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1970 No specific organism ODE (Sel’kov, 1970)

1974 No specific organism ODE (Gilbert, 1974)

1975 Physarum polycephalum ODE (Kauffman and Wille, 1975)

1975 Physarum polycephalum ODE (Tyson and Kauffman, 1975)

1991 Xenopus laevis embryos ODE (Goldbeter, 1991)

1991 Xenopus embryos ODE (Norel and Agur, 1991)

1991 Xenopus embryos, somatic cells ODE (Tyson, 1991)

1992 Xenopus embryos ODE (Obeyesekere et al., 1992)

1993 Xenopus embryos ODE (Novak and Tyson, 1993a)

1993 Xenopus embryos ODE (Novak and Tyson, 1993b)

1994 Xenopus embryos ODE, delay differential equations (Busenberg and Tang, 1994)

1996 Xenopus embryos ODE (Goldbeter and Guilmot, 1996)

1997 S. pombe ODE (Novak and Tyson, 1997)

1998 S. pombe ODE (Novak et al., 1998)

1998 Xenopus embryos ODE (Borisuk and Tyson, 1998)

1999 Mammalian somatic cells ODE (Aguda and Tang, 1999)

2003 Xenopus embryos ODE (Pomerening et al., 2003)

2003 S. cerevisiae ODE (Ciliberto et al., 2003)

2004 S. cerevisiae ODE (Chen et al., 2004)

2004 S. cerevisiae Boolean (Li et al., 2004)

2004 S. pombe Stochastic (Steuer, 2004)

2005 Xenopus embryos ODE (Pomerening et al., 2005)

2006 Mammalian somatic cells Delay differential equations (Srividhya and Gopinathan, 2006)

2006 S. cerevisiae Stochastic (Zhang et al., 2006)

2007 S. cerevisiae Stochastic (Braunewell and Bornholdt, 2007)

2007 S. cerevisiae Stochastic (Okabe and Sasai, 2007)

2007 S. cerevisiae Hybrid (Barberis et al., 2007)

2008 Xenopus embryos ODE (Tsai et al., 2008)

2008 S. cerevisiae Stochastic (Ge et al., 2008)

2008 S. cerevisiae Stochastic (Mura and Csikász-Nagy, 2008)

2008 S. pombe Boolean (Davidich and Bornholdt, 2008)

2008 Mammalian somatic cells ODE (Yao et al., 2008)

2009 Mammalian somatic cells ODE (Alfieri et al., 2009)

2010 S. cerevisiae ODE (Charvin et al., 2010)

2010 S. cerevisiae, S. pombe Boolean (Mangla et al., 2010)

2010 S. pombe ODE (Li et al., 2010)

数理モデルを扱った論文

Cell, 2011, 144(6): 874-85

The purpose of this type of modeling is to understand in simpler,
albeit more abstract, terms how and why the cell cycle works.
Through time, many of the models have becomemore compli-

cated and more like chemical engineering models, consisting of
dozens of variables and regulatory processes. The purpose of
this type ofmodeling is to account for and test our understanding
of specificdetails of the system that, becauseof thecomplexity of
the system, cannot always be understood through intuition. This
typeof detailedmodel has successfully accounted for thepheno-
types of dozens of budding yeast mutants (Chen et al., 2004).
Both types of modeling have their place in understanding cell-

cycle regulation, and both have their adherents. Modeling
approaches range from simple Boolean modeling to stochastic
modeling and partial differential equation modeling. However,
to date, the majority of effort has focused on ordinary differential
equation (ODE) modeling (Table 1), which gets at the basic
solution phase biochemistry of cell-cycle regulation.
Here, we address the question of what it takes to make

a simple protein circuit like the CDK1/APC system oscillate.
We will start with Boolean modeling, which provides intuition
into the logic of biochemical oscillators. We then move on to

ODE models, which translate this logic into chemical terms.
The basic methods for analyzing ODE models of oscillators are
well known in the field of nonlinear dynamics but are not so
well known among biologists. We believe that it is high time
that theywere; after all, we biologists are studyingwhat are prob-
ably the world’s most interesting nonlinear dynamical systems.
We will emphasize the basic concepts of oscillator function
and, to the extent possible, keep the algebra to a minimum.
For further information, the reader is directed to lucid reviews
by Goldbeter (Goldbeter, 2002) and Novák and Tyson (Novák
and Tyson, 2008; Tyson et al., 2003), as well as Strogatz’s
outstanding textbook (Strogatz, 1994).

Boolean Models
We begin by paring the cell cycle down to a simple two-compo-
nent model in which CDK1 activates APC and APC inactivates
CDK1 (Figure 2B). This is the essential negative feedback loop
upon which the cell-cycle oscillator is built (Murray et al.,
1989). Perhaps the simplest way to think about the dynamics
of a system like this is through Boolean or logical analysis (Glass
and Kauffman, 1973).
Suppose that both CDK1 and APC are perfectly switch-like in

their regulation; that is, they are either completely on or
completely off. Then, together, the system of CDK1 plus APC
has four possible discrete states (APCon/CDK1on, APCon/
CDK1off, APCoff/CDK1on, and APCoff/CDK1off) (Figure 2E). Now
suppose the system starts in an interphase-like state, with
APCoff/CDK1off. In the first increment of time, what will happen?
If the APC is off, then CDK1 turns on. Thus, we define a rule:
state 1, with APCoff/CDK1off, goes to state 2with APCoff/CDK1on.
Next, the active CDK1 activates APC; thus, state 2 goes to 3. The
active APC then inactivates CDK1, and state 3 goes to state 4.
Finally, in the absence of active CDK1, the APC becomes inac-
tive, and state 4 goes to state 1. This completes the cycle.
We can depict the dynamics of this oscillator as a diagram in

‘‘state space’’ (Figure 2E). The model goes through a never-
ending cycle, and all of the possible states of the system are
visited during each run through the cycle.
If we add one more component to the system—for example,

a protein like Polo-like kinase 1 (Plk1), which here we assume
is activated by CDK1 and, in turn, contributes to the activation
of APC (Figure 2C)—then there are eight (2 3 2 3 2) possible
states for the system. If we start with all of the proteins off and
assume six biologically reasonable rules (active CDK1 activates
Plk1, active Plk1 activates APC, active APC inactivates CDK1.),
once again we get a never-ending cycle of states (Figure 2F). But
this time, only some of the possible states (states 1–6 in
Figure 2F) lie on the cycle. The other two states (7 and 8) feed
into the cycle in a manner determined by the rules we assume.
Thus, no matter where the system starts, it will converge to the
cycle sooner or later. The behavior of this Boolean model is
analogous to ‘‘limit cycle oscillations,’’ which we will encounter
again in the next section.
With Boolean models, it is easy to obtain oscillations. Indeed,

one can even get oscillations from a model with a single species
(CDK1) that flips on when it is off and flips off when it is on
(Figures 2A and 2D), a discrete representation of a protein that
negatively regulates itself.

