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A.INTRODUCTION

Several methodsinduding the method of "common lines' can be used for orientation
refinement. But our parallel orientation refinement algorithm is radically different. It does not
make any assumption aboutthe symmetry of the object; it condructs cuts from Fourier Space
of the electron dendty map, and compaes the projectionswith these cuts. This agorithm is
described in detail in'Y. Ji, D. C. Marinescu, W. Zhang, and T. S. Baker paper.

Paralel Orientation Refinement (POR) program is based upona multi-resolution search
and a diding windowmechanism. The program POR based on thisalgonthmuse asinput

(1) 2D projectionsof paticleimagefiles,

(2) therelative orientation of each projection, and

(3) amodd generated by P3DR usng these projectionsand orientations

Theinput2D particleimages and 3D modd map are stored in the Purdue*. PIF format.

POR is used in conjundion with our parallel 3D recondruction agorithm (P3DR) in
Cartesian coordinates for objects withoutsymmetry. A technique embedding the pixel frames
into larger arrays, "zero-fill", hdps lower the numerical errors in the recongruction process
but increases the amount of space and the number of arithmetic opaations Now it aso
suppot different pixel size and different box size mixed for input2D images.

Contact us yji@cs.ucf.edu, dcm@cs.ucf.edu




B. PROGRAM INPUT

Input paameters control opeation of POR. They are as follows (Keywords, values, format),
Keywords can be more than 4 chas, but we only match the first 4 cha and case ignored;
Values are the values that user input type are the type of each values for this keywords
Keywordstha have default value(s) can beomitted if user use thedefault valug(s):

RESMAX res_hi, res_low (F, P

ZERO FILL zerofill (F)

CTFMODE ctfmode filter, tempeafac, wienerl, wiena2 (I, F, I, F, F)
IN3DFILENAME moddname (©)

VPRD viewpipdine )

Dangle angle_res, angle_range method weight F1L1LE
Dcenter center_res, center_range (F, D

INPUTPARAMETERFILES

Inputparameters control the opeation of POR asfollows:
1. RESMAX res hi, res_low (F,F)

res_hi andres_low specify theresolution rangeto which the cuts of 3D modd compared
with the projections and the regions beyond this range will not be compared. res_hi is the
uppe radiusresolution of this range and it can't be set to a value any SMALLER than twice
the size of the IMAGE pixels (the so-called Nyquist limit imposed because the Fourier
trandorm of digitized daa only extendsto a spatia frequency of 1.0/(2*pixel size). res low
Is the lower radius resolution of this range and it mug be equd or larger than res hi.
Normally res_low can be set to maximum value which means from the canter where radius
nearly O.

2.ZERO_FILL zer ofill (F)

zerofill specifiy the ratio of FFT size(FFT_DIM) to the images size. It mug greater or
equd to 1.0. For example, if your images size is 221x221,and you want to use FFT size
512x512,then you can set the zerofill to be 521221 = 231 The POR programs will
automatically fit the fft sze (FFT_DIM) to a proper value near the value imagesize* zer ofill.
TheFFT_DIM isnotconfined to be 2**n in owr programs.

Since we suppot different box size and pixel size and map magnifactor, the zer ofill will
adjug according to them in program automatically based on the zer ofill youinput



Default value zerofill = 1.0.

3.CTFMODE ctfmode, filter, temperfac, wiener 1, wiener2 (I, 1,F,FF

These parameters are used to affect CTF corrections of the images. The following is a
simple description of the naure of the use of these variables. More information will be
supplied as we become more adept at usng CTF correctionswith real daa.

ctfmodeisaswitch tha signifiesthetype of CTF correction to make.
ctfmode = 0 - No CTF correction madeto the FFT daa
1 - Full CTF correction (flips phases and modifies amplitudes)
2- Only flip phasesinthe FFTs
3 - Only modify amplitudesin the FFTs
4 - Only apply thetempefacin theFFTs
filter =1- FFTnew = FFTold/ (ABS(CTF) + wiene1*(1-ABS(CTF)) before first peak
= FFTold*ABS(CTF)/(CTF** 2+wiene2*(1-ABS(CTF)) after first pesk
2 - FFTnew = FFTold * ABS(CTF) /(CTF*2 + wiene1*(1-ABS(CTF))
3-FFTnew = FFTold* ABS(CTF) /(CTF*2 + wienerl)
4 - FFTnew = FFTold /(ABS(CTF) + wiener1*(1-ABS(CTF))
5- FFTnew = FFTold /(ABS(CTF) + wienerl)

temperfacisavariable tha specifies an estimate of thetemperature factor for theIMAGE
data. Values in the range of 200 to 500 Angdroms squae are typical. However, it is
recommendead tha you NOT enter a value for temperfac until you are refining your 3D
dendty map. Usudly the modd are generated with temperfac = 0.0 in P3DR, and if you
gpecify in POR temperfac> 0.0, then the POR will apply temperfacto themodd.

