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Abstract
A parallel code named P-EFIT which could complete an equilibrium reconstruction iteration 

in 25011s is described. It is built with the CUDA™ architecture by using Graphical Processing 

Unit(GPU). It is described for the optimization of middle-scale matrix multiplication on GPU and 
an algorithm which could solve block tri-diagonal linear system efficiently in parallel. Benchmark 
test is conducted. Static test proves the accuaracy of the P-EFIT and simulation-test proves the 
feasibility of using P-EFIT for real-time reconstruction on 65X65 computation grids.

1.Introduction

1.1 Background

Optimum performance of tokainak operation needs accurate feedback control of many 
discharge parameters. However, the values of many parameters, such as shape and current profile, 
cannot be directly measured but can be evaluated from available diagnostics. The most frequent 
used method is called equilibrium reconstruction by fitting diagnostic data and solving 
Grad-Shafranov equation, which describes the force balance of plasma equilibrium. Various 
equilibrium reconstruction codes has been developed and implemented on tokainak devices. EFIT 
is an efficient code to reconstruct equilibrium. It has been widely used in various tokamaks in the 
world. However, the algorithm of EFIT is too computation intensive to be used in real-time 
control. In reference [1]，the real-time version-EFIT (RT-EFIT) is described through using simpler 

algorithms and relatively lower spatial solutions compared with the off-line EFIT.
The former real-time codes produce solutions at a rate sufficient for discharge control only if 

the grid number is substantially reduced, but this would low down the precision of reconstruction 
result. For example, the RT-EFIT used on EAST scales the 2.4m* 1.4m rectangle plasma area by 

33*33 grids, but the off-line EFIT typically scales the same area by 129*129 grids. In this paper, 
the parallelized EFIT code based on GPU is described, which significantly accelerate the whole 

process of the reconstruction. Through efficiently taking advantage of massively parallel GPU 

cores, P-EFIT accurately reproduces the EFIT reconstruction algorithms at a fraction of 
computational time cost. Compared with RT-EFIT currently used in EAST, P-EFIT can complete 

one reconstruction iteration in much less time with better spatial resolution. For now, 65*65 grid 
version P-EFIT cost about 0.3ms per iteration. In the coming 2014 EAST experiment campaign, 
P-EFIT is planed to apply in plasma control system.

1.2 Overview of parallel computing with GPU

Driven by the insatiable market demand for realtime, high-definition 3D graphics, the 
programmable Graphic Processor Unit or GPU has evolved into a highly parallel, multithreaded,
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manycore processor with tremendous computational horsepower and very high memory 
bandwidth, as illustrated by Figure 1 and Figure 2.

Fig.1.Floating-Point Operations per Second Fig.2. Memory Bandwidth

The reason behind the discrepancy in floating-point capability between the CPU and the GPU 

is that the GPU is specialized for compute-intensive, highly parallel computation- exactly what 
graphics rendering is about - and therefore designed such that more transistors are devoted to data 
processing rather than data caching and flow control, as schematically illustrated by Figure 3. 
GPU has been proved to be a very good choice for the acceleration of equilibrium reconstruction.
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Fig.3. GPU Hardware Design: GPU devotes more transistors to data processing

In November 2006, NVIDIA introduced CUDA(TM), a general purpose parallel computing 
platform and programming model that leverages the parallel compute engine in NVIDIA GPUs to 
solve many complex computational problems in a more efficient way than on a CPU. CUDA 
comes with a software environment that allows developers to use C as a high-level programming 

language. A detailed description of CUDA(TM) can be found in [2].

