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T EEATE Abstract In the seismic wave field, the first arrival travel-time
EN plays an important role in the field of seismology, which is due
to the first arrival phases can be easily traced and identified.
The seismic first arrival travel-time field is widely used in
seismic prestack migration, velocity analysis, seismic travel-
time tomography and earthquake location. This paper mainly
introduces four typical seismic first arrival travel-time
calculation methods, that is, (1) seismic ray method based on
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the high-frequency approximation, the commonly used methods
are Shortest Path Method (SPM) and Modified Shortest Path
Method (MSPM); (2) the method based on the numerical
solution of eikonal equation, which mainly include Finite
Difference Method (FD), Fast Marching Method (FMM) and
Fast Sweeping Method (FSM); (3) Wavefront Construction
(WFC) method based on the Huygens principle; and (4) the
method based on the frequency domain wave equation (FWQ).
The first one has higher computational accuracy and better
stability, while it needs more grid points, which may result in
low computational efficiency. The calculation of ray paths is
not required in the second one, so it has advantages in
computational efficiency, stability and realization, but the
computational accuracy is lower, which can be improved by
introducing the high-order finite difference scheme. The third
one can calculate traveltime with high accuracy and stability,
while it requires the grid transition between ray grid and regular
grid, which may result in low computational efficiency. The
last one can adapt any complex medium, but the computational
accuracy and efficiency are lower.

Keywords first break; shortest path; eikonal equation; finite
difference; fast marching; fast sweeping; wavefront
construction; frequency domain wave equation
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K1 EJR AR5 % (Moser, 1991)
(a) AV A S B4R - AR BTl Bt BA A5
TSR B (b) LR BEARIBER.
Fig. 1 Shortest Path Method (Moser, 1991)
(a) Cell organization of a model. Dashed lines: cell
boundaries; black circles: nodes; solid lines:

connections; (b) Ray paths tracing.
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Fig. 2 Ray angle coverage for traditional SPM grid and MSPM grid
(a) Traditional Forward Star technique; (b) MSPM grid, primary nodes are wavefront points; (¢) MSPM grid, secondary

nodes are wavefront points, Solid circles denote primary nodes, hollow circles denote secondary nodes.
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K 3 2D Marmousi #5581 i FS2 4] (Bai et al.  2007)
&l : Marmousi B8 ; N & W THER 72 m
V) IR A 90 85 HIE 41) ) S R B A
Fig. 3 Example for 2D Marmousi model
(Bai et al. , 2007)
Upper diagram: Marmousi model; bottom diagram:
corresponding selected raypaths for receivers at

72 m spacing along top surface.
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Fig. 5 FD results for a high-velocity half-space

l'J-;

Mohe

below a low-velocity layer (Vidale, 1988)
Location of the wavefront is at 3 s intervals. Minimum

travel-time paths from a source at A to receivers
at Bl, B2, and B3 are also show.
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Solve points at relative minima
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E 4 ARZESEFEERER (Vidale, 1988)
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Fig. 4 Schematic diagram of finite difference algorithm (Vidale, 1988)

(a) The grid point A and the eight points in the ring surrounding point A; (b) Schematic diagram of

extrapolation of 2D node travel-time; (c¢) Sequence of calculating the node travel-time.
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& 6 fifiad T FH P 4 E 15 (Sethian, 1999; Sethian and
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Fig. 6 Updating procedure for the fast
marching method (Lan ez al. , 2012b)
Grid points are classified as ‘alive’, ‘trial” and ‘far’. *Alive’
points (in black) are those where the values of T are known.
‘Trial” points (in grey) are those around the curve (of ‘alive’
points), at which the propagation is to be computed. The set of
trial points is called the narrow band. To compute the
propagation, points in the narrow band are updated to ‘alive”,
while the narrow band advances. ‘Far’ points (in white) are
those at which the propagation has not yet been computed.
During the propagation, the far points are converted into trial
points. Figures (a~f) provide an explanation of this sequence:
in (a) the black point (alive) represents the initial point; in (b)
the value of T is computed in the neighborhood of the black
point; the points in this neighborhood are converted from far
(white) to trial (gray) points; in (c¢) the trial point with the
smallest value of T is chosen (for example ‘A’); in (d) values
of T are computed in the neighborhood of point A, converting
them from far to trial; In (e) the trial point is chosen that has
the smallest value of T (for example, ‘D’); in (f) points in the
neighborhood of D are converted from far to trial, and the

procedure continues in this manner.
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Fig. 7 The fast sweeping algorithm for the eikonal
equation in two dimensions. (Lan et al. , 2012b)

(a) The fast sweeping algorithm for the eikonal equation in
two dimensions. The two dotted lines denote x and y axis,
respectively; the source is located at the origin, the numbers
in each quadrant mean the appropriate sweep order for this
quadrant; (b) The traveltime calculation with the fast
sweeping method in the first quadrant. Traveltimes at grid
points on the dashed line two are determined by values at grid
points on dashed line one, etc. Moreover the four quadrants
are separated by two grid lines, i. e. , the x and y axes. The
traveltimes of grid points on these two lines do not depend on
any values of grid points off these two lines. So the propagation
of traveltimes in one quadrant during the corresponding
sweep cannot cross these two lines into other quadrants.
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Fig. 8 Marmousi model results computed by the fast marching method and fast sweeping method (Lan ez al. , 2012b)

(a) Marmousi model and traveltimes (contours) computed by the fast marching method and fast sweeping method, respectively. Red

and black lines are the traveltimes computed by the fast marching method and fast sweeping method, respectively; colourbar shows the

velocity; (b) is the enlarged result of a local area (indicating by the blue box in Fig. (a)) of Fig. (a); (¢) Differences of the

traveltimes computed by the two methods, respectively. The units in the traveltime contours and error map both are second (s).
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Fig. 9 Schematic diagram of wavefront
construction method
The trapezoidal grids connected together by solid lines are ray
grids. Dashed rectangular grids are regular grids. The
travel-time on regular grids is interpolated using

known travel-time on the ray grids.
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Fig. 10 WFC result for a model with strong
variation in velocity (Vinje, 1993)

Upper diagram: A cylindrical body is buried in a homogeneous
background with a high—velocity lower layer. The velocities
are 2 km/s in the cylinder, 4 km/s in the upper layer and
8 km/s in the lower layer. The interfaces are smoothed by
a 0. 25 km operator. Bottom diagram: The result is calculated
by wavefront construction. The wavefront interval is 0. 025 s.
A receiver line is placed in the model from (0.1, 1. 1) to

(4.8, 1. 1) km.
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Fig. 11 Marmousi model result computed by frequency-
domain wave equation method (Qin et al. , 2005)
The source is located at 6. 8 km of the surface,

unit in figure is second.
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