Figure 1. Simplified Depiction of the Embryonic Cell Cycle, High-
lighting the Main Regulatory Loops
(A) Cyclin-CDK1 is the master regulator of mitosis. APC-Cdc20 is an E3
ubiquityl ligase, which marks mitotic cyclins for degradation by the protea-
some. Wee1 is a protein kinase that inactivates cyclin-CDK1. Cdc25 is
a phosphoprotein phosphatase that activates cyclin-CDK1. Not shown here is
Plk1, which cooperates with cyclin-CDK1 in the activation of APC-Cdc20.
(B) In the Xenopus embryo, the activation of CDK1 drives the cell into mitosis,
whereas the activation of APC, which generally lags behind CDK1, drives the
cell back out of mitosis.
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FIG. 1. Minimal cascade model for mitotic oscillations. Cyclin is

synthesized at a constant rate (vi) and triggers the transformation
of inactive (MI) into active (M) cdc2 kinase by enhancing the rate
of a phosphatase (E1); a kinase (E2) reverts this modification. In
the second cycle of the phosphorylation-dephosphorylation cas-
cade, cdc2 kinase (identical to E3) elicits the transition from the
inactive (X+) into the active (X) form of a protease that de-
grades cyclin; the activation of cyclin protease is reverted by a
phosphatase (E4). Vi (i = 1-4) denotes the effective maximum rate
of each of the four converter enzymes; vd denotes the maxi-
mum rate of cyclin degradation by protease X. As shown in Fig. 3,
this minimal cascade is capable of autonomous oscillatory be-
havior.

keep the model simple and to allow for the straightforward
generation of thresholds (see below), the formation of a
complex between cyclin and cdc2 kinase will not be taken into
account; instead, it is assumed that cyclin drives cdc2 activa-
tion by enhancing the velocity ofan "activase" which (see the
above discussion) might primarily represent a tyrosine (and,
possibly, threonine) phosphatase. Such a direct activation of
the phosphatase acting on phosphorylated cdc2 kinase is one
of the hypothetical mechanisms originally put forward for
cyclin action (7, 22). A further assumption is that the maximum
activity ofthe kinase inactivating cdc2-the cdc2 "inactivase"
(7)-remains constant throughout the cell cycle.
That okadaic acid, an inhibitor of phosphatase 2A, behaves

as a mitotic inducer has suggested that the phosphatase acting
on cdc2 might be activated through phosphorylation and inac-
tivated by phosphatase 2A (23-26). This minimal model will not
take into account the possible modification of the activase, nor
will it differentiate the roles of cyclins A and B, which appear
to cooperate in the activation of cdc2 kinase (27, 28).

In line with the observation that the kinase activity of the
cdc2 protein promotes cyclin degradation (8), it is assumed
that cdc2 kinase activates a cyclin protease, designated as X
(as in ref. 8), by reversible phosphorylation (Fig. 1); the
maximum activity of the phosphatase inactivating that pro-
tease is taken as constant throughout the cycle. There is
evidence that the pathway of cyclin degradation is itself a
bicyclic phosphorylation cascade, the first step of which
would be controlled by cdc2 kinase (8, 16, 25, 26). Consid-
eration of a multicyclic rather than monocyclic cascade
leading to the activation of the protease by cdc2 kinase
would, however, not significantly affect the results presented
here. Cyclin was recently shown to be degraded by the
ubiquitin pathway (29); activation of cyclin degradation by
cdc2 kinase could accordingly result from the phosphoryla-
tion of a protein that would promote the conjugation
of ubiquitin to cyclin, leading to rapid cyclin destruction
(29).
Thus, the three variables of the minimal model are cyclin,

the active (i.e., dephosphorylated) form of cdc2 kinase, and
the active (i.e., phosphorylated) form of cyclin protease. The
dynamics of the bicyclic cascade of post-translational mod-

ification is governed by the following system of kinetic
equations:

dC C
= VI -VdX - kdC,

dt i Kd + C

dM (1-M) M

dt K1 + (1 -M) K2 + M

dX (1 - X)
V=3

dt -K3+(1-X)

x
- V4

K4 + X
[1]

[2]
C
c

In the above equations, C denotes the cyclin concentra-
tion, while M and X represent the fraction of active cdc2
kinase and the fraction ofactive cyclin protease; (1 - M) thus
represents the fraction of inactive (i.e., phosphorylated) cdc2
kinase, while (1 - X) represents the fraction of inactive (i.e.,
dephosphorylated) cyclin protease. As to parameters, v; and
Vd denote, respectively, the constant rate of cyclin synthesis
and the maximum rate of cyclin degradation by protease X
reached forX = 1; Kd and & denote the Michaelis constants
for cyclin degradation and for cyclin activation of the phos-
phatase acting on the phosphorylated form of cdc2 kinase; kd
represents an apparent first-order rate constant related to
nonspecific degradation of cyclin (this facultative reaction,
whose contribution is much smaller than that of cyclin
degradation by protease X, is not needed for oscillations; its
sole effect is to prevent the boundless increase of cyclin in
conditions where the specific protease would be inhibited).
The normalized parameters Vi and Ki (i = 1-4) characterize

