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Abstract

Extreme transcendental differential equations are found in many applications including geophysical climate cha nge models . Solution of these
systems in continuous time has only been feasible with the recent development of Runge-Kutta sampling transcendental differential eq uation
solvers with Chebyshev function output such as Mathematica 9’s NDSolve function. This paper presents the challenges and means of solving the
widely used DICE 2007 integrated assessment model in continuous time. Application of the solution technique in a mobile policy tool is discussed.

Transcendental Differential Equations

Transcendental equations contain transcendental or non-algebraic functions such as e*, Log [x ] and Cos [x]. The defining characteristic of transcen-
dental functions is that the roots are not algebraically independent, which means that the roots cannot be expressed as the solution to a polynomial
equation whose coefficients are polynomials with rational coefficients.

DICE 2007 example system

It is often difficult to appreciate the sensitivity of complex social systems to changing constraints without simulating key interrelationships in the system.
The DICE 2007 integrated assessment model was developed to understand the interrelationships between climate change, the social cost of carbon
and efficient carbon abatement trajectories [1], [2], [3]. It has become a classic climate change policy simulation tool for evaluating the social and
geophysical effects of global warming. An indicator of the success of models such as DICE 2007 in policy formation is the embedding of results and
recommendations within the national climate change policies of many countries.

The DICE 2007 model is an optimization problem defined by a system of transcendental differential equations. Figure 1 summarizes a continuous 2007
DICE formulation utilizing parameters fitted through dynamic programming [4], [5].

Maximize

i o L l400years  —0.015t g
utility per capita = 381000 + o L e ct(l C‘)dt

Where:
c; = 0 is global consumption at time t
I, = 6514 e7*9%51 1. 8600 (1 - &™) is global population at time t

k; = 0 is global capital stock at time t

Taty, Tlo, is global mean surface and lower ocean temperature rise at time t

Mat;, Mlo;, Mlo; are the masses of carbon in the atmosphere, upper & lower oceans at time t
0 < u; < 1is amelioration & abatement proportion at time t

Subject to:

(a) The equations of motion:

ki = —c,—0.1k;—(269.4 72" k22 107(0.00245981 £243333 ¢ ** (1 1. 00051 428 _1)) /1| Tat, <0, 1, 1+0.0028388 Tat(]
Tat; = 0.22 (If[t < 100, 0.0036 t —0.06, 0.03] + 5.48224 Log[Mat,] — 36.7073) — 0.0644175 Tat, +0.0110022 Tlo,

Tlo; = 0.0048 (Tat; — Tlo,)

Mat; = —3.17177 243333e°*-92e7%  0.310.7(,, _1)_0,0190837 Mat; +0.00980087 Mup, + 1.1 00t

Mup; = 0.0190837 Mat; +0.000336993 Mlo; —0.0152039 Mup,

Mio; = 0.005403 Mup, —0.000336993 Mlo,

(b) Atmospheric temperature rise constraint

Tat, < amaximum temperature rise level for allt (say 2°, which is the internationally agreed "safe level")

Figure 1: Continuous Formulation of the DICE 2007 M odel

Materially adding to the challenge of extreme transcendentality is the outer intertemporal joint optimization across the t wo unknown functions ¢
and y; together with the continuous constraint Tat; < Tya. Such extreme transcendentality, non-inearity and the presence of a large and possibly



infinite number of local maxima between the two unknown functions to be jointly optimized has led to this apparently concise system of equations
becoming renowned as extraordinarily difficult to solve.

DICE 2007 Solution

Traditional and enhanced-traditional approaches

The DICE 2007 model has always been solved by discretizing into decade time periods and introducing a helper Savings Ratio constraint to eliminate
consumption c; as an unknown function. Usually this is calculated in GAMS with the CONOPT solver [1], [2].

Recently, decade time periods have been reduced to discrete single year periods using Dynamic Programming, Approximate Dynamic Programming
and Optimal Control Theory [4], [6], [7], [8].

