n n i s X e n a r i os [ I.X .] ( h ttp s :/ / or c i d .or g / 0000-0002-3413-6841)

       C e n te r for In te g r a ti ve Ge n om i c s , L a u s a n n e , Un i ve r s i ty of L a u s a n n e ,

Swi tz e r l a n d .

    Ta ka h i r o G. Y a m a d a [ T.Y .] ( h ttp s :/ / or c i d .or g / 0000-0002-1665-

       1778) D e p a r tm e n t of Bi os c i e n c e s a n d In for m a ti c s , Ke i o Un i ve r s i ty,

   Y okoh a m a , Ka n a g a wa 223-8522, J a p a n .

   An n a Zh u kova [ A.Z.] ( h ttp s :/ / or c i d .or g / 0000-0003-2200-793)

         In s ti tu t P a s te u r E vol u ti on a r y Bi oi n for m a ti c s C 3BI, USR 3756 IP– –

   C NR S P a r i s , Fr a n c e .–

   J e r e m y Zu c ke r [ J .Z.] ( h ttp s :/ / or c i d .or g / 0000-0002-7276-9009)

     C om p u ta ti on a l Bi ol og y, P a c i fi c Nor th we s t Na ti on a l L a b or a tor y,

    R i c h l a n d , W a s h i n g ton , 99352, Un i te d Sta te s .

    A c kn owl e d gm e n t s b y SBM L c om m u n i t y m e m b e r s

           B.A.’s wor k on SBM L L e ve l 3 wa s s u p p or te d b y th e Na ti on a l In s ti -

           tu te s of He a l th ( NIH, US) a n d h e i s c u r r e n tl y e m p l oye d b y As tr a Ze -

n e c a .

        G.B. wa s s u p p or te d b y Na ti on a l R e s ou r c e for Ne twor k Bi ol og y

   ( NR NB, US) , a wa r d 5P 41-GM 103504.

       M .L .B. wa s s u p p or te d b y g r a n t P 41-GM 103313 a n d R 01-

         GM 095485 fr om th e NIH ( US) to th e Un i ve r s i ty of C on n e c ti c u t

  Sc h ool of M e d i c i n e .

J .        C . wa s s u p p or te d b y th e C z e c h R e s e a r c h In fr a s tr u c tu r e

      In fr a s tr u c tu r e for Sys te m s Bi ol og y C 4SY S, p r oj e c t L M 2015055;

GA


         C R , g r a n t 18-24397S; a n d th e M E Y S of th e C z e c h R e p u b l i c

     u n d e r O P R D E g r a n t C Z.02.1.01/ 0.0/ 0.0/ 16_ 026/ 0008413 “ Str a te -

      g i c P a r tn e r s h i p for E n vi r on m e n ta l Te c h n ol og i e s a n d E n e r g y

P r od u c ti on ” .
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/

         D .D . wa s s u p p or te d b y g r a n t i L i te ( In n ova ti on s for L Ive r a n d

        Ti s s u e E n g i n e e r i n g ) fr om Ag e n c e n a ti on a l e d e l a r e c h e r c h e ( ANR ,

         Fr a n c e ) to INR IA, P a r i s , Fr a n c e ; b y g r a n t L i SyM ( L i ve r Sys te m s

   M e d i c i n e ) fr om Bu n d e s m i n i s te r i u m fü    r Bi l d u n g u n d For s c h u n g

        ( BM BF, Ge r m a n y) to IfAD o, D or tm u n d , Ge r m a n y; b y g r a n t VL N

     ( Vi r tu a l L i ve r Ne twor k) fr om Bu n d e s m i n i s te r i u m fü   r Bi l d u n g u n d

       For s c h u n g ( BM BF, Ge r m a n y) to IfAD o, D or tm u n d , Ge r m a n y; b y

       g r a n t P h ys i c a n c e r fr om In s ti tu t n a ti on a l d e l a s a n té   e t d e l a

 r e c h e r c h e m é       d i c a l e ( INSE R M , Fr a n c e ) to INR IA, P a r i s , Fr a n c e ;

        a n d b y g r a n t NO TO X ( P r e d i c ti n g l on g -te r m toxi c e ffe c ts u s i n g

       c om p u te r m od e l s b a s e d on s ys te m s c h a r a c te r i s a ti on s of or g a n -

    otyp i c c u l tu r e s ) fr om E U 7t h    Fr a m e wor k P r og r a m m e to INR IA,

 P a r i s , Fr a n c e .

        C .E . wa s s u p p or te d b y C HAR M E , C O ST, Ac ti on C A15110 M oU

     ( P I: C h r i s E ve l o) to M a a s tr i c h t Un i ve r s i ty.