the kinetics of the enzymes E, (i = 1-4) involved in the two
cycles of post-translational modification: on one hand, the
phosphatase (E1) and the kinase (E2) acting on the cdc2
molecule, and on the other hand, the cdc2 kinase (E3) and the
phosphatase (E4) acting on the cyclin protease (see Fig. 1).
For each converter enzyme, the two parameters Vi and Ki are
the effective maximum rate and the Michaelis constant,
divided by the total amount of relevant target protein-i.e.,
MT (total amount ofcdc2 kinase) for enzymes E1 and E2, and
XT (total amount of cyclin protease) for enzymes E3 and E4;
both MT (4, 11, 12) and XT will be considered as constant
throughout the cell cycle. The expressions for the effective
maximum rates V1 and V3 are given by Eq. 2. These expres-
sions reflect the assumption that cyclin activates phosphatase
E1 in a Michaelian manner; VM1 denotes the maximum rate
of that enzyme reached at saturating cyclin levels. On the
other hand, the effective maximum rate of cdc2 kinase is
proportional to the fraction of active enzyme; VM3 denotes
the maximum velocity of the kinase reached for M = 1.

All nonlinearities in the model are of the Michaelian type.
In other words, no form of positive cooperativity is assumed,
neither in the proteolysis of cyclin or in the activation by
cyclin of the phosphatase acting on cdc2 nor in any of the
reactions of covalent modification. The self-amplification
effect due to the possible activation of cdc2 kinase by the
active form of the cdc2 product (2, 14) has not been consid-
ered (see Discussion). One of the main goals of the present
analysis is, indeed, to determine whether oscillations can
arise solely as a result of the negative feedback provided by
cdc2-induced cyclin degradation and of the thresholds and
time delays built into the cyclin-cdc2 cascade of covalent
modification.
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possibly, threonine) phosphatase. Such a direct activation of
the phosphatase acting on phosphorylated cdc2 kinase is one
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tivated by phosphatase 2A (23-26). This minimal model will not
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molecule, and on the other hand, the cdc2 kinase (E3) and the
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throughout the cell cycle. The expressions for the effective
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sions reflect the assumption that cyclin activates phosphatase
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of that enzyme reached at saturating cyclin levels. On the
other hand, the effective maximum rate of cdc2 kinase is
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In other words, no form of positive cooperativity is assumed,
neither in the proteolysis of cyclin or in the activation by
cyclin of the phosphatase acting on cdc2 nor in any of the
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数理モデルを扱った論文

J Theor Biol, 2006, 241(3): 617-27

values of the parameters used in our simulation are given
in Table 3.

A brief description of a typical P–D cycle is as follows. A
protein Y (Y represent Pre-MPF, Cdc25, Wee1 and APC in
our model) is transformed (phosphorylated) into Y-P (Y-P
represent MPF, Cdc25P, Wee1P and APCP) by an enzyme
E(kinase) of maximum rate VM and Michaelis–Menten
constant K while the reverse transformation is catalysed by
an enzyme E0 (phosphatase) of maximum rate V 0

M and

Michaelis–Menten constant K 0. The forms of Y and Y-P
may represent active or inactive forms of the protein.
The first term on the rhs of Eq. (1) represents the denovo

production of cyclin (X 1) at a constant rate vf . In the
second term, cyclin combines with free Cdk (X 2) to form
Pre-MPF. Although in reality, these two units combine,
followed by the phosphorylation of tyrosine and threonine
residues of the Cdk to form Pre-MPF, to keep the model
simpler we assume that Pre-MPF is formed from Cyc and
Cdk. The last term shows the degradation of cyclin which is
activated by the APC-P (X 6).
The total concentration of Cdk, i.e. the sum of the

concentrations of free Cdk (X 2), MPF (X 3) and Pre-MPF,
is a constant: C. Upon degradation of the cyclin sub-unit of
MPF, the free Cdk is restored (see Fig. 1). Hence, the first
term of Eq. (2) represents this restoration of free Cdk and
the second term represents the combination of cyclin (X 1)
and free Cdk (X 2) to form Pre-MPF.
The first term of the rhs of Eq. (3) represents the

dephosphorylation of the tyrosine (Tyr15) residue of the
Cdk component of Pre-MPF to give MPF (X 3). This step
is also activated by the effector Cdc25P (X 4) where a1 is the
strength of activation and this is described by the second
term in square brackets.
The second term represents the phosphorylation of MPF

(X 3) back to Pre-MPF activated by the effector Wee1 (X 5)
where b1 is the corresponding strength. The third term
refers to the degradation of MPF which is activated by
APC-P (X 6). b2 is the corresponding strength of the
negative feedback.
The first term of Eq. (4) represents the phosphorylation

of Cdc25 to Cdc25P (X 4) which is activated by MPF (X 3)
with a2 being the activation constant (M–M kinetics).
The second term denotes the dephosphorylation of
Cdc25P (X 4).

ARTICLE IN PRESS

Table 1
Features of other CDC models and the present model

Eukaryotic CDC models Number of variables Comments

Goldbeter (1991) 3 (ODE) (i) Limit cycle model
(ii) Checkpoints absent

Tyson and Novak models 11 and above (ODE) (i) Describes eukaryotic CDC
(ii) Saddle node and saddle node loop bifurcation checkpoint
(iii) Time delay in the form of a hypothetical variable
(iv) Mass as important G1/S and G2/M checkpoint
(v) Several mutant phenotypes reproduced

Qu et al. (2003) 13 (ODE) (i) Describes eukaryotic CDC
(ii) Bistability when negative feedback off
(iii) Hopf bifurcation checkpoint when negative feedback is on
(iv) Time lag as time constant

Present model 7 (DDE) (i) Describes eukaryotic CDC
(ii) Time lag in the form of explicit delayed variable (MPF)
(iii) Saddle node loop bifurcation checkpoint
(iv) Bistability in the absence of delay
(v) Delay, mass as G2/M checkpoint
(vi) Wee1 mutant phenotypes reproduced

Fig. 1. Schematic representation of cell cycle. Dashed lines indicate
activations, bold lines indicate reactions. t time delay in the activation of
APC by MPF. ai’s and bi’s are activation strengths. The P in the Pre-MPF
denotes the phosphorylated tyrosine residue of Cdk component.
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モデル
対象としている現象