New approach: Runge-Kutta Sampling Transcendental Equation Solver with Chebyshev
outputs

Mathematica 9’s NDSolve numerical differential algebraic equation function is able to solve the DICE 2007 model using in-built Runge-Kutta sampling
and Chebyshev polynomial approximation [9], [10]. Furthermore, NDSolve solution of transcendental differential equations is quick and suitable for
placing within the global optimizer NMaximize.

Resolving the two completely unknown equations c; and

Memoized Optimizing Constraint Solver

Indicative code for the Memoized Optimizing Constraint Solver is provided below. The solver ensures that all constraints are correctly calculated and
returned to the global optimizer in the required mode.

An important feature of the Memoized Optimizing Constraint Solver is that at each iteration the objective equation calls the Chebyshev solver to solve
the System of Transcendental Differential Equations. This solution is retained within the solver’s DownValues array , where it is subsequently drawn

upon by each of the constraints. There is no limit to the number of constraints except for the need to carefully prepare the logic. In order to reduce the
use of memory, the solver’s DownValues array is periodically reset.

Constraints to continuous functions provide challenges in optimization. The Memoized Optimizing Constraint Solver addresses this with in-built utilities
to find maximum and minimum values across continuous functions as well as a value at a particular time period.

The latter is quite important in conditioning the optimization for a stable solution that avoids a pervasive issue that often plagues dynamic models, which
is the degenerate solution of maximizing consumption through cannibalizing capital. In the continuous formulation it is possible to directly address the
cause by simply requiring that capital is greater than zero at the end of the simulation. This avoids the need for an interim stabilizing constrai nt
such DICE ’s savings ratio or a DuPont Ratio-ike production t o capital ratio that can become less appropriate in the presence of extended
improvements to Total Factor Productivity, for example with simulations over many centuries [23, 24] .

Results
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Discussion

A continuous solution to the DICE 2007 model is important for main reasons. The first is that the DICE 2007 model is widely used as a discrete
decade period model , which is rather inconvenient for policy makers. For example, the impact of policy over the next two to three decades
cannot be properly assessed with just three calcula ted points where each represents an average across a decade.

More important is the assessment of industry policy in each country using a dynamic global multi+egional model that settles markets in the
presence of the competition from other economies th at are interconnected through trade . Such dynamic models are usually computable general
equilibrium (CGE) formulations that dynamically optimize the evolution of economies from the current economic position in the presence of geophysical
constraints, such as DICE 2007 geophysical constraints, and other constraints such as labor and land use.

The starting point, or current global economic position, is generally drawn from Input-Output data provided by the Global Trade Analysis Project [11],
EORA [12], EXIOBASE [13], WIOD [14], GRAM [15] or IDE-JETRO AlIOT [16].



Mobile Application

Policy making involves both modelling and a social research. It is important to put policy modelling directly into the hands of policy makers so they
can test their own scenarios fast , in order to speed-up debate across informed viewpoints .

Bringing the extraordinary power of dynamic CGE models directly to policy makers (and other users such as corporate strategic planners) is a
challenging task . Firstly, CGE techniques are inherently complex and there is an enormous cross-disciplinary mathematical, economic and
geophysical task in achieving meaningful outputs. Secondly, computational demands are equally challenging and technology has been a major
limitation.

All of these factors have changed in the last few of years. It is now feasible to provide policy makers with the immediacy of a mobile application using
back end cloud computation. While highly qualified researchers might be generally disintermediated from an in-ine role in the policy making process,
the experts remain of great importance in an offdine role, engaged in tasks such as geographic centering and the pre-computation of major scenarios
so global optimizers are set in the region of final solutions.

The emergence of a new form of CGE for constrained non-inear systems that simultaneously settles thousands of markets in both price and
volume using shadow prices (i.e. marginal utilities) has greatly enhancing the ability to develop a mobile application. Although this form of CGE is quite
new, it is a continuing theme from John von Neumann [17] to Paul Samuelson [18], Wassily Leontief [19], Michael Farrell [20], Anne Carter [21] and
Thijs ten Raa [22]. Nettleton demonstrated this theme in a discrete global multiregional CGE model [23, 24, 25 & 26].

