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Abstract: A scalable parallel MPI (message passing interface) version of the popular protein structure prediction
tool Hmmpfam is presented, which is one of the kernel programs in the HMMER package. The master process in
the previous PVM (parallel virtual machine) version is a communication bottleneck, and the speedup will decrease
rapidly when running on large scale parallel systems. A novel three-level communication structure is presented, by
which the parallel processing at sequence level and HMM model level is obtained in both. Meanwhile, the
load-balance strategies to sequence level and HMM model level distribution are provided separately. Since disk
access for getting HMM model costs very much, a so-called “once load” strategy is provided to reduce the cost. By
all these optimization methods, 95% in parallel efficiency is achieved when running on a parallel computer
containing more than 700 processors.
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Fig.1 Level-2 tree communication structure between master and slave process
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Fig.2 MPI_Bcast performance on PPC, where size is the message length, #p and 2 are
the broadcast time on p and 2 processors respectively
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Table 1 Prediction of communication time the master needed to analyze
one sequence seq in the previous program
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Communication primitive Number Time prediction
Bcast(seq,thresh) 1 -
Send(nHMM) num numx(0+g)
Recv(sc,evlaue,tr) num numx[O+gx(l++tx(21+1))]
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Fig.3 Modified communication structure between processes
Bl 3 et )R )l A 45 4

RBEAEMY 3 e 7 S R 1 A st RE master, E AR 0B K AL G415 N A slave I 1 4> manager,
WAL 1N+ AN AL B F 5 SCAFCEFE master 1 84 F, 1 HMM #0408 247 6% T manager 1 slave 5 53 (1 )
FRAE AL A 4L manager AT 45t 7 A master $RAHT 2%, B 24 HEAS manager 25 PR I 538 51 master DR IR
WP 5T FR AR G580 N, R AT LLSEIL B GOIEAT (1) P A R IEAT, RUAS [A) 20 4 B2 1) 2 B [ (2) % T A
JPH,H N slave ZIRIIFAT. AR, K> 1 I 00 A5 45 84 i) DL ot ik 2 A 15 41 10 A0 B B2 K=1 I, =
JATEAE S5 KR A K SEEL HMM B8 0 501 (¥ 9147, 77 51 18] A2 R AT Ab BRI

LR, N T 980D A A e 38 0K — VG AR 1 BoH 2, FRATITE 20 N SR A R JE 4% U7 U imanager TISE N 4 ) &
slave 2 AL 48 2 Y ], HMM BT 28 B4 2 b 16 7 5 36 B [ from, to ] 28 7 ;% T master & R IR 55, manager ¥ seq
TR A slave, FEAFREA slave RIER ST R (AT REE —IXKELZ IX);slave WL B seq, i B O 4 57 (110 1, 30 4k
P& ) 38 R 75 76 [from,to] 2 [A] [ HMM #E7 3EAT LE XK 45 4T & 21 buffer H, /& 45 manager;# buffer il H
JURSE I BE 3 23 1 2 ORI

g5 b AR SCTE AR S50 7 TN R AR P AT T LU R AR AR #E:(1) BINT JF4RIIEAT;(2) Slave Tstffig T 22
2RI HMM A58 870 H0Hs e 2 TR) P07 B Y0 L O TR TR /O PRAKHT T 7 564i(3) A b e busxd vk 0 (2
5 T BIE, slave 34 7585 LU 45 Bk %645 master. BT WA 71 00K & 1 B AR 19 L X &5 3R K % 45 manager(H T T
HMM #3143 (8 3 /N T BUAE A 15 0, & 3% 45 manager — MR A5 9), A>Tl . 8 4 450 T 5dE 0
L) SIS B 7 1% 7 VR > T R A% (W IR B, IR B fE master,manager Fl slave 22 [A]SE I T 3 43 A K b 2.

