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■ Modelling regional economies is always a challenge to CGE modelling as

they consist of multiple interacting economies (with similar structures).

■ There are 2 ways to model regional economies: the ‘bottom-up’ and

‘top-down’ approaches. The ‘top down’ approach models the national

economy and solves it first. Regional variables are linked to macro national

variables in a one way interface. On the other hand, the ‘bottom-up’

approach builds a model for all regions in a complete national aggregate

model (Klein and Glickman, 1977).

■ ‘Bottom-up’ CGE models are more difficult to solve both in term of data

requirement and computing time.

■ The purpose of this research is to tackle the computational challenge of

bottom-up CGE models to solve a largest bottom-up regional CGE model,

the GTAP model (Hertel, 1997).
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Figure 1: Graphical representation of GTAP model.

Source: Brockmeier (2001)
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■ Currently, there are two software packages dedicated to solve the GTAP

(and CGE models in general) model: GAMS and GEMPACK.

■ The two software packages solve GTAP model by direct LU decomposition

of its first order differential matrix. GAMS uses an iterative method to solve

a CGE model as a system of nonlinear equations (or constraints),

meanwhile, GEMPACK uses linear approximations (see

Pham and Kompas, under review, for more details).

■ In the following sections, we will compare our method with MA48, the core

engine behind GEMPACK, the fastest CGE model solver available on the

market.
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where Ai (i = 1...K) and D are rectangular matrices.

Solution algorithm (following Yamazaki and Li, 2011):

1. Solve Aiui = yi problem.

2. Using the same LU decomposition solve the multiple right hand side

problem: Aivi = Ci.

3. Solve the problem: (D −
∑K

i Bivi)xd = yd −
∑K

i Biui.

4. Calculate xi = ui − vixd.
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■ The LU decomposition and linear equations solved in Steps 1 and 2 can be

done in parallel before the result can be fed back into the leading process in

Step 3.

■ Step 4 can be done in parallel before the result can be transmitted back to

the leading process to assemble the solution vector x.

■ The vi matrix is potentially a dense matrix, hence it should never been

directly stored to conserve the memory. Instead of storing vi we store Bivi.

For the last step, we define:

Aivixd = Cixd (2)

Aiηi = Cixd (3)

■ By solving Equation 3 for ηi as a result of the matrix multiplication vixd, we

again can avoid storing vi explicitly.
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■ General form of a bottom-up regional CGE model.

0 = f [
J
∑

j

x(r, s, i, ...),
J
∑

j

y(s, i, ...)] ∀r ∈ R, ∀s ∈ S, ∀i ∈ I...(4)

0 = g[
J
∑

j

R
∑

r

x(r, s, i, ...),
J
∑

j

R
∑

r

y(s, i, ...)] ∀s ∈ S, ∀i ∈ I... (5)

■ Equation 4 and Equation 5 represent intra-regional and inter-regional

equations, and x, y also represent intra and inter-regional variables.

■ Regional set can have subset, but only one regional set will be chosen to

classify equations and variables.
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■ The current version of GTAP model consists of 210 (groups of) equations,

indexed by 12 sets in the model.

■ GTAP’s equation groups can be classified into 4 kinds of equations: those

with 2 regional indices (source and destination), with 1 regional index,

without regional index and scalar equations:

1. 11 equations with more than one regional index.

2. 172 equations with one regional index.

3. The rest of equation groups are: those with no regional index (15), with

no index at all (12).

■ Inter-regional equations will be moved to the bottom, intra-regional

equations will be reordered by regions.
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■ There are 243 variables in GTAP model. Variables also do have dimensions

ranging from a scalar variable (zero dimension) to up to 4 dimensions. The

reordering variables also depend on a regional index:

1. 11 variables with more than 2 regional indices.

2. 196 variables with one regional index.

3. The rest of variables, which include 23 variables with no regional index

and 13 scalar variables.

■ Similarly to the case of equations, inter-regional variables will be moved

rightward, intra-regional variables will also be reordered by regions. The

combination of reordering of intra-regional equations and variables will

result in the block diagonal parts of the DBBD matrix.
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■ Our algorithm requires the matrices Ai to have full rank and square.

