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ABSTRACT 
We compare multi-lined (a.k.a. boustrophedonic) spatial scans with numerical 
simulations of the trajectories using a simple physical model for HST’s motions. For scan 
rates less than or equal to 0.5 arc sec s-1, the simulated trajectories match the observed 
ones within ~0.5 arc sec, i.e. sufficiently well for planning purposes. We provide IDL 
procedures for the simulator in the Appendix. We identify an overall unexplained drift, 
primarily in the UVIS detector X direction, throughout the one HST orbit during visit 1 of 
program 14878. 

 

Introduction 
Boustrophedonic spatial scans follow a path “like the ox plows,” from the Greek, 

literally (Figure 1). In program 14878, we aim to use them for higher precision 
photometry than nominal staring-mode has been able to deliver. They have some 
potential advantages over the more traditional single-line scans that already have been 
used to good effect for high-precision repeatability, as demonstrated in programs 14020 
(McCullough, P.I.) and 14621 (Wang, P.I.). Compared to single-line scans of the same 
total path length, boustrophedonic scans can generate star trails that are more localized 
spatially, which may be helpful in avoiding overlap with the star trails of other stars in 
the field of view. Also, a boustrophedonic scan could be imaged on a smaller subarray of 
the CCD than a single-line scan of the same path length. For similar reasons, a localized 
boustrophedonic scan is less likely than a single-line scan of the same path length to fall 
outside a given subarray, e.g., if HST’s pointing drifts between exposures (for unknown 
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reasons). However, because boustrophedonic scans have U-shaped turn-around regions 
connecting their straight segments, some care is required to avoid saturating any pixels 
along the path. For the latter purpose, numerical simulations of the paths are necessary in 
order to predict the slowest portions of a given path that yield the greatest number of 
photoelectrons per pixel.  

Here we describe one such simulation and compare its output with a variety of paths 
observed with WFC3 UVIS. Here, we do not compare photometry of the scanned star 
trails (boustrophedonic paths vs. single-line paths vs. staring-mode point sources); that 
will be discussed in a future ISR. 

 

 
Figure 1:  Schematic diagram of a multi-lined scan, adapted from Figure 7.9 of the 
Engineering Proposal Instructions.1  In APT, one specifies the scan’s rate, orient, 
direction, line separation, and number of lines, and it draws a diagram of the 
approximate target trajectory on the detector, excluding the turnaround region(s) 
for simplicity. Two FITS header keywords are in blue font. 

                                                             
1 www.stsci.edu/ftp/documents/p2pi/p2pi_ENG.pdf for Cycle 24. 
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Seven Paths 
In Visit 01 of program 14878, we observed seven distinct scans: six instances of type 

1, one instance each of types 2, 3, 4, and 5, and a pair of instances of each of types 6 and 
7. Figures 2 and 3 show a “contact sheet” of each of the 20 exposures of Visit 01, with 
the scan types indicated. We refer to single-line scans as scan type 0 but do not discuss 
them in this report. 

In the log sheet of Table 1, the ID is the exposure number in the image sequence 
(single-line scans are not listed; for each of those, the scan rate was 0.125 arc sec s-1); all 
but one exposure was made with shutter position A, as requested in the phase 2 file; 
exposure times range from 31.0 s to 59.9 s; the number of lines is 2, 3, 4, or 6; the scan 
rates range from 0.08 arc sec s-1 to 2.0 arc sec s-1; the scan widths (in Y, i.e. the separation 
between the first straight-away line segment and the last one in a boustrophedonic scan) 
range from 0.51 arc sec to 6.0 arc sec; and the scan lengths (in X, i.e. of the straight-away 
segments) range from 0.14 arc sec to 5.025 arc sec, although the U-shaped turn around 
regions add considerably to each pattern’s width in X beyond that which is listed as 
SCAN_LEN in Table 1. 

 

 
Figure 2:  Contact sheet for program 14878: each 512x512 subarray is displayed in 
its entirety. Single-line scans (six, labeled “0”) and multi-lined scans (fourteen, 
labeled 1, 2, …, 7) are interspersed. From left to right and top to bottom, they are in 
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chronological order as observed: images 00, 01, 02, 03, 04, and 05 in the top row, 
images 06, 07, 08, 09, and 10 in the second row from the top, and so forth to image 
19 in the lower right corner. The U-shaped turn-around segments of images 18 and 
19 were cut off by the right edge of the subarray, due to unplanned and unexplained 
drifts in X. 

 
Figure 3:  Same as Figure 2, except with a “Z-scale” stretch of the grey scale, in 
order to show the PSF halos and approximately two dozen cosmic ray hits per 
image.   
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Figure 4:  Exposure 01, scan type 1. The IDL command (from Table 3) is 
spatial_scan_position,60,0.25,0,'forward',0.25,6,t,p,delta=1.0 

In this diagram, the positions of the brightest 0.30% of pixels are plotted with a 
small, black, filled circle: this results in the star’s curved path being obvious in the 
center of the plot, and also a few cosmic ray hits distributed at random. The star 
begins at the top of its path, moves to the right, turns to its right, moves to the left on 
the plot, turns to its left, moves to its right, and so forth, until it stops at the end of 
the exposure. The simulated path is plotted as a red line connecting red squares 
plotted at 1-second intervals. The observed path generally extends further to the left 
and to the right than the simulated path. The black + symbol at (282,257) and the 
blue + symbol at (271,258) mark the locations of the Reference position in the 
aperture file2 and the CENTERA1 and CENTERA2 in the FITS header, 
respectively. A zoomed copy is at right. 

                                                             
2 http://www.stsci.edu/hst/observatory/apertures/wfc3.html 



6 

 
Figure 5:  Same as Figure 4, except here Exposure 04 and scan type 2.  
spatial_scan_position,60,0.25,0,'forward',0.50,6,t,p,delta=1.0 

In the U-shaped turn-around regions, the observed path is “boxier” (i.e. sharper 
corners) than the parabolic trajectories of the simulated path.  