それに関わる分子・生化学反応

dx

dt
= kx
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モデル
シミュレーションしたい対象(現象)

抽象化

未来の予測 A
A

A

A

B

B

B

B

Lotka-Volterra model
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v = f(A,B)
反応方程式

分子濃度・数の増減

分子濃度(初期値)

モデル
A

B

C

モデル

モデル内のすべての分子濃度・反応方程式が
定義されていればシミュレーション可能
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SSA

シミュレーション
分子濃度を記述した常微分方程式 (ODE)

分子数の確率的な変化を記述した確率モデル (SSA)

分子濃度の空間的分布を記述した偏微分方程式 (PDE)

ODE PDE
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常微分方程式(ODE)
分子濃度の変化をモデル化

各反応による分子濃度の変化を記述

連続的な値を取り扱う

決定論的

数値積分 ODE
A

B

C

v = k[A][B]

2012年1月13日金曜日



分子数の変化をモデル化

各反応による分子数の変化を記述

連続的な値ではなく、離散値を取り扱う

非決定論的 SSA

確率モデル(SSA)
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確率モデル(SSA)
分子数の変化をモデル化

SSA

A

B

C

A: 300
B: 200
C:     0

A: 299
B: 199
C:     1
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細胞質

核

分子の移流

境界での
膜輸送

分子濃度: 高

分子濃度: 低

偏微分方程式(PDE)
分子の拡散
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ODE? SSA? PDE?

FEBS Journal 278 (2011) 2767–2857
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BA

ODEで書かれた反応方程式
v = k[A] d[A]

dt
= −k[A]

d[B]
dt

= k[A]

[A]

v

A

B
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d[B]
dt

= k1[A]− k2[B]

Mass-action

BA C

v1 = k1[A] v2 = k2[B]

2012年1月13日金曜日



d[B]
dt

= k1[A]− k2[B]

BA C

v1 = k1[A] v2 = k2[B]

大事なこと

和、差で反応毎に分解できる

2012年1月13日金曜日



ODE ↔ ネットワーク

dA

dt
= −k1A

dB

dt
= −k2B

dC

dt
= k1A + k2B − k3C

dD

dt
= k3C

A

B

C

D
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Michaelis-Menten

PS

E

d[P ]
dt

=
Vmax[S]
Km + [S]

d[P ]
dt

=

2012年1月13日金曜日



BA

Mass-action

v = k[A] d[A]
dt

= −k[A]

d[B]
dt

= k[A]

[A]

v

[A]

v

Michaelis-MentenMass-action
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ODEシミュレータの実装
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•実験で(検証する前に/検証できない事項を)予測
したい

•未来 (ある時間: t) の状態を予測

Why Simulate a model?

状態1 状態2 状態3 状態X· · ·
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•未来 (ある時間: t) の状態を予測
未来の予測

状態1 状態2 状態3 状態X· · ·

dx

dt
= kx

�
dx

x
=

�
kdt

log(x) = kt + c1

x = C1e
kt
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•未来 (ある時間: t) の状態を予測
未来の予測

状態1 状態2 状態3 状態X· · ·

dx

dt
= kx

�
dx

x
=

�
kdt

log(x) = kt + c1

x = C1e
kt
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k > 0k < 0

解析的に未来を予測
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•数値計算
•確率モデル

•解析的に解けない時
•        を     から求めるしかない時

数値計算が必要な場合

xt+1 xt

状態1 状態2 状態3 状態X· · ·
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•多くの場合、連立微分方程式は解析的に解けない 
→ 積分できない

•数値積分が必要

数値計算が必要な場合

ODEシミュレータは
数値積分を行なっている
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ODEの数値積分

x0 x1 xt· · ·x2

dx

dt
= f(t, x)

f(t, x) f(t, x) f(t, x)
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ODE Simulatorの作り方

0 t t + ∆t

x

dx

dt
= 2x

x + 2x∆t

   傾き = 2x
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ODE Simulatorの作り方

0 t

x

dx

dt
= 2x

   傾き = 2x

t + ∆t

x + 2x∆t

オイラー法
Euler’s Method
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ポイント

0

dx

dt
= 2x

   傾き = 2x

   傾き = 2x

t

x
   は     に応じて変化x dx

     は     で増加∆tt

以降、繰り返し
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•                を解くシミュレータ
ODE Simulator

#!/usr/bin/perl

$dt = 0.01;
$t = 0.0;
$x = 1.0;

for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}

dx

dt
= 2x

0

15

30

45

60

0 0.5 1.0 1.5 2.0

シミュレーション結果

t = 0, x = 1.0
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PerlでODEシミュレータ
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Windowsの人
http://padre.perlide.org
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Padreをinstall
http://padre.perlide.org
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Padreを実行
http://padre.perlide.org
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まずは設定
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まずは設定

チェックを外す
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#!/usr/bin/perl
print "Hello World\n";

最初のプログラム

保存
(script.pl)

￥
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#!/usr/bin/perl
print "Hello World\n";

実行!
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Hello World と表示される

print文は「表示」を行う

#!/usr/bin/perl
print "Hello World\n";

MacでもLinuxでも動くように

改行させるために \n か ￥n をつける
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Mac, Linuxの人
Terminalを起動
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Emacs, Xcode, nanoなどで作成
#!/usr/bin/perl
print "Hello World\n";

emacs script.pl
(Perlのプログラムを書く)
perl script.pl
Hello World
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プロット
Excel等の表計算ソフト

gnuplot等
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

プロット用データを用意
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

プロット用データを用意

出力結果を全選択してコピー
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelに取り込む
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelに取り込む
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelに取り込む
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelに取り込む
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelに取り込む
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelに取り込む
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelに取り込む

カンマ区切り
(Comma Separated Values: CSV)

2012年1月13日金曜日



#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelでプロット
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelでプロット
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#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

Excelでプロット
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#!/usr/bin/perl

print "0,0,0\n";
print "2,4,8\n";
print "4,16,64\n";
print "6,36,216\n";
print "8,64,512\n";