The major achievement of solving DICE 2007 in continuous time demonstrated in this presentation now provides the ability to develop a continuous
global multi-regional CGE model for a mobile application incorporating fast solution techniques and high scaling. It is hoped that the Mathematica
Cloud will provide a facility to back end such a mobile application for next phase of this development.

Conclusion

This presentation has demonstrated the solution of extreme transcendental differential equations using a modern Runge-Kutta sampling solver,
Chebyshev function fitting and a highly developed memoized optimizing constraint solver. These techniques have been applied solve the traditional
DICE 2007 climate change model in continuous time. The achievement of a continuous solution to the DICE 20 07 model is an important step in
developing a mobile application with high scaling a nd fast solution .
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Attachment

The DICE 2007 problem requires a careful configuration of the Optimization loop as a memoizing constraint solver. Indicative code for the transcenden-
tal differential equations and the optimising constraint solver is provided below:

Transcendental Differential Equation System
equations = {k’[t ]=-0.1k[t] -
269. 3998529790092° ™% <" ™' (8600 - 2086 e %35 1) If [Tat [t] <0, 1, 1/(1+0Tat [t] +0.0028388 Tat [t ]?)]
kt1%%® (-1 +0.0024598146458005322° g2 433333333333333" 0 0 1 () | -0.005' 1) 1 12.8° ) -c[ty,

-0.06' +0.0036° t t <100
Tat’[t] == 0.22" (—36. 7073066928394" +5.482241155378061" Log[Mat [t]] + ({O 3 * Trsue ))

0.06441748633333333' Tat [t] + 0.011002153' Tlo[t], Tl o'[t] = 0.0048" Tat [t] - 0.0048' TIo[t],
Mat‘[t]=1.1" e ' - 0.0190837 Mat [t] + 0. 009800871837862596' Mip[t] -
3.171771574386283" o2 433333333333333" &0 00%1-0.2 €1 (8600 - 2086 e %5 1) O 7 k113 (-1. +u[t]),

Mip’[t] = 0. 0190837° Mat [t] + 0. 0003369934177753544° M o[t ] - 0. 015203871837862596° Mip[t ],
M o’[t] = -0. 0003369934177753544° M o[t ] + 0. 005403' Mip[t],

1
WIt] = —pconst (1-ult]) ultl};
10

NDSol ve[Fl atten[{equations /. {c[t] - 38.1, uconst » 1.2}, k[0] == 136. 7,
Tat [0] == 0. 7307, Tlo[0] == 0. 0068, Mat [0] == 808.9, Mup[0] == 1255.0, M o[0] == 18365. 0, u[0] == 0. 005}],
(k' [t]1, k[t], Tat[t], Tlo[t], Mat[t], Mup[t], Mo[t], u[t]}, {t, O, 1400}]

Pl ot [Eval uate[%[[1, All, 2111, {t, O, 1400}]