 
Figure 6:  Same as Figure 4, except here Exposure 13 and scan type 3.  
spatial_scan_position,60,0.20,0,'forward',1.00,4,t,p,delta=1.0 

For unknown reasons, the last U-shaped turn-around (at lower right) over shoots to 
the right further than the first turn-around region and further than the simulated 
path. It is also skewed, again for unknown reasons. 
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Figure 7:  Same as Figure 4, except here Exposure 14 and scan type 4. Also, due to 
the much shorter path, the threshold for plotting pixels along the star’s path has 
been changed from the brightest 0.30% (in Figure 4 and others like it) to the 
brightest 0.05% of pixels in this image. 
spatial_scan_position,34,0.08,0,'forward',0.17,4,t,p,delta=1.0 
 

 
Figure 8:  Same as Figure 4, except here Exposure 15 and scan type 5.  
spatial_scan_position,34,0.25,0,'forward',0.50,4,t,p,delta=1.0  
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Figure 9:  Same as Figure 4, except here Exposure 16 and scan type 6.  
spatial_scan_position,45,0.50,0,'forward',3.00,3,t,p,delta=1.0  

Relative to the ideal synchronization of the mechanical shutter and the scanning 
motions, in this case the shutter opened (and closed) ~2 seconds later than intended 
(as indicated by the simulation). 
 
 

 
Figure 10:  Same as Figure 4, except here Exposure 18 and scan type 7.   
spatial_scan_position,31,2.00,0,'forward',6.00,2,t,p,delta=1.0  

The star’s U-shaped turn-around region landed beyond the subarray’s right edge, 
due to unexplained drift of the starting position, which had been intended to be near 
the left edge of the subarray, in order to observe the entire path.  
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The Simulator 
The simulator, written in IDL, requires parameters also required in APT to plan an 

observation: the exposure time (in seconds), the scan rate (in arc sec s-1), the scan line 
separation (in arc seconds), and the number of lines.3 The command lines that we used to 
simulate each of the seven distinct scans are in Table 3 and also repeated in Figures 4-10, 
which show the star trails in black with the simulated paths in red. Table 4 tabulates the 
simulated trajectories at one-second intervals, including the portions prior to the shutter 
opening and after the shutter closing. 

The simulator is based upon Table 7.6 of the Engineering Proposal Instructions and 
replicates the formulae therein.4 The simulator models only “forward” scans, for 
simplicity. The simulations with scan rates of 0.08, 0.20, 0.25, and 0.50 arc sec s-1 match 
the observed paths reasonably well, to within ~12 pixels in the worst case and often much 
closer, as shown in Figures 4-10.5 In addition to replicating formulae from Table 7.6 
alluded to earlier, the simulator assumes that the accelerations (and decelerations) during 
the ramp-up, ramp-down, and turn-around regions are constants during those specific 
phases of the scan.  

In the ramp-up phase, the simulator computes the (assumed constant) acceleration a_x 
required to achieve the specified scan rate SCAN_RAT in arc seconds s-1 (for the 
straight-away segments) in a given time, the so-called “ramp_up_time” in Table 7.6: 

 
ramp_up_time = max ( sqrt(100 * SCAN_RAT), 5 s ), 

 
and 
 a_x = SCAN_RAT / ramp_up_time. 

 
Note, incidentally, that for SCAN_RAT < 0.25 arc sec s-1, the ramp_up_time = 5 s.  

After the ramp-up phase we have the “cruise” phase along the “straight-away” 
segment of the path in which the star moves at a constant speed in a specific direction for 
a particular period of time equal to the total exposure time minus the combined overhead 
of the (NO_LINES - 1) turn-around sections, all divided by NO_LINES.  

Connecting cruise-phase segments, there are U-shaped “turn-around” segments, each 
one of which requires turnaround_time seconds to complete. The latter is given in 
seconds from Table 7.6: 

 
turnaround_time  = max ( 2*ramp_up_time, traverse_time ), with 

                                                             
3 The two main IDL procedures are in Appendix A. 
4 www.stsci.edu/ftp/documents/p2pi/p2pi_ENG.pdf for Cycle 24. 
5 (The observed paths of two scans each made at 2.00 arc sec s-1 extend beyond the 
subarray, so we do not comment on the fidelity of the simulator for scan rates greater 
than 0.50 arc sec s-1, although it will make predictions nonetheless.) 
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transverse_time  = max( (800*S)^(1/3), 10 ) if S < 10”, or 

    = S + 10 otherwise, with  

 

S    = SCAN_WID / (NO_LINES - 1)  

= scan line separation in arc seconds. 

 
The (fixed) accelerations in X and Y are as follows: 
 

a_x = SCAN_RAT / (turnaround_time / 2), and 

 

a_y = S / (turnaround_time / 2)^2 . 

 
Via elementary dynamics, the position of an object, initially at rest, experiencing constant 
acceleration “a” is ½*a*t2 and its velocity is a*t. The rationale for a_x in the formula 
above is that in half of the time allocated to the U-shaped turn-around region, the star has 
to decelerate from a speed of SCAN_RAT to zero. That allows the other half of the 
allocated time for the acceleration (in X) from zero back to the speed of SCAN_RAT in 
the opposite direction. The rationale for a_y is that in that same half of the time allocated 
to the U-shaped turn-around region, the star has to travel S/2 arc seconds in Y. In this 
specific case, ½ a_y (turnaround_time / 2)^2 = S/2, which we solve for a_y in the 
formula above.  

The simulator models the ramp-down phase similarly to the ramp-up phase, but 
reversed, and appended after the last cruise-phase segment. 

Although the simulator returns times and positions for the star during the ramp-up 
and ramp-down phases, these are not visible in the CCD data because (ideally) the 
mechanical shutter opens exactly when the ramp-up phase ends and closes exactly when 
the ramp-down phase begins. Consequently, we have not plotted the ramp-up and ramp-
down segments in Figures 4-10.6 

The simulated and actual paths have nearly the same overall dimensions and shapes. 
However, in detail they are slightly different. Generally, the U-shaped turn-around 
regions are “boxier” than the simulated parabolas (cf. Figures 4-10). This indicates that 
the accelerations to HST are not changed instantaneously: apparently, there is a finite jerk 
(the derivative of acceleration) in actuality, whereas in the simulation the discontinuities 
of acceleration imply infinite jerk. Some differences are evident also from one U-shaped 
turn-around region to another (cf. especially Exposure 13 in Figure 6). Given such 

                                                             
6 In interpreting data from the electronically-shuttered IR detector, one may need to 

consider the ramp-up ramp-down phases. We do not address that issue in this report. 
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idiosyncrasies, we are not motivated to simulate the paths with higher fidelity than that 
described herein. 

The peak pixel values in the turn-around regions often are less than the simulator 
predicted for the cases examined here. In 10 of 12 trajectories, the simulator 
conservatively over-estimated the peaks in the turn-around regions, which is “good” for 
planning purposes, in order to avoid saturation.  In Table 5, the ratio of peak values 
(observed/simulated) range from 0.69 to 1.03, with a median value of 0.82. Heuristically, 
we rationalize this as a manifestation of the “boxier” trajectories; specifically, the ratio of 
path lengths of a semicircle (⊂) to the three sides of its circumscribed square box (⊏) is 
pi*r/(4*r) = 0.79, which is similar to and slightly less than the median value of 0.82.  