Excelでプロット
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perl script.pl
0,0
2,4
4,16
6,36
8,64

perl script.pl >! data.csv
gnuplot
gnuplot> set datafile separator “,”
gnuplot> plot ‘data.csv’

gnuplotでプロット
#!/usr/bin/perl

print "0,0\n";
print "2,4\n";
print "4,16\n";
print "6,36\n";
print "8,64\n";

ファイル(data.csv)に保存

とりあえず実行して確認

カンマ区切りだよ
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perl script.pl >! data.csv
gnuplot
gnuplot> set datafile separator “,”
gnuplot> plot ‘data.csv’
gnuplot> replot ‘data.csv’ using 1:3

gnuplotでプロット

#!/usr/bin/perl

print "0,0,0\n";
print "2,4,8\n";
print "4,16,64\n";
print "6,36,216\n";
print "8,64,512\n";

using 1:4
using 1:5

...
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• Perlでプログラムを書く
ここまでのまとめ

• CSVを読み込む
• Excel, gnuplot

• プロット

• Padre, Emacs等
• print文で表示
• CSV(カンマ区切り)で表示
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• Perlでプログラムを書く
足りないもの

• CSVを読み込む
• Excel, gnuplot

• プロット

• Padre, Emacs等
• print文で表示
• CSV(カンマ区切り)で表示

数値積分

0 t

x
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•                を解くシミュレータ
ODE Simulator

dx

dt
= 2x

0

15

30

45

60

0 0.5 1.0 1.5 2.0

シミュレーション結果

t = 0, x = 1.0

CSVで表示

#!/usr/bin/perl

$dt = 0.01;
$t = 0.0;
$x = 1.0;

for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}
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#!/usr/bin/perl

$dt = 0.01;
$t = 0.0;
$x = 1.0;

for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}

•                を解くシミュレータ
ODE Simulator

dx

dt
= 2x t = 0, x = 1.0

Δt の値

x, tの初期値

繰り返しの内容

201回繰り返す
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for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}

dx

dt
= 2x

0 t t + ∆t

x

x + 2x∆t

   傾き = 2x
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for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}

dx

dt
= 2x

0 t t + ∆t

x

x + 2x∆t

   傾き = 2x
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for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}

dx

dt
= 2x

0 t t + ∆t

x

x + 2x∆t

   傾き = 2x
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for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}

dx

dt
= 2x

0 t t + ∆t

x

x + 2x∆t

   傾き = 2x

t=0 から t=2.0まで
201回繰り返す

(Δt = 0.01)
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#!/usr/bin/perl

$dt = 0.01;
$t = 0.0;
$x = 1.0;

for ($i = 0; $i <= 200; $i++) {
! print "$t,$x\n";
! $dx = 2 * $x * $dt;
! $x  = $x + $dx;
! $t  = $t + $dt;
}

•                を解くシミュレータ
ポイント

dx

dt
= 2x t = 0, x = 1.0

Δt の値

x, tの初期値

シミュレーション時間
とΔtによって繰り返し

回数を決める

xとtをちょっと増やす(減らす)

dx/dt = の右辺を書く

2012年1月13日金曜日



2012年1月13日金曜日



2012年1月13日金曜日



emacs simulate.pl
perl  simulate.pl >! data.csv
gnuplot
gnuplot> set datafile separator “,”
gnuplot> plot ‘data.csv’

Mac, Linuxの人
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•                を解くシミュレータ
C言語版

#include<stdio.h>

int main(void) {
  int i; 
  double dx;
  double dt = 0.01;
  double t = 0.0;
  double x = 1.0;

  for (i = 0; i <= 200; i++) {
    printf("%lf,%lf\n", t, x);
    dx = 2.0 * x * dt;
    x  = x + dx;
    t  = t + dt;
  }
  return 0;
}

dx

dt
= 2x t = 0, x = 1.0

Cコンパイラは gcc, 
MSVC, LLVM Clang等

emacs simulate.c
gcc -Wall simulate.c
./a.out >! data.csv
(プロットはPerl版と同様)
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2変数モデル
BA

v = k[A] d[A]
dt

= −k[A]

d[B]
dt

= k[A]
#!/usr/bin/perl

$dt = 0.01;
$t = 0.0;
$A = 1.0;
$B = 0.0;
$k = 1.5;

for ($i = 0; $i <= 200; $i++) {
! print "$t,$A,$B\n";
! $dA = - $k * $A * $dt;
! $dB =   $k * $A * $dt;
! $A  = $A + $dA;
! $B  = $B + $dB;
! $t  = $t + $dt
}

[A]0 = 1.0
[B]0 = 0.0

k = 1.5

A, B, t をちょっと増やす(減らす)
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2変数モデル
BA

v = k[A]

A

B
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C言語版
#include<stdio.h>

int main(void) {
  int i; 
  double dA, dB;
  double dt = 0.01;
  double t = 0.0;
  double A = 1.0;
  double B = 0.0;
  double k = 1.5;

  for (i = 0; i <= 200; i++) {
    printf("%lf,%lf,%lf\n", t, A, B);
    dA = - k * A * dt;
    dB =   k * A * dt;
    A  = A + dA;
    B  = B + dB;
    t  = t + dt;
  }
  return 0;
}

emacs simulate.c
gcc -Wall simulate.c
./a.out >! data.csv
(プロットはPerl版と同様)
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BA C

k1 = 0.5, k2 = 0.8

3変数モデル
v1 = k1[A] v2 = k2[B]

[A]0 = 1.0, [B]0 = 0.5, [C]0 = 0.0

d[A]
dt

= −v1
d[B]
dt

= v1 − v2
d[C]
dt

= v2
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#!/usr/bin/perl

$dt = 0.1;
$t  = 0.0;
$A  = 1.0;
$B  = 0.5;
$C  = 0.0;
$k1 = 0.5;
$k2 = 0.8;

for ($i = 0; $i <= 100; $i++) {
  print "$t,$A,$B,$C\n";
  $v1 = $k1 * $A;
  $v2 = $k2 * $B;
  $dA = - $v1 * $dt;
  $dB =   $v1 * $dt - $v2 * $dt;
  $dC =   $v2 * $dt;
  $A  = $A + $dA;
  $B  = $B + $dB;
  $C  = $C + $dC;
  $t  = $t + $dt
}