WARNING: youMUST geneate modd for POR with temperfac=0in P3DR.

wiener 1 and wiener 2 are thefactor to make sure noise is not magnified too much near the
nodes of thectf. They are assodated with thefilter. wiener aretypically set to 0.1. Use values
lessthan 0.1 at your OWN RISK. Values greater than 1.0 are also notrecommended!

4. INSDFILENAME modelname ©)

Specify thename of inpu 3D dengty map which storein PIF format to beused asa
modd.

5.VPRD viewpipeline )



It is the pipdine for read images. It means how many images are read for each nodepe
time. For example: if viewpipeline = 3, and nodes nunber is 8, then each time nodeO will
read 3*8=24 images, and send each nodewith 3 different images. After each nodefinish the 3
images, then node O will read another 24 images agan, and send each node with 3 new
images for processing. Thiswill save some reading images time, and in some degree to make
al the nodes bdance thar load. You can specify viewpipeline as large as you can, and the
programs will automatic adjus according to the image number in files and processor number.
Jug remember, thiswill consume more memory.

Default value viewpipeline=3

6. Dangle angle res, angle_range method, weight (F, 1,1, F)

angle res is the refine resolution for angle in degree. angle range specifies the step
number in searching. For example: if angle_res= 0.1 and angle_range = 4, which meanstha
we will compare a projection of orientation (!, ", #) with thecuts of orientation (! £i*0.1," £
i*0.1,#+i*0.1),03$1 $ 4, so totally, wewill compare (4+1)**3 = 125cuts.

method is a switch tha specifies the type of comparison method of the projections and
cuts. We suggest to use distance method (method = 1).

method =0 - Use CC methodwith real pat & imaginary pat togeher as two real
=1 - Use distance method
= 2 - Use amplitudemethod
= 3 - Use phase method
weight isused to specifies howto emphasis the contribution at different resolution
weight <= 100 : F; = F; * (radius; ** weight), which means enlarge the values at certain
radius by radius™*w eight
weight > 100: F; = F; * exp(weight’400* (D_STAR;;**2)), which meansexponet enlarge
thevalue This methodissimilar to Temperfac.

7. Dcenter center_res, center_range (F, 1

center_res is the refine resolution for center in pixel. center_range specifies the step
number in searching. For example: if center_res = 0.1 and center_range = 4, which means
tha we will compare the cut (got by the angle refinement) with the projection (center (x, y))
at center (x £ i*0.1, y= i*0.1), 0 $ i $ 4, =0 totaly, there will be (4+1)**2 = 25 center
trandationsof projection.

Default value center_res=angle res, , center_range= angle range

8. INPUTPARAMETERFILES



Enter the names of up to 999 different PARAM files, each oneon a new inputline A
description of the contents of PARAM filesis given: The 14 line of each PARAM file should
list the name of the IMAGE file which contains byte-packed raw image daa stored in *. PIF
format. The 2nd line in each PARAM file contains the values of: PIXSIZ, UNITS,
VOLTAGE, AMPFAC, DELF _MAJ, DELF MIN, ANG_MAJ, and CS _COEFF. The
remaining lines in each PARAM file contain the current set of ID, THETA, PHI, OMEGA,
X, Y, MAG_FAC, et a. vaues for specific paticles in the raw image file. MAG_FAC
defaultsto 1.0if novalueor a0.0 issupplied.

ID istheimage number--the storage sequencesin the IMAGE daa
THETA, PHI, OMEGA arethethree orientation angles (in degrees) for each image

FFT_ORIGX, FFT_ORIGY are the pixel coordinaes of the particle center (the point
0.0, 0.0 corresponding to thelower |eft corner of the boxed paticle image).

MAG_FAC specifies the size of each paticle imagerelative to some standard, such as a
3D recondruction modd. Hence, a MAG_FAC = 1.02 means tha the particle image is 2%
larger than themodd. POR uses this valueto assure tha al paticle trandorms are sampled so
the daa are all combined a a uniform magnification. With images of frozen-hydrated
paticles boxed from a single micrograph, MAG_FAC = 1.0 (DEFAULT) is nomaly
assumed for all paticles.