Unexplained Behaviors 
We cannot explain why the starting positions of each scan drift from the beginning of 

the image sequence to its end. In particular, from Table 2, the X position measured in 
WFC3 UVIS CCD pixels drifts secularly from dX = -10 in image 00 to dX = +11 in 
image 15 (Figure 11). After exposure 15, the shift in X grows much larger than 
anticipated from earlier exposures. The single-line scans are consistently displaced from 
their intended Y position by dY ~ +10 pixels whereas the multi-line scans typically have 
dY ~ +2 pixels. 

 
Figure 11:  (Left) The offset in the X coordinate required to match the simulated 
path with the observed path (dX in Table 2) increases secularly with time during the 
HST orbit. The six single-line scans are indicated with larger symbols than the 
multi-line scans. The values for the last two exposures are off scale, dX = 100 pixels 
and 110 pixels respectively (not shown). (Right) Unlike dX, the offset in Y does not 
vary much with time. However, the six single-line scans (larger symbols) 
consistently have a larger offset in Y than the multi-line scans (smaller symbols). 
The values for the last two exposures are off scale (not shown). 
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Conclusions 
With some care the simulator described herein can be used to plan observations of 

multi-lined spatial scans, in conjunction with the ETC for single-line scans. 
 

The author wishes to thank G. Brammer, whose review improved this report, and 
Merle Reinhart for sharing his expertise. 

References 
The HST Cycle 24 Phase II Proposal Instructions (Engineering) is available at 

www.stsci.edu/ftp/documents/p2pi/p2pi_ENG.pdf 

Revisions 
None yet. 

 
  



13 

Table 1: Log Sheet of Multi-line Scans’ Exposures in Visit 01 of Program 14878 
 
ID FILENAME SHUTRPOS Type EXPTIME NO_LINES SCAN_RAT SCAN_WID SCAN_LEN 
 1 idda01vhq  A         1 59.900     6     0.250    1.250    0.543 
 3 idda01vjq  A         1 59.900     6     0.250    1.250    0.543 
 4 idda01vkq  A         2 59.900     6     0.250    2.500    0.543 
 6 idda01vmq  A         1 59.900     6     0.250    1.250    0.543 
 8 idda01vpq  A         1 59.900     6     0.250    1.250    0.543 
10 idda01vvq  A         1 59.900     6     0.250    1.250    0.543 
12 idda01vxq  A         1 59.900     6     0.250    1.250    0.543 
13 idda01w1q  A         3 59.900     4     0.200    3.000    1.651 
14 idda01w2q  A         4 34.000     4     0.080    0.510    0.140 
15 idda01w3q  A         5 34.000     4     0.250    1.500    0.439 
16 idda01w4q  A         6 45.000     3     0.500    6.000    3.004 
17 idda01w5q  A         6 45.000     3     0.500    6.000    3.004 
18 idda01w6q  A         7 31.000     2     2.000    6.000    5.025 
19 idda01w7q  B         7 31.000     2     2.000    6.000    5.025 
 
 
 
 

Table 2: Additional Parameters and (dX,dY) shifts 
 

ID Name   FILTER  XRef YRef dX dY EXPTIME POSTARG1 POSTARG2 EXPSTART NO_LINES 
 0 idda01vgq F218W 282 257 -10  10 60   4.419940  0.581760 57731.00339850 1 
 1 idda01vhq F218W 282 257 -13   3 60  -0.541460 -1.288390 57731.00504183 6 
 2 idda01viq F606W 282 257  -7  10 60   4.419940  0.581760 57731.00690554 1 
 3 idda01vjq F606W 282 257  -9   3 60  -0.541460 -1.288390 57731.00854887 6 
 4 idda01vkq F606W 282 257  -6   3 60  -0.459270 -2.535680 57731.01013443 6 
 5 idda01vlq F225W 282 257  -3   9 60   4.419940  0.581760 57731.01204443 1 
 6 idda01vmq F225W 282 257  -4   2 60  -0.541460 -1.288390 57731.01368776 6 
 7 idda01vnq F275W 282 257  -1   9 60   4.419940  0.581760 57731.01562072 1 
 8 idda01vpq F275W 282 257  -1   2 60  -0.541460 -1.288390 57731.01726406 6 
 9 idda01vqq F814W 282 257   2  10 60   4.419940  0.581760 57731.01912776 1 
10 idda01vvq F814W 282 257   1   3 60  -0.541460 -1.288390 57731.02077109 6 
11 idda01vwq F218W 282 257   3   9 60   4.419940  0.581760 57731.02270406 1 
12 idda01vxq F218W 282 257   3   2 60  -0.541460 -1.288390 57731.02434739 6 
13 idda01w1q F218W 282 257   5   2 60  -0.301660 -3.026380 57731.02593332 4 
14 idda01w2q F218W 282 257   7   2 34  -0.166030 -0.522050 57731.02755332 4 
15 idda01w3q F218W 282 257  11   2 34  -0.525020 -1.537850 57731.02882665 4 
16 idda01w4q F218W 282 257  20   2 45   5.156120 -5.673250 57731.03012295 3 
17 idda01w5q F218W 282 257  30   0 45   5.156120 -5.673250 57731.03163924 3 
18 idda01w6q F218W 282 257 100  14 31 -22.217020 -6.916880 57731.03354887 2 
19 idda01w7q F218W 282 257 110  16 31 -22.217020 -6.916880 57731.03491480 2 
 
Notes: We measured the (dX,dY) shifts empirically (iteratively, by eye) to align the simulated path with the 
observed path on each image. Units of XRef, YRef, dX, and dY are WFC3 UVIS pixels, and nominally the 
plate scale is 0.0395 arc sec pixel-1. Units of POSTARG1 and POSTARG2 are arc seconds. EXPTIME is 
rounded to the nearest integer. EXPSTART is MJD days. 
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Table 3: IDL commands for simulator 
 
1 spatial_scan_position,60,0.25,0,'forward',0.25,6,t,p,delta=1.0 
2 spatial_scan_position,60,0.25,0,'forward',0.50,6,t,p,delta=1.0 
3 spatial_scan_position,60,0.20,0,'forward',1.00,4,t,p,delta=1.0 
4 spatial_scan_position,34,0.08,0,'forward',0.17,4,t,p,delta=1.0  
5 spatial_scan_position,34,0.25,0,'forward',0.50,4,t,p,delta=1.0  
6 spatial_scan_position,45,0.50,0,'forward',3.00,3,t,p,delta=1.0  
7 spatial_scan_position,31,2.00,0,'forward',6.00,2,t,p,delta=1.0  
 
Notes: The scan type from Table 1 is listed in column 1 of Table 3. The inputs to the simulator, called 
“spatial_scan_position” are, in order, exposure time [seconds], scan rate [arc sec s-1], scan orient [degrees], 
‘forward’, scan line separation [arc sec], and the number of scan lines. The simulator’s output is returned to 
vector t and 2-dimensional array of (x,y) positions p, each at intervals delta=1.0 seconds. 