Perl版 v1 = k1[A]
v2 = k2[B]

d[A]
dt

= −v1

d[B]
dt

= v1 − v2

d[C]
dt

= v2

k1 = 0.5, k2 = 0.8

[A]0 = 1.0, [B]0 = 0.5, [C]0 = 0.0
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3変数モデル
BA C

v1 = k1[A] v2 = k2[B]

AB

C
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#include<stdio.h>

int main(void) {
! int i;
! double t = 0.0;
! double dt = 0.1;
! double v1, v2;
! double A = 1.0, B = 0.5, C = 0.0;
! double k1 = 0.5, k2 = 0.8;

! for (i = 0; i <= 100; i++) {
! ! printf("%lf, %lf, %lf, %lf\n", t, A, B, C);
! ! v1 = k1 * A;
! ! v2 = k2 * B;
! ! A = A - v1*dt;          /* dA/dt = -v1      */
! ! B = B + v1*dt - v2*dt;  /* dB/dt =  v1 - v2 */
! ! C = C + v2*dt;          /* dC/dt =  v2      */
! ! t = t + dt;
! }
! return 0;
}

C言語版
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x 変数 値
1

2

3

A 1.0

B 0.5

C 0.0

function xdot = sim3(time,x)

xdot = zeros(3,1);
k1 = 0.5;
k2 = 0.8;

if (nargin == 0)
  xdot(1) = 1.0; % A
  xdot(2) = 0.5; % B
  xdot(3) = 0.0; % C
else
  A = x(1);
  B = x(2);
  C = x(3);
  v1 = k1 * A;
  v2 = k2 * B;
  xdot(1) = -v1;      % dA/dt
  xdot(2) =  v1 - v2; % dB/dt
  xdot(3) =  v2;      % dC/dt
end;

MATLAB版

>> [t,x] = ode23(@sim3,[0 10],sim3);
>> plot(t,x)

初期値

変数の数

sim3.m

Octave-Forge
odepkg でも可
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x 変数 値
1

2

3

A 1.0

B 0.5

C 0.0

function xdot = sim3(time,x)

xdot = zeros(3,1);
k1 = 0.5;
k2 = 0.8;

if (nargin == 0)
  xdot(1) = 1.0; % A
  xdot(2) = 0.5; % B
  xdot(3) = 0.0; % C
else
  A = x(1);
  B = x(2);
  C = x(3);
  v1 = k1 * A;
  v2 = k2 * B;
  xdot(1) = -v1;      % dA/dt
  xdot(2) =  v1 - v2; % dB/dt
  xdot(3) =  v2;      % dC/dt
end;

MATLAB版

>> [t,x] = ode23(@sim3,[0 10],sim3);
>> plot(t,x)

初期値

変数の数

sim3.m

Octave-Forge
odepkg でも可
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本格的なモデル
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Circadian clock model
•mRNA(M)の生産は核内のタンパク質(P)によって
抑制される

•Mは細胞質でタンパク質(R)に翻訳される

•P / R はそれぞれ細胞質 / 核内に輸送される

J. theor. Biol. (2002) 216, 193–208
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0.5 0.5

0.5

Circadian clock model
a = s = d = v = 1.0

u = 0.1
h = 0.01
n = 40

1 / (1+ (P/h)**n)
uR

dR

vP
sM

aM
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#!/usr/bin/perl

# Time variables
$t = 0.0;
$dt = 0.01;
# Parameters
$a = 1.0; $s = 1.0; $d = 1.0; $v = 1.0;
$u = 0.1; $h = 0.01;
$n = 40;
# Molecules
$M = 0.5; $P = 0.5; $R = 0.5;

for ($i = 0; $i <= 2500; $i++) {
  print"$t,$M,$P,$R\n";
  $dMdt =  1 / (1 + ($P/$h)**$n) - $a * $M;
  $dRdt = $s*$M - ($d+$u)*$R + $v*$P;
  $dPdt = $u*$R - $v*$P;
  $M = $M + $dMdt * $dt;
  $R = $R + $dRdt * $dt;
  $P = $P + $dPdt * $dt;
  $t = $t + $dt;
}

Perl版
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Circadian clock model

M

P

R

n = 40

M

R
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n = 2

Circadian clock model

M

P

R

M

R
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#include<stdio.h>
#include<math.h>
int main(void) {
  int i;
  /* Time variables */
  double t = 0.0, dt = 0.01;
  /* Parameters */
  double a = 1.0, s = 1.0, d = 1.0, v = 1.0;
  double u = 0.1, h = 0.01;
  double n = 40;
  /* Molecules */
  double M = 0.5, P = 0.5, R = 0.5;
  double dMdt, dRdt, dPdt;

  for (i = 0; i <= 2500; i++) {
    printf("%lf, %lf, %lf, %lf\n", t, M, P, R);
    dMdt =  1 / (1 + pow(P/h,n)) - a * M;
    dRdt = s*M - (d+u)*R + v*P;
    dPdt = u*R - v*P;
    M = M + dMdt * dt;
    R = R + dRdt * dt;
    P = P + dPdt * dt;
    t = t + dt;
  }
  return 0;
}

C言語版
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function xdot = kurosawa(time,x)

xdot = zeros(3,1);
a = 1.0; s = 1.0; d = 1.0; v = 1.0;
u = 0.1; h = 0.01;
n = 40;

if (nargin == 0)
    xdot(1) = 0.5; % dM
    xdot(2) = 0.5; % dP
    xdot(3) = 0.5; % dR
else
    M = x(1);
    P = x(2);
    R = x(3);
    xdot(1) = 1/(1+(P/h)^n) - a*M; % dM/dt
    xdot(2) = u*R - v*P;           % dP/dt
    xdot(3) = s*M - (d+u)*R + v*P; % dR/dt
end;

MATLAB版

>> [t,x] = ode23(@kurosawa,[0 10],kurosawa);
>> plot(t,x)

kurosawa.m
Octave-Forge
odepkg でも可
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今日の目標
•数理モデルの構築
•シミュレータの実装
•シミュレーション

どれを選べばいい?