Memoized Optimizing Constraint Solver

statevars = {k[t], Tat[t], Tlo[t], Mat[t], Mup[t], Mo[t], u[t]};
sol ver [parans_] : =
Check[NDSoI ve[FI atten[{equations /. Thread[parsarray -» parans], Thread[(statevars /. t » 0) == Last [xvec3][[2]1]]}],
Join[{k' [t]}, statevars], {t, O, testperiods}, MaxSteps - 10%,
I nterpol ati onOrder » All ] // Quiet, Print ["+%%% solver failed #x%x"1; (}];
consO[parans_] : = consO[parans] = Mobdul e[{optsol ver 0, optsol ver, findnmax, findmn, conssol, findopt, finddiff, findval},
opt sol ver 0 = sol ver [parans];
opt sol ver = | f [optsol ver0 = {}, Return[{-1, -1, 1} 10%], optsol ver0[[1]1];
findmax[var_, intestyear_]:= Check[lf [MitchQ[var /. optsolver /. {t »intestyear}, _Conplex],
Abs [l m[var /. optsolver /. t »intestyear]] 10°,
Fi ndMaxVal ue [var /. optsol ver, {t, intestyear, 30, testperiods}]] // Quiet, 10%];
findnmin[var_, intestyear_]:=Check[If [MatchQ[var /. optsolver /. {t »intestyear}, _Conplex],
-Abs[I m[var /. optsol ver /. t »intestyear]] 10°,
Fi ndM nVal ue[var /. optsol ver, {t, intestyear, 40, testperi ods}]] // Qui et —1030];
finddiff[var_, intestyear_]:= Check[lf [Mat chQ[var /. optsolver /. t »intestyear -var /. optsolver /.
(t >intestyear - 1), _Conplex],
-Abs[I m[var /. optsolver /. t »intestyear -var /. optsolver /. (t »intestyear -1)]1,
var /. optsolver /. t »intestyear -var /. optsolver /. (t »intestyear -1)] // Quiet, —1030];
findval [var_, intestyear_]:= Check[lf [Mat chQ[var /. optsolver /. t »intestyear, _Conplex],
-Abs [l m[var /. optsolver /. t -intestyear]], var /. optsolver /. t -intestyear] // Qiet, —1030];
findopt = (cunutilg /. sbsd) + Nintegrate[ (Exp[-ot] (((c[t]1/1¢)*(1-%)) -1)I/ (scale; (1L-v))) /. shbsd /.
Thread[parsarray » parans] /. optsolver, {t, O, testperiods}, WrkingPrecision-24];
conssol = {findopt, findval [k[t], testperiods], findmax[Tat [t], 8071}
] 77 Qui et
consl[params : {_?NunberQ..}]:=consO[parans][[1]]
cons2[paranms : {_?NunberQ..}]:=consO[parans][[2]]
cons3[params : {_?NunberQ..}]:=consO[parans][[3]]
starttime = AbsoluteTinel[];
stepresult = {}; stepresult >>"teststep";
Print ["Starting Menory Used: " <> ToString[N[MaxMenoryUsed[] /1076]] <>" M"1];
sol =Block[{ii =1, jj =1, kk =1, tenp=""1},
NVexi m ze[Joi n[{consl[optpars], O <cons2[optpars], 0.995tat nax < cons3[optpars], cons3[optpars] <1.005tat max},
Reverse[Thr ead [Rest [Most [opt pars]] > Most [Most [optpars]]]], {coptl >0, 10 = uopt, popt >0}1],
Map [{#[[1]], M n[#[[2]], #[[31]1], Max[#[[2]], #[[311]1} & Transpose[{optpars, pars*0.995, 1.005pars}]],
Max| t erati ons -» 3500, Wor ki ngPreci si on -» 24,
St epMoni tor =» (stepresult = {ii, jj, kk, Thread[
{Join[{res}, Map[ToExpression["c" <> ToString[#]] & Range[Length[handel s]11, {u}],
Join[{consl[optpars]}, optpars]}l};
stepresult >>>"teststep”; jj ++; kk =1), EvaluationMonitor = (ii ++ Kk++;
I f [Mod[ii, 100] =0, (*lf [Md[ii, 1000]==0, evalresult={ii,jj,kk, Thread[{vars, varsopt }]};
eval resul t >>>" nl38pNunD2eval " ]; ) DownVal ues [cons0] = Last [DownVal ues [cons0]];
Not ebookDel et e [t enp];
tenp = PrintTenporary["Step: " <>ToString[jj]<>"; Sub " <>ToString[kk] <>"; Cum" <> ToStringl[ii] <>
", Curr Mem " <>ToString[N[MenmorylnUse[]/1076]] <>"; Peak: " <> ToString[N[MaxMenoryUsed[]/10"6]] <>

" M" <>"; Hours: " <>ToString[N[(AbsoluteTime[] -starttine)/3600]1]1]]1)11 // Timng