 
 

Table 4: Simulated Trajectories 
 

We list the seven simulated boustrophedonic trajectories of Table 1 at 1-second intervals, 
as (X,Y) pairs in units of WFC3 UVIS pixels. The moments of shutter opening and 
closing are indicated by underlining. The zeros prior to the first non-zero entry of X in 
any (X,Y) pair should be ignored; they are retained to facilitate reading the table as a 
matrix with a computer program. 

 
Type:      1               2               3               4               5               6               7 
 
Time[s] X       Y       X       Y       X       Y       X       Y       X       Y       X       Y       X       Y 
-14    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 -357.99    0.00 
-13    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 -355.69    0.00 
-12    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 -349.81    0.00 
-11    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 -340.35    0.00 
-10    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 -327.31    0.00 
 -9    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 -310.69    0.00 
 -8    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 -290.49    0.00 
 -7    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00  -44.75    0.00 -266.71    0.00 
 -6    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00  -43.73    0.00 -239.35    0.00 
 -5  -15.82    0.00  -15.82    0.00  -12.66    0.00   -5.06    0.00  -15.82    0.00  -40.91    0.00 -208.41    0.00 
 -4  -15.19    0.00  -15.19    0.00  -12.15    0.00   -4.86    0.00  -15.19    0.00  -36.31    0.00 -173.89    0.00 
 -3  -13.29    0.00  -13.29    0.00  -10.63    0.00   -4.25    0.00  -13.29    0.00  -29.92    0.00 -135.79    0.00 
 -2  -10.13    0.00  -10.13    0.00   -8.10    0.00   -3.24    0.00  -10.13    0.00  -21.74    0.00  -94.11    0.00 
 -1   -5.70    0.00   -5.70    0.00   -4.56    0.00   -1.82    0.00   -5.70    0.00  -11.76    0.00  -48.84    0.00 
  0    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
  1    6.33    0.00    6.33    0.00    5.06    0.00    2.03    0.00    6.33    0.00   12.66    0.00   50.63    0.00 
  2   12.28   -0.08   12.28   -0.15   10.13    0.00    3.85   -0.09   12.03   -0.25   25.32    0.00   99.95   -0.28 
  3   17.72   -0.25   17.72   -0.51   15.19    0.00    5.27   -0.34   16.46   -1.01   37.97    0.00  146.66   -1.11 
  4   21.73   -0.72   21.73   -1.43   20.25    0.00    6.28   -0.77   19.62   -2.28   50.63    0.00  189.62   -2.74 
  5   24.47   -1.43   24.47   -2.87   25.32    0.00    6.89   -1.38   21.52   -4.05   63.29    0.00  229.01   -5.12 
  6   25.95   -2.41   25.95   -4.81   30.38    0.00    7.09   -2.15   22.15   -6.33   75.38   -0.48  264.81   -8.27 
  7   26.16   -3.54   26.16   -7.09   35.44    0.00    6.89   -2.93   21.52   -8.61   86.56   -1.73  297.03  -12.18 
  8   25.11   -4.60   25.11   -9.20   40.17   -0.34    6.28   -3.53   19.62  -10.38   95.77   -4.66  325.67  -16.84 
  9   22.78   -5.40   22.78  -10.80   44.30   -1.27    5.27   -3.96   16.46  -11.65  103.19   -9.11  350.74  -22.27 
 10   19.20   -5.95   19.20  -11.90   47.34   -3.29    3.85   -4.22   12.03  -12.41  108.81  -15.08  372.22  -28.45 
 11   14.35   -6.24   14.35  -12.49   49.37   -6.33    2.03   -4.30    6.33  -12.66  112.65  -22.56  390.12  -35.39 
 12    8.44   -6.33    8.44  -12.66   50.38  -10.38    0.00   -4.30    0.00  -12.66  114.69  -31.57  404.44  -43.10 
 13    2.24   -6.35    2.24  -12.71   50.38  -14.94   -1.82   -4.39   -5.70  -12.91  114.99  -41.56  415.18  -51.56 
 14   -3.71   -6.43   -3.71  -12.86   49.37  -18.99   -3.24   -4.65  -10.13  -13.67  113.45  -51.00  422.34  -60.78 
 15   -8.65   -6.71   -8.65  -13.42   47.34  -22.03   -4.25   -5.08  -13.29  -14.94  110.13  -58.92  425.92  -70.76 
 16  -12.24   -7.26  -12.24  -14.51   44.30  -24.05   -4.86   -5.68  -15.19  -16.71  105.01  -65.32  425.92  -81.14 
 17  -14.56   -8.06  -14.56  -16.12   40.25  -25.06   -5.06   -6.46  -15.82  -18.99   98.11  -70.20  422.34  -91.12 
 18  -15.61   -9.11  -15.61  -18.23   35.44  -25.32   -4.86   -7.23  -15.19  -21.27   89.41  -73.56  415.18 -100.34 
 19  -15.40  -10.25  -15.40  -20.51   30.38  -25.32   -4.25   -7.83  -13.29  -23.04   78.93  -75.41  404.44 -108.80 
 20  -13.92  -11.22  -13.92  -22.45   25.32  -25.32   -3.24   -8.26  -10.13  -24.30   66.91  -75.95  390.12 -116.51 
 21  -11.18  -11.94  -11.18  -23.88   20.25  -25.32   -1.82   -8.52   -5.70  -25.06   54.25  -75.95  372.22 -123.45 
 22   -7.17  -12.41   -7.17  -24.81   15.19  -25.32    0.00   -8.61    0.00  -25.32   41.59  -75.95  350.74 -129.63 
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 23   -1.90  -12.62   -1.90  -25.23   10.13  -25.32    2.03   -8.61    6.33  -25.32   28.94  -75.95  325.67 -135.06 
 24    4.22  -12.66    4.22  -25.32    5.06  -25.32    3.85   -8.69   12.03  -25.57   16.28  -75.95  297.03 -139.72 
 25   10.30  -12.71   10.30  -25.42    0.17  -25.49    5.27   -8.95   16.46  -26.33    3.78  -76.09  264.81 -143.63 
 26   16.24  -12.78   16.24  -25.57   -4.56  -25.82    6.28   -9.38   19.62  -27.59   -8.31  -76.57  229.01 -146.77 
 27   20.68  -13.16   20.68  -26.33   -8.10  -27.34    6.89   -9.98   21.52  -29.37  -18.88  -78.34  189.62 -149.16 
 28   23.84  -13.80   23.84  -27.59  -10.63  -29.87    7.09  -10.76   22.15  -31.65  -27.58  -81.70  146.66 -150.79 
 29   25.74  -14.68   25.74  -29.37  -12.15  -33.42    6.89  -11.53   21.52  -33.92  -34.48  -86.58  100.12 -151.65 