2. Parallelization of equilibrium reconstruction algorithms

2.1 Basis reconstruction algorithm

P-EFIT is based on the EFIT framework described in P,4]. The main task of the 
reconstruction algorithm in EFIT is to calculate the distribution of both the poloidal flux [f/ and 

the toroidal current density んin （7?,zjplane, based on a least squares best fit to the diagnostic 

data and simultaneous solution of the Grad-Shafranov equation.
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△V = -A。及人，ハ=RP» 4冗2R (1)

Here, 1// is the poloidal magnetic flux per radian of the toroidal angle enclosed by a

magnetic surface, F = 27rRB^ / //0 and are the poloidal current function and the toroidal

magnetic field, and A* = 7?'V-(V/R2) . The equilibrium solution of poloidal flux y and

toroidal current density of plasma Jf are obtained on a rectangular grid which covers the entire 

area of the vacuum vessel. The plasma current is modeled as being distributed among the elements 

of grid points, with linear coefficients a and / . As shown in reference [4]，the pressure 

gradient and current flux are modeled as:

FF»lms，NF
(2)

where the normalized flux i//N -^/〇) varies between 0 and 1 with i//Q the

poloidal flux at the magnetic axis and the poloidal magnetic flux at the plasma boundary.

pr and FFr are set to be zero at the boundary when =1 at ohmic or L-mode discharge,

and set to be finite value at boundary when 5 = 0 at H-mode discharge. For the number of

coefficients n and np, it is essential that they should be appropriately chosen to correctly

reflect the availability of the measured data [6]. The diagnostic data consist of those of flux from 

loops and field from magnetic probes outside the plasma and plasma current from a Rogowski 
loop. Then, the calculated flux and field value on the corresponding measurements are obtained 
from the Picard iterations:

十0 W = + dZ'Gc (ゾ)少，一，十1)才〇) (3)

/卜)

is the current in the external poloidal field coils at the m+1 iteration, n(、is the total number of

the external poloidal field coils. During the iteration cycles, an and yn are readjusted 

continuously, according to the available measured data, by finding a linearized minimization
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(4)

Where M。C and denote the measured value, the calculated value and the error 

associated with the ith measurement, respectively. is the total number of

measurements. The solution is calculated using a new value of normalized flux y to

continues until the latest two successive error, indicated by the largest change in the

grid points, is small enough (such as s =IO-3).

< 8 (5)

Then, the iteration process finishes. The values of the い”，,,J obtained in the latest iteration are 

the correct coefficients of the plasma current density. Then the equilibrium parameters, such as 

pressurep, current flux function厂，poloidal flux^z, poloidal beta^, and the parameters of 

plasma shape and position are obtained.

2.2 Basic parallel algorithms

P-EFIT is based on the EFIT framework but takes advantage of massively parallel GPU cores 
to significantly accelerate the computation. The main time-consuming computing parts are 
poloidal flux refreshing (A * Inversion), response matrix calculation and least square fitting.

Equation (1)shows the poloidal flux refreshing (△ * Inversion), which calculate the flux on 

grid points after getting the plasma current distribution. As same in EFIT, finite difference method 
is used and the partial differential equation transformed into a block tri-diagonal equation. By 
eigenvalue decomposition, the block tri-diagonal equation is transformed into independent 

triangular system that could be solved in parallel on GPU. Equation (3), shows the relation 
between current sources (plasma current and PF coils current) and magnetic diagnostics. Based on 

the distributed grid points and PF coils, the response matrix between these current sources and 
diagnostics can be calculated beforehand. This part is mainly consisted of two large matrix 
multiplications. By dividing the matrix into small parts, the cost of matrix elements 
multiplications, additions and data accessing are reduced. Least square fitting solves the equation 
(4), the plasma current parameter and external coil currents is solved. EFIT solves this 
overdetermined equation by singular-value decomposition. P-EFIT makes use of parallel matrix 
multiplication, the initial overdetermined equation system is transformed into full rank system and 

can be solved directly.
As the co-processor, GPU process the compute intensive functions. The basic flow path of
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the equilibrium reconstruction code is showed in figure 4. The detailed basis parallel algorithms 
can be found in [5].
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Fig.4. P-EFIT Flow Chart: Optimization of GPU/CPU Interactions

Initial magnetic reconstruction testing results for EAST discharge on 65X65 spatial grids 
showed that P-EFIT can do one iteration in less than 0.3ms and could obtain a well-converged and 
accurate enough equilibrium result in 8-9 iterations which would take about 2 ms. Although 
P-EFIT is more than ten times faster than EFIT, it still can not satisfy the requirement for real-time 
control in tokamak operation. For this reason, a strategy similar to RT-EFIT is adopted, whose 
basic premise is to use the equilibrium result of last time-slice as the initial input for next 
computation, and perform least-square best fit using the most recent diagnostic data. For each 
computation, only one iteration is conducted.