Since we can handle different box size and pixel size, so each image file can have
different pixel size and box size of image. The 3D modéd should have the smallest pixel size
and biggest box size. You can use P3DR with the mapsize keyword to get 3D modd map
with different pixel size and box size as you want.

C. EXAMPLE POR INPUT CONTROL PARAMETERS
FILE

#initial with #isacommentline Theformat is Keyword and follows by valug(s).
# Keywords can be more than 4 cha's, butwe only match thefirst 4 char and case ignored.
##1. RESM isusd for definecompaison rangeof resolution, (2F)

Resmax 9.8, 200,

# 2. ZERO specifies FFT size enlargeratio, FFT_DIM = particlesize* Zero_fill, (F)
# Default vaueisl

Zero fill 115

# 4. CTFM specifies CTF correction paameters,

# CTFMODE, Filter, TEMPFAC, WIENER, WIENER2 (21,3F)

Ctfmode 1, 4,0.0,0.05, 0.1

#5.IN3D specifiestheinput3D modd name, (C)



In3dfilename indbis-e2-n318gmap

#6.VPRD specifiesthepipdinesize, (I) Default valueis 3.

Vprd 10

#7. DANG specifiestheangleresolution, search range compare method weight, (F, 1, 1, F)
# Ex: angleresoltion 0.1 degree; search range{-4, 4}; compare method 1, weight 500
Dangle 0.1,4,1,500

# 8. DCEN gpecifiesthe center resolution, search range (F, I)

# default valueisthe same as DANG

# Ex: thecenter resoltion 0.1 pixel; search range{-4, 4}.

Dcenter 0.1, 4

#9.INPU isthekeyword for inputorientfiles. (C)

# only orientation file names are allowed, no space line no comment lineor others.
Inpuparameterfiles

8824sdl_003

8825s4l_003

8826s4l_003

8827s4l_003

For example: asimple control file:

D. PROGRAM EXECUTION

Normal opeation of POR leadsto a set of new orientation files corresponding to a set of
input PARAM files. The new PARAM daa files are named by tagging a" 00?7 after the
inputfilename. For example, if the name of your input PARAM file was "MYDATA.DAT",
then the name of the output PARAM file would be "MYDATA.DAT_001" Normally you
would use this file as the input file for the next run of POR, in which case the subsquent



PARAM file would automatically be named "MYDATA.DAT_002", and in 3rd run of POR
usng "MYDATA.DAT_002' as theinputfile, the output file would automatically be named
"MYDATA.DAT_003', and so forth. So, if you are usng several PARAM filesto POR, then
use some rationd naming system so the output new orientation files will be clearly distinct
fromtheinputfiles.

All parameters with default values can be omitted in theinputcontrol parameter file, such
as ZERO_HLL, VPRD, and DCENTER. POR programs will automatically assign them with
default valuesif these keywords are omitted.

Normally POR isrun severa times with different angle resolution and center resolution.

For example:

Execute POR with 40 nodes usng MPI, the command will be

% mpirun -nolocal -machinefile mach -np 40 POR < Ctrl.p3d1> Outputl

% mpirun -nolocal -machinefile mach -np 40 POR < Ctrl.p3d2> Output?

% mpirun-nolocal -machineile mach -np 40 POR < Ctrl.p3d3> Output3

or

% mpirun-np 40 POR < Ctrl.p3d1> Outputl

% mpirun-np 40 POR < Ctrl.p3d2> Output2

% mpirun-np 40 POR < Citrl.p3d3> Output3

Ctrl.p3d? are the script of theinputcontrol parameters file, and the Output? files will be
al the output debuginformation generated by POR standad output in each run. We use 1/0O
redirect methods Themach fileis used for specifying the hods of the cluger tha you want to
use. Please modify it to indicate the hog names of your cluger. If use second command, it
will use the default machine configuration unde MPICH directory.

For deails of running MPI and specifying hodsin the hod file, see user guide of MPICH
at http://www-unix.mcs.anl.gov/impi/mpich/.