 30   26.37  -15.82   26.37  -31.65  -12.66  -37.97    6.28  -12.14   19.62  -35.70  -39.60  -92.98   50.63 -151.90 
 31   25.74  -16.96   25.74  -33.92  -12.15  -42.53    5.27  -12.57   16.46  -36.96  -42.92 -100.90    0.00 -151.90 
 32   23.84  -17.85   23.84  -35.70  -10.63  -46.08    3.85  -12.83   12.03  -37.72  -44.46 -110.34  -48.84 -151.90 
 33   20.68  -18.48   20.68  -36.96   -8.10  -48.61    2.03  -12.91    6.33  -37.97  -44.16 -120.33  -94.11 -151.90 
 34   16.24  -18.86   16.24  -37.72   -4.56  -50.13    0.00  -12.91    0.00  -37.97  -42.12 -129.33 -135.79 -151.90 
 35   10.55  -18.99   10.55  -37.97    0.00  -50.63   -1.82  -12.91   -5.70  -37.97  -38.28 -136.82 -173.89 -151.90 
 36    4.22  -18.99    4.22  -37.97    5.06  -50.63   -3.24  -12.91  -10.13  -37.97  -32.66 -142.79 -208.41 -151.90 
 37   -1.73  -19.06   -1.73  -38.13   10.13  -50.63   -4.25  -12.91  -13.29  -37.97  -25.24 -147.24 -239.35 -151.90 
 38   -7.17  -19.24   -7.17  -38.48   15.19  -50.63   -4.86  -12.91  -15.19  -37.97  -16.03 -150.16 -266.71 -151.90 
 39  -11.18  -19.70  -11.18  -39.41   20.25  -50.63   -5.06  -12.91  -15.82  -37.97   -5.04 -151.57 -290.49 -151.90 
 40  -13.92  -20.42  -13.92  -40.84   25.32  -50.63   -5.27  -12.91  -16.46  -37.97    7.24 -151.90 -310.69 -151.90 
 41  -15.40  -21.39  -15.40  -42.78   30.38  -50.63   -5.47  -12.91  -17.09  -37.97   19.90 -151.90 -327.31 -151.90 
 42  -15.61  -22.53  -15.61  -45.06   35.44  -50.63   -5.67  -12.91  -17.72  -37.97   32.56 -151.90 -340.35 -151.90 
 43  -14.56  -23.59  -14.56  -47.17   40.17  -50.97   -5.87  -12.91  -18.35  -37.97   45.21 -151.90 -349.81 -151.90 
 44  -12.24  -24.39  -12.24  -48.78   44.30  -51.90    0.00    0.00    0.00    0.00   57.87 -151.90 -355.69 -151.90 
 45   -8.65  -24.94   -8.65  -49.87   47.34  -53.92    0.00    0.00    0.00    0.00   70.53 -151.90 -357.99 -151.90 
 46   -3.80  -25.23   -3.80  -50.46   49.37  -56.96    0.00    0.00    0.00    0.00   82.29 -151.90 -360.29 -151.90 
 47    2.11  -25.32    2.11  -50.63   50.38  -61.01    0.00    0.00    0.00    0.00   92.27 -151.90    0.00    0.00 
 48    8.31  -25.34    8.31  -50.68   50.38  -65.57    0.00    0.00    0.00    0.00  100.45 -151.90    0.00    0.00 
 49   14.26  -25.42   14.26  -50.84   49.37  -69.62    0.00    0.00    0.00    0.00  106.84 -151.90    0.00    0.00 
 50   19.20  -25.70   19.20  -51.39   47.34  -72.66    0.00    0.00    0.00    0.00  111.44 -151.90    0.00    0.00 
 51   22.78  -26.24   22.78  -52.49   44.30  -74.68    0.00    0.00    0.00    0.00  114.26 -151.90    0.00    0.00 
 52   25.11  -27.05   25.11  -54.09   40.25  -75.70    0.00    0.00    0.00    0.00  115.28 -151.90    0.00    0.00 
 53   26.16  -28.10   26.16  -56.20   35.44  -75.95    0.00    0.00    0.00    0.00  116.30 -151.90    0.00    0.00 
 54   25.95  -29.24   25.95  -58.48   30.38  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 55   24.47  -30.21   24.47  -60.42   25.32  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 56   21.73  -30.93   21.73  -61.86   20.25  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 57   17.72  -31.39   17.72  -62.78   15.19  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 58   12.45  -31.60   12.45  -63.21   10.13  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 59    6.33  -31.65    6.33  -63.29    5.06  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 60    0.00  -31.65    0.00  -63.29    0.00  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 61   -5.70  -31.65   -5.70  -63.29   -4.56  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 62  -10.13  -31.65  -10.13  -63.29   -8.10  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 63  -13.29  -31.65  -13.29  -63.29  -10.63  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 64  -15.19  -31.65  -15.19  -63.29  -12.15  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 65  -15.82  -31.65  -15.82  -63.29  -12.66  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 66  -16.46  -31.65  -16.46  -63.29  -13.16  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
 67  -17.09  -31.65  -17.09  -63.29  -13.67  -75.95    0.00    0.00    0.00    0.00    0.00    0.00    0.00    0.00 
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Table 5: Peak pixels  
 
ID    S     C NO_LINES Type C/S     [C/S]   C/S/[C/S] 
 0  2581  4229   1      -   1.64     1.00     1.64 
 1  1530  5788   6      1   3.78     5.46     0.69 
 2 12020 13165   1      -   1.10     1.00     1.10 
 3  7216 28997   6      1   4.02     5.46     0.74 
 4  6768 16116   6      2   2.38     2.77     0.86 
 5  7803  7803   1      -   1.00     1.00     1.00 
 6  4022 16850   6      1   4.19     5.46     0.77 
 7  7164  7451   1      -   1.04     1.00     1.04 
 8  3816 16220   6      1   4.25     5.46     0.78 
 9  2551  2881   1      -   1.13     1.00     1.13 
10  1502  6690   6      1   4.45     5.46     0.82 
11  2847  2980   1      -   1.05     1.00     1.05 
12  1595  6435   6      1   4.03     5.46     0.74 
13  1867  2328   4      3   1.25     1.41     0.89 
14  4658* 9887   4      4   2.12     2.53     0.84 
15  1600  3495   4      5   2.18     2.68     0.81 
16   708  1114   3      6   1.57     1.55     1.01 
17   687  1093*  3      6   1.59     1.55     1.03 
 
Notes:  
 
The ID, NO_LINES, and Type are repeated here from Table 1. Measurements of the peak pixels in the 
straight (S) and curved (C) segments of each scan are listed, along with their ratio C/S, the simulator’s 
prediction of the ratio [C/S], and the ratio of the two, C/S/[C/S].  
 