3. Benchmark and result discussion

3.1 EAST single static equilibrium benchmark test

A set of magnetic measurement data is simulated by off-line EFIT using EFIT fixed boundary 
equilibrium calculation mode. These measurement data are used as the input data to P-EFIT. To 
simulate in the actual experimental case, a random relative uncertainty up to 3% is added to the 
exact data, as figure 5 shows. The reconstruction result is presented in figure 6, which 

demonstrates that 3% random error did not bring about significant impact on the final 
reconstruction result.
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Fig. 5 Comparison between the simulated static Fig. 6 Comparison among the simulated static 
equilibrium by offline EFIT and reconstructed equilibrium, reconstructed by offline EFIT and

by P EFIT P EFIT with 3% random error on
measurements

1.2 EAST real experiment simulation test

To verify the strategy of P_EFIT for real-time plasma control, another benchmark test is 
conducted with a set of ideal equilibrium results derived from an ideal discharge shot simulated by 
TSC [7]. To simulate the real situation, 3% relative error is added to the measurements. Figure 7 
illustrated the flux contour map at three time points of this shot. The plasma shape has some 

obvious changes between during these time points. Figure 8 compares the plasma boundary 
reconstructed by P-EFIT and the output from TSC, which showed that the boundary reconstructed 

by P-EFIT using the one iteration strategy was accurate even with 3% noise existed on the 
measurements. More detailed results and discuss can be found in [5].

Fig.7. The flux contour maps at three time points of the TSC shot, during which the 
plasma shape is changing significantly.
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Fig.8. The comparison of P-EFIT reconstruct result (red line) at two time points with the TSC 
output (black line).

(a) (b)

3.3 P-EFIT results on DIII-D

Here, DIII-D experiment discharge data is directly used and the results compared with EFIT. 

There are also some enhancement in P-EFIT algorithms, which aims at improving reconstruction 
quality, including truncated least square fitting, more accurately searching x-point and magnetic 
axis, more robust plasma current profile representation.

Finally, all the results from P-EFIT are compared with EFIT, both results of 65X65 and 129 
X 129 spatial grid size P-EFIT version indicate that P-EFIT could accurately reproduce the EFIT 
reconstruction algorithms at a fraction of the computational cost. Figure 9 compares the plasma 
boundary reconstructed by EFIT and P-EFIT. Figure 10 shows the comparison of magnetic 

diagnostic fitting quality. In figure 11，the plasma current profile and PF coil currents is compared 
between EFIT and P-EFIT results.

Fig.9. The comparison of reconstructed plasma boundary between P-EFIT (red line) and 
EFIT (blue line).
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Fig.10. Comparison of magnetic diagnostic fitting quality between P-EFIT (red line) and EFIT 
(blue line) and measurement (green star).
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Fig.11.Plasma current profile and PF coil currents from P-EFIT (red) compared with EFIT (blue).

4. Conclusion and future developments

In this paper, we have proved the feasibility of accelerating the equilibrium reconstruction 

algorithm with CUDA™and described some important implementation details. Initial magnetic 
reconstruction benchmark results for EAST and DIII-D discharge indicate that P-EFIT could 

accurately reproduce the EFIT algorithms at a fraction of the computational cost (〜one-tenth cost 

time).
The GPU accelerated reconstruction code P-EFIT could complete a full iteration in around 

2501xs，with 65X65 grid number, which is satisfying the real-time control needs. This work 

provides high-quality real time high spatial grids equilibrium reconstruction results for plasma 
control and opens a way for more complicated equilibrium problem solver. We will continue work 
on more experimental measurements, physics constraints and higher resolution spatial grids.
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