E. PROGRAM NOTES

Thedirectories of POR source codeare:

[-- Commpk Ilcommon routine directory
[-- PORsrcldm  !'POR source codes directory
|- Vfftpk IFFT library codes directory
|-- indude lindudefiles directory

|_

- Makefile



1. CTF Factor Formula:
CTF = -[sgrt(1 - amp_fac**2) *sin(chi) + amp_fac*codchi)]
CTF=CTF* Es* Et
TMP =10/ fft_dim/ pixel_dze
D_STAR = Sqrt(x**2 +y**2) * TMP

T

= EXP ((TEMPFAC/4000) * (D_STAR**2))

enlargefac isthe scale factor of theimages and cuts to make them comparable.

CTF _factor =filter 4 if before first peak or filter 2 if after first peak Filterl
or = enlargefac* T*ABS(CTF) /(CTF** 2 + wiener1*(1-ABS(CTF)) Filter2
or = enlargefac* T* ABS(CTF) /(CTF** 2 + wienerl) Filter3
or = enlargefac* T /(ABS(CTF) + wiena1*(1-ABS(CTF)) Filter4
or=enlargefac*T /(ABS(CTF) + wienea'l) Filter5

2. InFourier Domain: annulus=FFT_DIM * pixd dze/ resolution

anuulus<=FFT_DIM / 2
s0: resolution>= 2 * pixel_gze

3. Rotmat matrix: ROT_MAT = ROT_1* ROT_2* ROT_3

| cogthea) O  sin(thea) |

rot. 1=| 0 1 0 |

| -sin(theta) O  cogthea) |

| cogphi) -sin(phi) 0 |

rot 2=| sin(phi) coqphi) O |

| 0 0 1

| cofomega) -sin(omegg) O |

rot 3=| sin(lomega) cogomega) O |

| o 0 1|

4. FFT trandorms used (N is even):

Andysis:

A= 1 T 1 y)exp(-20ixhHykIN)

x=0 y=0



Trandation: g(x, y) = f(x+dx, y+dy) <=> G(h, k) = F(h, k)exp(+2%(h*dx+k*dy)/N)
Periodicity: F(h, k) = F(h+N, k) = F(h, k+N) = F(h+N, k+N)

Conjugae:  F*(-h,-k) = F(h, k)

Scaling: f(ax, by) <=> F(h/a, k/b) / |ab|

5. Interpolation 3D DFT into 2D DFT cut P
a. img_megfac:
P(u, v) <=>P(u&v& = P(u* img_megfac, v * img_meagfac) * (img_magfac**2)
b. 3D interpolation:
P(u&v& = F(h&k&I& = F(h+ h,k+" Kk, I+ 1)
="' h* k*' I*F(h, k, I) + (1-' h)* k*' I*F(h+1,k, 1) +
"h*(1- K)*' I*F(h, k+1,1) +' h* k*(1-' D)*F(h,k, 1+1) +
(1-' h)*(1-' K* I*F(h+1,k+1, 1) +' h*(1-' k)*(1-' D*F(h, k+1, [+1) +
(2-' h)* k*(1-' )*F(h+1, k, I+1) + (1-' h)*(1-" K)*(1-' )*F(h+1, k+1, |+1)

6. radius(resolution) weighting method
Fp: DFT of projection; Fc: DFT of cut;
a. compare methods
(1) - CC method (here we consder onecomplex valueto betwo real values)
CC=(((Fp- Fp)(Fc- Fc)) / sart( ( ((Fp- Fp)**2) * (((Fc- Fc)*2))
(2) - distance method
Distance = ( sgrt((real (Fp) - rea(Fc))**2 + (aimag(Fp) - aimag(Fc))**2) / n
(3) - amplitudemethod
Amp = ( |ggrt(real(Fp)**2 + aimag(Fp)** 2) - sqrt(real(Fc)**2 + aimag(Fc)**2))|/ n
(4) - phase method
Phase = ( |[aan(a@mag(Fp) / [real (Fp)|) - atan(@mag(Fc) / real(Fc)|) |/ n
b. weight method (only apply to compare method 1,2, and 3; do nat apply to phase method)
Fij = Fi;j * radius;** weight if weight<=10.0
Fij = Fi; * exp(weight400* (D_STARj**2)) if weight>10.0
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G. FLOW CHART FOR POR PROGRAM
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--- cal usge

-- call mpi_init

-- cal info

-- cal bcast_paameters
--cdl intlz_paams

Il print out usage

Il mpi initialization

I read inputcontrol files
I broadcast parameters
Il initialize paameters

--cal intlz_arrays Ilinitialize arrays

-- call read_map I read 3D modd map and scatter slab to each node
-- call vrffti Il initialize fft parameter