Single-lined scans are in grey font. 
 
For multi-lined scans, the “straight” section was defined as the pixels within +/- 5 pixels of the mean of the 
trajectory’s X values and within 5 pixels less than the minimum and 5 pixels more than the maximum 
extent of its Y values. The “curved” section was defined as within 20 pixels less than the minimum and 20 
pixels more than the maximum extent of the trajectory’s X values and the same domain of Y as the 
“straight” sections. Thus, the “curved” section actually includes the entire trail, although the peaks occur on 
the curves where the speed is lower than the straight sections. 
 
* For image 14 we determined S by manual inspection because the very small pattern was poorly matched 
to the parameters of the automated script. Similarly for image 17, in which case a cosmic ray affected the 
automated script’s result.  



 

 

Appendix A: IDL procedures ( program14878.pro and spatial_scan_position.pro ) 
 
Note: these two procedures call other procedures and hence do not standalone. However, we hope that 
much of the mathematics and logic of the procedures will be evident to the reader, who may wish to write 
code in another language. 
 
pro program14878,branch,wait_dur=wait_dur,do_one=do_one 
 
; program14878,'v1_trajectories',wait_dur=0.1,do_one=-1 
 
if n_elements(wait_dur) eq 0 then wait_dur = 0.01 
if n_elements(do_one) eq 0 then do_one = -1 
 
    !p.background='FFFFFF'x 
    !p.color=0 
    !x.style=1 
    !y.style=1 
 
pixel_uvis = 0.0395 ; pixel scale for WFC3 UVIS 
 
window,0,xs=1024,ys=1024 
 
case branch of 
  'v1_trajectories' : begin 
 
; The input file is Table 2 of the ISR.             
readcol,'v1_trajectories.table1',ii,fn,filter,xx,yy,xoff,yoff,texp,postarg1,postarg2,exps
tart,nl,format='(i,a,a,f,f,f,f,f,f,f,d,i)' 
 
    nf = n_elements(fn) 
    for i=0,nf-1 do begin 
 
      if do_one lt 0 or do_one eq i then begin 
 
        xpostarg = 0.00 ; arcsec from APT 
        ypostarg = 0.00 ; arcsec from APT 
 
        ;if i eq 0 or i eq 2 or i eq 5 or i eq 7 or i eq  9 or i eq 11 then begin 
        if nl[i] eq 1 then begin 
          ; single line scans 
          t = findgen(60) 
          x = t*0.125/pixel_uvis 
          y = x*0 
          xpostarg = -3.75 ; arcsec from APT 
        endif else begin 
          ; multi line scans 
          if i eq 1 or i eq 3 or i eq 6 or i eq 8 or i eq 10 or i eq 12 then 
spatial_scan_position,60,0.25,0,'forward',0.25,6,t    ,positions,delta=1.0 ; 1.60x1.25 
arcsec, 238 pix path 
          if i eq  4 then spatial_scan_position,60,0.25,0,'forward',0.5,6,t    
,positions,delta=1.0 ; 1.60x2.50 arcsec, 256 pix path 
          if i eq 13 then spatial_scan_position,60,0.20,0,'forward',1.00,4,t    
,positions,delta=1.0 ; 2.50x3.00 arcsec, 281 pix path, ratio=1.41 
          if i eq 14 then spatial_scan_position,34,0.08,0,'forward',0.17,4,t    
,positions,delta=1.0 ; 0.50x0.50 arcsec,  47 pix path, ratio=2.53 
          if i eq 15 then spatial_scan_position,34,0.25,0,'forward',0.50,4,t    
,positions,delta=1.0 ; 1.75x1.50 arcsec, 144 pix path 
          if i eq 16 or i eq 17 then spatial_scan_position,45,0.5,0,'forward',3.0,3,t    
,positions,delta=1.0 ; 6x6 arcsec 
          if i eq 18 or i eq 19 then spatial_scan_position,31,2.0,0,'forward',6.0,2,t    



 

 

,positions,delta=1.0 ; 6x17 arcsec 
 
          if i eq 18 or i eq 19 then xpostarg = -8.5 ; arcsec from APT 
 
          k = where(t ge 0. and t le texp[i]) 
          t = t[k] & x = positions[k,0]/pixel_uvis & y = positions[k,1]/pixel_uvis 
        endelse 
 
        im = readfits(fn[i],ext=1,/silent) 
          si = size(im) 
          xr = [0,si[1]] 
          yr = xr 
          if i le 15 then begin 
            xr = xx[i]+[-120,120] 
            yr = yy[i]+[-120,120] 
          endif 
          if i eq 16 or i eq 17 then begin 
            xr = 350    +[-100,100] 
            yr = 180    +[-100,100] 
          endif 
 
        th = decile(im,99.7) 
        if i eq 14 then th = decile(im,99.95) 
        k  = where(im gt th,nk) 
        gridmaker,si[1],si[2],1,1,ix,iy,type='float' 
 
        nstr = strtrim(string(i),2) 
        if strlen(nstr) lt 2 then nstr = '0' + nstr 
 
        plot,ix[k],iy[k],psy=8,symsi=0.4,/iso,xr=xr,yr=yr,charsi=2,tit=nstr,xtit='X 
[pixels]',ytit='Y [pixels]' 
        
oplot,xx[i]+xoff[i]+(xpostarg+0*postarg1[i])/pixel_uvis+x,yy[i]+yoff[i]+(ypostarg+0*posta
rg2[i])/pixel_uvis+y,psy=-6,col=c24(2) 
 
        ; http://www.stsci.edu/hst/observatory/apertures/wfc3.html 
        oplot,xx[i]*[1,1],yy[i]*[1,1],psy=1,symsi=3        ; [ 282, 257] = Ref Position 
in Apetures file (comment above) 
        oplot,271*[1,1],258*[1,1],psy=1,symsi=3,col=c24(4) ; [ 271, 258] = [ CENTERA1 , 
CENTERA2 ] in FITS header 
        wait,wait_dur 
 
        write_png,'trajectories'+nstr+'.png',tvrd(true=1) 
 
      endif ; do_one 
 
    endfor 
 
  endcase 
endcase 
return 
end 
 



 

 

pro spatial_scan_position,exp_time,scan_rate,scan_orient,scan_direction, 
scan_line_separation,scan_number_lines,times,positions,delta=delta,do_plot=do_plot 
 
; Given spatial scan parameters (Table 7.6 of Engineering Proposal Instructions), 
; return a vector of times and an associated vector of positions in the POSTARG 
coordinate frame. 
 