■ There is no guarantee that the matrices Ai will have full rank and square.

■ Columns or rows of the block diagonal matrices should be dropped and

shift to the border to ensure the block diagonal matrices are rectangular and

have the full rank. We will employ the MA51 (HSL, 2013) procedure to

perform the task.
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■ The paper uses GTAP database version 6 (Dimaranan, 2006). The full

database includes 87 regions (countries) and 57 commodities.

Table 1: GTAP model with different database aggregation levels.

ID Model’s Size Number

of en-

dogenous

variables

Number

of exoge-

nous

variables

Number

of

non-zeros

1 3 regions, 3 commodities 1910 568 7158

2 87 regions, 3 commodities 295070 103300 1442793

3 87 regions, 5 commodities 490846 172218 2416111

4 87 regions, 26 commodities 2966704 1021920 13455519

5 87 regions, 57 commodities 10612758 3559840 42212180

Source: Author’s calculation.
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Figure 2: The matrix without ordering.

Source: Author’s calculation.

The matrix plot function is from PETSC (Balay et al., 1997, 2014, 2013).
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Figure 3: The reordered matrix.

Source: Author’s calculation.

The matrix plot function is from PETSC (Balay et al., 1997, 2014, 2013).
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Table 2: Calculation time in sec.

ID MA48 DBBD reordering

1 0.001462 0.005651

2 2.024172 3.398415

3 5.704002 8.592551

4 238.063137 191.910587

5 2503.745974 1800.766207

Source: Author’s calculation.

MA48 package from HSL library (HSL, 2013) has been used for matrix solution.

The parallel computing exercises are carried out with 3 Lenovo computers:

Intel Core i7-4770 Processor (8MB Cache, up to 3.90GHz), 32 G ram 128 SSD.

All numerical experiments are carrying out with one step Johansen method

(see Pearson, 1991; Dixon et al., 1992, for clarification of the method)). The time is

counted for linear system (matrix) solution only.
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Table 3: Parallel computing performance shared vs distributed memory environ-

ment (in sec.).

Shared memory Distributed memory

2 processes on

machine 1

3 processes on

machine 1

2 processes on 2

machines

3 processes on 3

machines

1 0.004633 0.003049 0.012293 0.020846

2 1.837131 1.356841 2.106944 2.008004

3 4.396639 4.587221 4.983047 4.482060

4 183.761794 164.795130 134.642178 104.518418

5 1265.381280 1314.069277 1084.619550 863.920541

Source: Author’s calculation.

MA48 package from HSL library (HSL, 2013) has been used for matrix solution.

The parallel computing exercises are carried out with 3 Lenovo computers:

Intel Core i7-4770 Processor (8MB Cache, up to 3.90GHz), 32 G ram 128 SSD.

All numerical experiments are carrying out with one step Johansen method

(see Pearson, 1991; Dixon et al., 1992, for clarification of the method)). The time is

counted for linear system (matrix) solution only.
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Table 4: Parallel computing performance in a mixed shared and distributed mem-

ory environment.

4 processes on 2

machines

6 processes on 2

machines

6 processes on 3

machines

9 processes on 3

machines

2 1.772112 1.635990 1.991821 1.977537

3 3.190637 2.943495 3.533839 4.129342

4 128.249460 85.860631 95.069904 93.379519

5 801.508666 894.805971 704.188663 736.697682

Source: Author’s calculation.

MA48 package from HSL library (HSL, 2013) has been used for matrix solution.

The parallel computing exercises are carried out with 3 Lenovo computers:

Intel Core i7-4770 Processor (8MB Cache, up to 3.90GHz), 32 G ram 128 SSD.

All numerical experiments are carrying out with one step Johansen method

(see Pearson, 1991; Dixon et al., 1992, for clarification of the method)). The time is

counted for linear system (matrix) solution only.
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■ The numerical experiment shows a clear advantage of our direct ordering

method to solve GTAP model in parallel.

■ Together with our other work (Pham and Kompas, under review), we have

proved that parallel computing has a clear advantage in solution of CGE

models.

■ Our works show the need for a new CGE model solver, which can

recognise the special structure of CGE model to solve it more efficiently.
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