シミュレーション
してみたい!
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ここから少し難しくなります
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数値計算での注意点
• 精度

• 刻み幅(精度と計算時間のトレードオフ)
• 高速化(アルゴリズム、言語、ハードウェア)

• 速度

• 浮動小数点数 (単精度と倍精度)
• 数値積分
• 誤差とTaylor展開と刻み幅
• 硬い(stiff)微分方程式 (陽解法、陰解法)
• 乱数の周期性

打ち切り誤差

丸め誤差
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Euler法と誤差

0 t

x

dx

dt
= x

x = et

(t = 0, x = 1)

Euler

et

誤差
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Taylor展開とEuler法
x(t + ∆t) = x(t) + ∆tx�(t) +

1
2
∆t2x��(t) +

1
3!

∆t3x(3)(t) + · · ·

· · · +
1
n!

∆tnx(n)(t)

dx

dt
= 2x

0 t t + ∆t

x

x + 2x∆t

   傾き = 2x

ここまでで打ち切った
のがEuler法

打ち切り誤差

O(∆t
2)打ち切り誤差 =

刻み幅を1/2にすれば
誤差は1/4

2012年1月13日金曜日



Runge-Kutta法(4次)

x(t + ∆t) = x(t) + ∆tx�(t) +
1
2
∆t2x��(t) +

1
3!

∆t3x(3)(t) + · · ·

· · · +
1
n!

∆tnx(n)(t)

打ち切り誤差

d1 = ∆t · f(t, x)

d2 = ∆t · f

�
t +

∆t

2
, x(t) +

d1

2

�

d3 = ∆t · f

�
t +

∆t

2
, x(t) +

d2

2

�

d4 = ∆t · f (t + ∆t, x(t) + d3)

x(t + ∆t) = x(t) +
d1 + 2d2 + 2d3 + d4

6
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         t                t+!t    

   

0

x(t)

   

   

   

   

x(t+!t)

   

   

   

d1

d2

d3

d4

Runge-Kutta法(4次)

x(t + ∆t) = x(t) + ∆tx�(t) +
1
2
∆t2x��(t) +

1
3!

∆t3x(3)(t) + · · ·

· · · +
1
n!

∆tnx(n)(t)

O(∆t
5)打ち切り誤差 =

刻み幅を1/2にすれば
誤差は1/32

打ち切り誤差
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Runge-Kutta法と誤差

Euler

et

誤差

dx

dt
= x

x = et

(t = 0, x = 1)

RK
et

誤差

計算時間は4倍になるが、打ち切り誤差を
小さくできるため精度は劇的に向上
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#!/usr/bin/perl

$dt = 0.1;
$t = 0.0;
$x = 1.0;
for ($i = 0; $i <= 100; $i++) {
! print "$t,$x\n";
  $d1 = &dxdt($t, $x) * $dt;
  $d2 = &dxdt($t+$dt/2, $x+$d1/2) * $dt;
  $d3 = &dxdt($t+$dt/2, $x+$d2/2) * $dt;
  $d4 = &dxdt($t+$dt, $x+$d3) * $dt;
! $dx = ($d1 + 2*$d2 + 2*$d3 + $d4) / 6;
! $x = $x + $dx;
  $t = $t + $dt;
}

sub dxdt {
  my ($t, $x) = @_;
  my $dxdt = $x;    # dx/dt = x
  return $dxdt;
}

Perl版
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#include<stdio.h>

double dxdt(double t, double x) {
  double dxdt = x;  /* dx/dt = x */
  return dxdt;
}

int main(void) {
  int i;
  double t = 0.0, dt = 0.1;
  double x = 1.0;
  double dx, d1, d2, d3, d4;

  for (i = 0; i <= 100; i++) {
    printf("%lf,%lf\n", t, x);
    d1 = dxdt(t, x) * dt;
    d2 = dxdt(t+dt/2, x+d1/2) * dt;
    d3 = dxdt(t+dt/2, x+d2/2) * dt;
    d4 = dxdt(t+dt, x+d3) * dt;
    dx = (d1 + 2*d2 + 2*d3 + d4) / 6;
    x = x + dx;
    t = t + dt;
  }
  return 0;
}

C言語版

2012年1月13日金曜日



陽解法と陰解法

• 後退Euler法, Adams-Moulton法, Gear法
• 硬い微分方程式に対応
• 実装が面倒 (例: 数値微分, LU分解, ニュートン法, etc.)

• Euler法, Runge-Kutta法, Adams-Bashforth法
• 硬い微分方程式が解けない(発散する)
• 実装が容易

• 陽解法 (時刻tまでの   の値で               が求まる)x(t + ∆t)x

• 陰解法 (               を求めるのに               が必要)x(t + ∆t) x(t + ∆t)

dx/dtが非常に大きく変動するモデル、
dx/dt, dy/dtのオーダーが大きく異なるモデル
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x = e−15t

dx

dt
= −15x

Euler法と後退Euler法
(t = 0, x = 1)

Euler
後退Euler

∆t = 0.1

Euler
後退Euler

∆t = 0.2

刻み幅によっては不安定になる、発散する
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数値計算での注意点
• 精度

• 刻み幅(精度と計算時間のトレードオフ)
• 高速化(アルゴリズム、言語、ハードウェア)

• 速度

• 浮動小数点数 (単精度と倍精度)
• 数値積分
• 誤差とTaylor展開と刻み幅
• 硬い(stiff)微分方程式 (陽解法、陰解法)
• 乱数の周期性

打ち切り誤差

丸め誤差
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浮動小数点数
コンピュータの中で数字はどう表現される?
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23 22 21 20

2進法

•1 x 8 + 0 x 4 + 1 x 2 + 1 x 1 = 11

1 0 1 1
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実数はどう表現される?
$pi  = 3.14;
$sqr = 1.4142;

float  pi  = 3.14;
double sqr = 1.4142;
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#include<stdio.h>

int main(void) {
	 int i;
	 float sum = 0;
	 float f = 1.1;

	 for (i = 0; i < 10; i++) {
	 	 sum = sum + f;
	 }
	 printf("sum = %f\n", sum);
	 return 0;
}

まずは実験

 ./a.out
 sum = 11.000001

?!