; Example usage: 
; spatial_scan_position,30,0.25,30,'forward',0,1,times,positions,delta=0.1 
; spatial_scan_position,90,0.25,0,'forward',0.5,5,times,positions,delta=0.4,/do_plot 
; spatial_scan_position,60,0.20,0,'forward',1.00,4,times,positions,delta=1.0,/do_plot ; 
2.50x3.00 arcsec, 281 pix path, ratio=1.41 
; spatial_scan_position,60,0.25,0,'forward',0.25,6,times,positions,delta=1.0,/do_plot ; 
1.60x1.25 arcsec, 238 pix path 
; spatial_scan_position,34,0.25,0,'forward',0.50,4,times,positions,delta=1.0,/do_plot ; 
1.75x1.50 arcsec, 144 pix path 
; spatial_scan_position,60,0.08,0,'forward',0.33,4,times,positions,delta=1.0,/do_plot ; 
1.00x1.00 arcsec, 108 pix path, ratio=1.57 
; spatial_scan_position,34,0.08,0,'forward',0.17,4,times,positions,delta=1.0,/do_plot ; 
0.50x0.50 arcsec,  47 pix path, ratio=2.53 
 
if n_elements(do_plot) eq 0 then do_plot = 0 
if n_elements(delta)   eq 0 then delta   = 0.1 ; seconds 
delta = float(delta) 
 
; redefinitions to make variables more compact 
v0 = scan_rate 
s  = scan_line_separation 
nl = scan_number_lines 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; Invalid parameters? 
if scan_direction eq 'reverse' then begin 
  print,'This program requires scan_direction = forward. Sorry." 
  return 
endif 
 
if exp_time le 0 or s lt 0. or nl lt 1 or (v0 le 0.25 and s gt 1.25) then begin 
  print,'Error: invalid input(s)' 
  print,'exp_time <= 0, scan_line_separation < 0, scan_number_lines < 1," 
  print,'or (scan_rate <= 0.25 and scan_line_separation > 1.25).' 
  print,'' 
  return 
endif 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
ramp_up_time = max([sqrt(100*v0),5]) 
if s le 10 then begin   
  transverse_time = max([(800*s)^(1./3.),10]) 
endif else begin 
  transverse_time = s + 10 
endelse 
 
turnaround_time = max( [ 2*ramp_up_time, transverse_time ] ) 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; We solve single-line scans entirely separately from multi-line scans. 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 



 

 

; Single-line scan 
if s eq 0. or nl eq 1 then begin 
 
  ;;;;;;;;;;;; 
  ; ramp up, prior to t=0 (start of exposure and start of cruise phase) 
 
    ; to make the problem simpler to conceptualize, we first solve for a ramp down 
scenario 
    ; from initial velocity v0 at time t=0 to zero velocity at time t=ramp_up_time. 
 
    ; compute constant acceleration required to achieve velocity v0 in time ramp_up_time 
    a_x = v0 / ramp_up_time 
 
    t   = delta*(1+findgen(ramp_up_time/delta)) 
    x   = v0 * t - 0.5 * a_x * t^2 
 
    ; now we rearrange things to match the actual ramp up scenario 
    times = -reverse(t) 
    xx    = -reverse(x) 
 
  ;;;;;;;;;;;; 
  ; cruise, constant velocity v0 from time t=0 to time t=exp_time 
    t   = delta*findgen(exp_time/delta+1) 
    x   = v0 * t 
 
    ; now we concatenate things 
    times = [times,t] 
    xx    = [xx,x] 
 
 
  ;;;;;;;;;;;; 
  ; ramp down 
    t   = delta*(1+findgen(ramp_up_time/delta)) 
    x   = v0 * t - 0.5 * a_x * t^2 
 
    ; now we concatenate things 
    times = [times,exp_time + t] 
    xx    = [xx,v0*exp_time + x] 
 
  ; do not forget to define the associates y values as all zero 
  yy    = 0. * times 
 
endif 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; Multi-line scan 
if nl gt 1 then begin 
 
  ; Our approach will be to prepare the ramp up and cruise phases of the first line, 
  ; then concatenate the U-shaped turn around, and another cruise-phase line, 
  ; and continue until we run out of repetitions, at which point we do our final ramp 
down. 
 
  ; compute the cruise_time, based upon exp_time and overheads due to turn arounds 
  ; "cruise_time" is a variable only in this program; it has no counterpart in official 
documentation. 
 
  overhead    = turnaround_time * (nl - 1) 
  cruise_time = (exp_time - overhead) / nl 
 



 

 

  if cruise_time le 0 then begin 
    print,'Invalid combination of parameters. Check exp_time?' 
    print,'' 
    return 
  endif 
 
  ;;;;;;;;;;;; 
  ; ramp up, prior to t=0 (start of exposure and start of cruise phase) 
 
    ; compute constant acceleration required to achieve velocity v0 in time ramp_up_time 
    a_x = v0 / ramp_up_time 
 
    t   = delta*(1+findgen(ramp_up_time/delta)) 
    x   = v0 * t - 0.5 * a_x * t^2 
    y   =  0 * t 
 
    ; now we rearrange things to match the actual ramp up scenario 
    times = -reverse(t) 
    xx    = -reverse(x) 
    yy    = y 
 
  ;;;;;;;;;;;; 
  ; We need a J-shaped path consisting of a cruise phase line segment concatenated with 
the 
  ; U-shaped turn around. We then use that (nl-1) times to build the boustrephedonic 
path, 
  ; with appropriate mirroring and shifts. 
 