          R .F. wa s s u p p or te d b y th e U.S. D e p a r tm e n t of E n e r g y, O ffi c e s of

       Ad va n c e d Sc i e n ti fi c C om p u ti n g R e s e a r c h a n d th e Bi ol og i c a l a n d

        E n vi r on m e n ta l R e s e a r c h a s p a r t of th e Sc i e n ti fi c D i s c ove r y Th r ou g h

    Ad va n c e d C om p u ti n g p r og r a m , g r a n t D E -SC 0010429.

          A.G. was supported by the Japanese Society for the Pr omotion of

Sci e n ce .

          M .G. wa s s u p p or te d b y fu n d i n g to HITS fr om th e Ge r m a n Fe d e r a l

          M i n i s tr y of E d u c a ti on a n d R e s e a r c h ( BM BF) a s p a r t of th e L i ve r

        Sys te m s M e d i c i n e Ne twor k L i SyM ( FKZ 031L 0056) a n d th r ou g h th e

         M u l ti c e l l M L p r oj e c t ( FKZ 01ZX 1707B) , a s we l l a s fr om th e E u r op e a n

      Un i on Hor i z on 2020 fr a m e wor k p r og r a m m e of th e E u r op e a n

        C om m i s s i on u n d e r Gr a n t Ag r e e m e n t 825843 a n d fr om th e Kl a u s

  Ts c h i r a Fou n d a ti on ( KTS) .

       M .G.G. wa s s u p p or te d b y E u r op e a n M ol e c u l a r Bi ol og y L a b or a -

   tor y ( E M BL ) c or e fu n d i n g .

        W .S.H. wa s s u p p or te d b y g r a n t R 01-GM 111510 fr om th e Na ti on a l

         In s ti tu te of Ge n e r a l M e d i c a l Sc i e n c e s ( NIGM S, US) of th e NIH.

       D .K. wa s s u p p or te d b y Novo Nor d i s k Fou n d a ti on g r a n t

NNF10C C 1016517.

      E .K. wa s s u p p or te d b y D e u ts c h e For s c h u n g s g e m e i n s c h a ft ( D FG,

         GR K1772, GR K 2290 a n d TR R 175) a n d b y P e op l e P r og r a m m e ( M a r i e

  Skł od ows ka -C u r i e Ac ti on s H2020-M SC A-ITN-2015-675585) .

         F.K. wa s s u p p or te d b y th e R u s si a n Fou nd a tion for Ba s ic R e se a r ch ,

       17-00-00296, In s titu te of C om p uta tion al Te c hn ol ogi e s of SB R AS,

      Novos i b ir s k, 630090, R u s si a n Fe de r a ti on ( P I: Fe dor Kolp a kov) .

       J .K. wa s s u p p or te d b y g r a n ts R 35-GM 119771 a n d P 41-E B023912

         fr om th e NIH ( US) to th e Ic a h n Sc h ool of M e d i c i n e .

          P .K. wa s s u p p or te d b y NIH g r a n t GM 075742 fr om th e NIH ( US)

  to SR I In te r n a ti on a l .

        S.K. wa s s u p p or te d b y g r a n t 031L 104B ( d e .NBI p a r tn e r p r oj e c t

        “ M od Si m ” ) b y th e Ge r m a n Fe d e r a l M i n i s tr y of E d u c a ti on a n d

   R e s e a r c h to M P I M a g d e b u r g .

        L .M .L . wa s s u p p or te d b y g r a n t P 41-GM 103313 fr om th e NIH

        ( US) to th e Un i ve r s i ty of C on n e c ti c u t Sc h ool of M e d i c i n e .

         P .M . wa s s u p p or te d b y g r a n t GM 080219 fr om th e NIH ( US) .

      P .T.M wa s s u p p or te d b y g r a n t P TD C / E E I-C TP / 2914/ 2014 fr om

Fu n d a ç ã    o p a r a a C i ê       n c i a e a Te c n ol og i a ( FC T) to INE SC -ID .

          A.P .’s c on tr i b u ti on to th i s m a n u s c r i p t i s a fol l ow-u p of th e wor k

         d on e wh i l e e m p l oye d a t Vi r g i n i a Te c h . ( VA, US) . Th e op i n i on s

           e xp r e s s e d i n th i s m a n u s c r i p t a r e th e a u th or s ’ own a n d d o n ot r e fl e c t

          th e vi e w of th e Na ti on a l In s ti tu te s of He a l th , th e D e p a r tm e n t of

        He a l th a n d Hu m a n Se r vi c e s , or th e Un i te d Sta te s Gove r n m e n t.

         S.C .S. wa s s u p p or te d b y g r a n t U19-AI117873 fr om th e NIH ( US) .

        Lice nse : Th i s i s an o p en acces s arti cl e u n d er th e

      terms o f th e Creati ve Co mmo n s Attri b u ti o n .4 0

      Li cen s e, w h i ch p ermi ts u s e, d i s tri b u ti o n an d rep ro d u c-

        ti o n i n an y med i u m, p ro vi d ed th e o ri gi n al w o rk i s

 p ro p erl y ci ted .
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