1.1を10回足すだけ
のプログラム
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• 10進数

•  

•  

• 2進数

•  

•  0.0000010101 = 1.0101× 2−6

11011000000 = 1.1011× 210

浮動小数点表記

123400000 = 1.234× 108

0.001234 = 1.234× 10−3

指数仮数
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0.0000010101 = 1.0101× 2−6

• 2進数

•  

•  

float型

float型 = 32bit

11011000000 = 1.1011× 210

指数

floatの値 = (-1)     × 2            × 1.仮数部符号部 指数部 - 127

0 0 1 1 1 1 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

符号部 (1bit)

指数部 (8bit) 仮数部 (23bit)

仮数
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0.0000010101 = 1.0101× 2−6

仮数部の計算方法

0 1 0 1 0 ... 0 0

指数

2−1 2−2 2−3 2−4 2−232−222−5

2−2 + 2−4 = 0.25 + 0.0625
= 0.3125

仮数
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double型

double型 = 64bit

指数部 (11bit)

符号部 (1bit)

仮数部 (52bit)

0.0000010101 = 1.0101× 2−6

• 2進数

•  

•  
11011000000 = 1.1011× 210

指数仮数
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#include<stdio.h>

int main(void) {
	 int i;
	 float sum = 0;
	 float f = 1.1;

	 for (i = 0; i < 10; i++) {
	 	 sum += f;
	 }
	 printf("sum = %f\n", sum);
	 return 0;
}

0.1を2進数で表すと
0.1(10) = 0.00011001100110011...(2)

10進数の 0.1 は
2進数だと循環小数

 ./a.out
 sum = 11.000001

丸め誤差
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#include<stdio.h>

int main(void) {
	 int i;
	 double sum = 0;
	 double f = 1.1;

	 for (i = 0; i < 10; i++) {
	 	 sum += f;
	 }
	 printf("sum = %lf\n", sum);
	 return 0;
}

倍精度(double)で再挑戦
0.1(10) = 0.00011001100110011...(2)

10進数の 0.1 は
2進数だと循環小数

 ./a.out
 sum = 11.000000

OK
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 float  f = 1.1; 
 double f = 1.1; 

浮動小数点数: まとめ
0.1(10) = 0.00011001100110011...(2)

• 単精度(float)は精度が悪い(有効数字6 or 7桁)
• 0.1より0.125の方が精度が高い(        は高精度)
• C言語を使う場合、floatは避ける
• floatとdoubleの計算時間の差は(今は)ない
• Perl等のスクリプト型言語は大概倍精度
• シミュレータが単精度か倍精度か確認すべき

1/2n
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 volatile double x, y, z, d;
 public void doTest() {
     x = 9007199254740994.0; /* 2^53 + 2 */  
     y = 1.0 - 1/65536.0;
     z = x + y;
     d = z - x;
     System.out.println("z = " + z);
     System.out.println("d = " + d);
 }

余談: Javaのdouble

 z = 9.007199254740994E15
 d = 0.0

 z = 9.007199254740996E15
 d = 2.0

OK

NGgij 4.3.3 on 
Linux/x86
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数値計算での注意点: 結論
• 精度
• 単精度はだめ (C言語なら float ×, double ◎)
• Euler法で満足してはだめ Runge-Kutta法等を実装
• 陰解法もがんばって実装するとgood
• C言語標準の rand() はかなりいまいち
   MT(Mersenne Twister)等の長周期性、均等性をもつ
   高速な擬似乱数生成器を利用すべき
• SUNDIALS, LSODA, GSL などのライブラリを利用

• 速度
• 高速化の前に精度の保証を!
• 全部自前で実装しないと大して速くならない
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シミュレータの選び方
   1. 数理モデル構築

     2. シミュレーション
     3. プロット
     4. 解析(あれば)

  ポイントは
   1. 精度
   2. 使いやすさ
   3. モデルを再利用可能か
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Euler

et

誤差

精度
dx

dt
= x

x = et

(t = 0, x = 1) ∆t = 0.1

この条件でシミュレーション
を実行、             と比較x = et

* SUNDIALS (CVODE)
  * LSODA
  * GSL 等
  使用している数値計算
  ライブラリが明記されて
  いれば大丈夫
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230以上のSBML対応ソフトウェア

http://sbml.org 

モデルの再利用

2012年1月13日金曜日
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機能
 常微分方程式の初期値問題を解くだけじゃない

代数微分方程式、イベント、遅延微分方程式、etc.

SBMLのすべての仕様を満たす(テストをパスした)  
シミュレータは存在しない
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newシミュレータ
 SBML Level 3 version 1 tests

980 SBML tests (passed 100%)
http://sbml.org/Facilities/Online_SBML_Test_Suite
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シミュレータの紹介
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COPASI

http://copasi.org/

  * ODE, SSA
  * LSODA (陰解法もOK)
  * パラメータフィッティング
  * 解析
  * C++

Univ. of Manchester, Univ. of Heidelberg, VBI
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RoadRunner

http://sf.net/projects/roadrunner

  * ODE
  * CVODE (陰解法もOK)
  * 解析ツールと連動
  * C# (.NET, Mono)

Univ. of Washington, Caltech
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PhysioDesigner

http://physiodesigner.org/

  * ODE, PDE(FEM)
  * モジュール構造
  * C++, Java

Osaka University, OIST
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VCell

http://vcell.org/
University of Connecticut Health Center

  * ODE, SSA ,PDE, DAE
  * CVODE/IDA (陰解法もOK)
  * Spatial Stochastic (Smoldyn)
  * サーバサイド
    (クライアント版もリリース)

2012年1月13日金曜日

http://copasi.org
http://copasi.org


CellDesigner

http://celldesigner.org/

  * ODE, SSA(COPASI)
  * CVODE (陰解法もOK)
  * パラメータスキャン
  * C, C++, Java

JST, SBI, Keio University
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最速モデル構築

Keio University

  * ODE
  * 陰解法もOK
  * 微分方程式 → ネットワーク
  * C++, Objective-C

Coming soon!
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数式処理
• Maxima, wxMaxima

• Wolfram Alpha
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