    ;;;;;;;;;;;; 
    ; cruise, constant velocity v0 from time t=0 to time t=cruise_time 
      tj  = delta*findgen(cruise_time/delta+1) 
      xj  = v0 * tj 
      yj  =  0 * tj 
 
      ttj   = tj 
      xxj   = xj 
      yyj   = yj 
 
    ;;;;;;;;;;;; 
    ; U-shaped turnaround, first half of it 
      a_x = v0 / (turnaround_time/2.) 
      a_y =  s / (turnaround_time/2.)^2 
      tj  = delta*(1+findgen(turnaround_time/2./delta)) 
      xj  = v0 * tj- 0.5 * a_x * tj^2 
      yj  =  0 * tj- 0.5 * a_y * tj^2 
 
      ; now we concatenate things... 
      ; the first half of the U-shaped turnaround 
      ttj   = [ttj,   cruise_time + tj] 
      xxj   = [xxj,v0*cruise_time + xj] 
      yyj   = [yyj, 0*cruise_time + yj] 
      ; the second half of the U-shaped turnaround 
      ttj   = [ttj,   cruise_time + reverse(turnaround_time - tj)] 
      xxj   = [xxj,v0*cruise_time + reverse(xj)] 
      yyj   = [yyj,-s             - reverse(yj)] 
 
  ;;;;;;;;;;;; 
  ; Loop through (nl-1) times, concatenating J-shaped pieces 
  for i = 1, nl-1 do begin 
    if i mod 2 eq 1 then begin 



 

 

      ; paste in the J as is... 
      times = [times,(cruise_time+turnaround_time)*(i-1) + ttj] 
      xx    = [xx,         xxj] 
      yy    = [yy,-s*(i-1)+yyj] 
    endif 
    if i mod 2 eq 0 then begin 
      ; paste in the J, mirrored about X, and shifted in X 
      times = [times,(cruise_time+turnaround_time)*(i-1) + ttj] 
      xx    = [xx,v0*cruise_time-xxj] 
      yy    = [yy,-s*(i-1)+yyj] 
    endif 
  endfor 
 
  ;;;;;;;;;;;; 
  ; last cruise phase segment 
    t   = delta*(0+findgen(cruise_time/delta)) ; note zero 
    x   = v0 * t 
    y   =  0 * t - s * (nl - 1) 
 
    ; now we concatenate things 
    times = [times,exp_time-cruise_time + t] 
    xx    = [xx,v0*cruise_time*((nl-1) mod 2) + (2*(nl mod 2) - 1) * x] 
    yy    = [yy,y] 
 
  ;;;;;;;;;;;; 
  ; ramp down 
    a_x = v0 / ramp_up_time 
    t   = delta*(0+findgen(ramp_up_time/delta+1)) ; note zero and one 
    x   = v0 * t - 0.5 * a_x * t^2 
    y   =  0 * t - s * (nl - 1) 
 
    ; now we concatenate things 
    times = [times,exp_time + t] 
    xx    = [xx,v0*cruise_time*(nl mod 2) + (2*(nl mod 2) - 1) * x] 
    yy    = [yy,y] 
 
endif 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; interpolate xx and yy on a regular grid of times to clean up slight 
; discontinuities that occur at the ends of the cruise phase segments 
; where they connect to the turn arounds. 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
t = min(times)+delta*findgen(n_elements(times)+1) 
x = interpol(xx,times,t) 
y = interpol(yy,times,t) 
times = t 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; rotate the [xx,yy] computed above by angle scan_orient 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
 
alpha = -(scan_orient * !pi / 180.) 
 
xx =  cos(alpha)*x + sin(alpha)*y 
yy = -sin(alpha)*x + cos(alpha)*y 
 
; diagnostic parameters for the path during the exposure, i.e. 
; excluding the ramp up and ramp down, but including the turn arounds. 



 

 

 
k = where(times ge 0 and times le exp_time,complement=j) 
 
; path length differences (we will disregard the end values so wrap around does not 
matter) 
zx = xx - shift(xx,1) 
zy = yy - shift(yy,1) 
 
; speeds 
vx = abs(zx)/delta 
vy = abs(zy)/delta 
zz = sqrt(zx*zx+zy*zy)/delta 
 
path_length = total(zz[k]*delta) 
pixel_uvis = 0.0395 
pixel_ir   = 0.130 
 
form = '(a50,2f10.4)' 
print,'In the path within times from 0 to exp_time, here are some facts.' 
print,'min, max of X postarg [ arc sec ]',minmax(xx[k]),format=form 
print,'min, max of Y postarg [ arc sec ]',minmax(yy[k]),format=form 
print,'min, max speed of X postarg [ arc sec / s ]',minmax(vx[k]),format=form 
print,'min, max speed of Y postarg [ arc sec / s ]',minmax(vy[k]),format=form 
print,'min, max speed of path length [ arc sec / s ]',minmax(zz[k]),format=form 
print,'ratio of the latter speeds ',max(zz[k])/min(zz[k]),format=form 
print,'ratios of cruise speed to the latter speeds 
',v0/min(zz[k]),v0/max(zz[k]),format=form 
print,'cruise_time, turnaround_time [ s ]',[cruise_time,turnaround_time],format=form 
print,'...in aggregate [ s ]',[nl*cruise_time,(nl-1)*turnaround_time],format=form 
print,'cruise phase rectangle dimensions [ arc sec ]',[cruise_time*v0,(nl-
1)*s],format=form 
print,'...same [ uvis pixels] ',[cruise_time*v0,(nl-1)*s]/pixel_uvis,format=form 
print,'...same [ IR pixels] ',[cruise_time*v0,(nl-1)*s]/pixel_ir,format=form 
print,'total path length during exp_time [ arc sec ] ',path_length,format=form 
print,'...same [ uvis pixels, IR pixels] 
',path_length/pixel_uvis,path_length/pixel_ir,format=form 
 
positions = [[xx],[yy]] 
 
if do_plot gt 0 then begin 
  device,decomposed=1 
  !p.background='FFFFFF'x 
  !p.color=0 
 
  yr = minmax(positions[*,1]) 
  yr = yr + 0.05*(yr[1]-yr[0])*[-1,1] 
  plot,positions[*,0],positions[*,1],psy=8,/iso,yr=yr,xtit='X postarg [arcsec]',ytit='Y 
postarg [arcsec]',charsi=2 
  oplot,positions[j,0],positions[j,1],psy=8,col=c24(2) ; points outside the [0,exp_time] 
interval 
  x0 = cruise_time*v0 
  x  = [0,x0,x0,0,0] 
  y  = [0, 0,-s,-s,0]*(nl-1) 
  xx =  cos(alpha)*x + sin(alpha)*y 
  yy = -sin(alpha)*x + cos(alpha)*y 
  oplot,xx,yy,line=2 
endif 
 
return 
end 