-- call fft_2dfft Il apply 2D DFT onto the 2-dab of 3D model
--cdl arrange 3d_1 I rearrangethe dab for exchange

--call exch_3d_1 Il exchangeslabsamongnodesfor 1D DFT

-- cadl cfft_1d Il 1D DFT aongz axis with complex nunber

-- call maptempfac Il apply temper factor to the 3D Fourier Space

-- cal gaher3d Il gathea dabson each nodeto form awhole 3D

--- For each inputorientationfilesdo

|--- call pif_open Il openimagefile
|--- call read_1_pf I read first image
|--- call mpi_bcast I broadcast parameter
|--- call disef_paa ITinitialize radiusweight factor for theimagefile
|--- call ctf_paa Ilinitidize CTF factor for thisimagefile
|--- call cmpt_ort Il refine orientation for thisimagefile
|--- call pif_dose Il closthisimagefile

|--- call mpi_findize I finalize mpi

INFO I read theinputcontrol parameter file
|--- call symmcode Il calculate the symmetry
|--- call pfile_info I read head of each imagefiles

INTLZ _PARAMS
[--- call trans_length_esd

Il initidize internd parameters
I calculate suitable FFT_DIM

INTLZ ARRAYS
|--- call set_indices

Ilinitidlize internd arrays
Il calculate frst_Ist_hk



|--- call set_indices
|--- call set_indices
|--- call set_indices

READ MAP

--- call pif_open

- cal pif_read_gh
- call pif_read_dh

I

|__
|__
|--- for each dab do

|--- call pif_read_mapi4
|--- call pif_read_mapi2

|--- call pif_dose
READ 1 RF
|--- call pif_read dh

|--- call rpifimag_f

RPIFIMAG_F

|--- call pif_read_bye image
|--- call pif_read_short_image

|- call pif_read_boxi

CTF_PARA
|--- call ctf_astig
|--- call ctf
|--- ctf_es
|--- ctf_et
|--- call ctf_firstpeak

CMPT_ORT
|--- call readorient
|--- call increment_fname
|--- call mpi_bcast

Il calculate frst_Ist y
Il calculate frst_Ist_u
Il caculate fret_Ist z

I read and scatter dab of 3D modd map
Il open the pif filefor read

I read the globd header of the pif file

I read thedaa header of thepif file

I read 1 dab of pif filein 4-byte
I read 1 dab of pif filein 2-byte
Il clozimagefile

I read thefirst imageto get thestd deviation.
I read the data header of theimagefile.
Il read thefirst imagein theimagefile.

I read imagein theimagefile

Iread 1_bykimageintheimagefile.

Il read 2_Dbyte short imagein theimagefile.
Il read 4_byte imagein theimagefile.

Il compute thectf factor for thisimagefile

Il compute defocusvaluefor astigmatic data
Il compute CTF at particular spaial frequency
Il exponential decay from spatia cohaence
Il exponential decay from temporal cohaence
Il computer thefirst pesk radius

Il compute orientation of aimagefile

I read orientationfile of theimagefile

Il write out new orientation file with head
I broadcast the orientation file to al nodes



|--- for each viewpipdinedo

|--- call set_indices I calculate frst_Ist_view
|--- call read_files I read and scatter theimages for this pipdine
|--- for each images on thenodedo
|--- call getorient Il get the orientation of thisimage
|--- call fftandy I1 2D DFT of the pixel image
[--- Il apply ctf factor to the2D DFT
|--- call setrotmat I form matrix, map 2D pixel planewith 3D
|--- call interpl_3d Il interpolate 3D to 2D at certain orientation
|--- call imgcomport !l compute distance of 2D cut and 2D DFT for orientation
|--- call dide_angles Il didetheangle window
|--- call setrotmat I form matrix, map 2D pixel planewith 3D
|--- call interpl_3d Il interpolate 3D to 2D at certain orientation
|--- call recenter I transform the 2D DFT with certain center
|--- call imgcompceet Il compute distance of 2D cut and 2D DFT for center
|--- call dide_angles Il didethe center window
|--- call set_indices Il calculate frst_Ist_ view
|--- call mpi_gaherv Il gaher al orientationsof thisimagefile
READ_HLES I read theimagefromimagefile.
|--- call pif_read_dh I read the data header of theimagefile.

|--- call rpifimag_f I read onecertain imagein theimagefile.