< 100 T T T T T TT T L T 1T T

2/ 80 H&E . .§ § - § §=§=§=§=§ Nbcast
8 60

2@ 1] .I I I. .I.I.I O viterbi
g " I . . . . . M access
el R HANRAR

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Rank of process in one group
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Fig.5 Parallel efficiency and throughput of the modified Hmmpfam on PPC (the number of sequence is 200)
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Fig.6 Parallel efficiency with different N
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AR
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H5E n S P AN OX ML n=1) UG AR & TR SRS HMM ASEAY 138 R 0 v S50 I ), F8 23 il & 41022 B X ) HMIME A6
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Table 3 The inter-group and intra-group imbalance factors when processing 200 sequences

3200 57 H0 AL BT 2R BONAL N 5BA T R 5

P K N Minter 77inlm
Groupl  Group2 Group3  Group4 GroupS Group6  Group7 Group8  Group9
64 3 20 0.015 0.225 0.229 0.256 - - - -
64 7 8 0.057 0.140 0.140 0.082 0.194 0.094 0.149 0.088 - -
100 3 32 0.053 0.242 0.241 0.171 - - - - - -
100 9 10 0.046 0.143 0.182 0.201 0.182 0.139 0.143 0.140 0.162 0.146
Table 4 The inter-group and intra-group imbalance factors after redistribution when processing 200 sequences
R4 200 55070 H R 7 BC B IS AR 2 ) 7 33AN 1 2 RN 21 A A7 AN - i AR
p K N 77inlcr Tintra
Groupl Group2 Group3 Group4 Group5 Group6 Group7
64 3 20 0.02 0.075 0.09 0.081 - - - -
64 7 8 0.036 0.05 0.03 0.04 0.04 0.08 0.041 0.036

Bl 7 gty 1 0 IO (R 00, TR 4 v 25 A Ak BELAE D ~F- 7, 88 4 S5 AR T 02D, NI beast #1823 I v EE A5 9k

.

FIFERE AL TR H B BCHLHIS 78 64 & ALZEAL_E G IPAT IN [R) 95> T 8%.

100
I I\I

\\

Fig.7 The load balance situation of slaves in the same group after redistribution
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Table 5 Hmmpfam memory requirements prediction
%5 Hmmpfam i WAEE EANTT
# & maxlenth Dynamic memory requirements Memory requirements of data structure of all the HMMs
Database of HMMs prediction per HMM (bytes)
viterbi requires tr Total (MB)  Average (KB) Max. (KB) Min. (KB)
If <32MB, then O(LM)
Pfam Is | 3735& 1515 olso O(L+M) o(L) 16 ” 126

Bl 8 H11f] HMM:best K7~ HMM “FI417 it &5 R 1/ Fe i) HMM /N3 262, i HMM:worst 3R 7R i 22
1 LT A7 fifh = W SR IR HT JLS HMM ¥4 B 20 g2 LR IR LR, 2 N=16,32,64,128 B, fE - HMM
SER T 25 0] 43 53 4 81MB,48MB,28MB Fll 16MB.IK 9 1 viterbi TAEMFEFT T 25 MK E A 1 751 4bF—A
Ja S B AL X2 TP R R B T — AN B (32MB), 4 7 51 K B I KA 13 viterbi 5305 T 75 23 1R i i A5 1, J0)
B LT B A Fr BE 2 BT EATTR A viterbi 57922535 20 B 45 A BeAT 8 i i (0, WU 3ot VY M 35 2 1% 7 B B
JIT 75 B A 22 ) R R (G 0 T v S5 ().

(a) The hmm structure memory requirement prediction on single process when searching into Pfam_ls database using

Memory requirement per

450
400
350
300
250
200
150
100
50 |
0 1
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process (MB)

32 64 128

the once load strategy. Generally, it is in the field between the two curves HMM:best and HMM:worst
() FFH<— BN HLEL R ] Pfam_ls PRI HERR I hmm 45 77 fi% B £ 1

Main memory requirement per
process (MB)
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Sequence length

(b) The upper memory requirements of viterbi and tr structure on single process when aligning with the HMM

model of maximum length (1 515) in Pfam_Is database

(b) KA Pfam_ls B FEFE BT viterbi F tr 544 I A7 fifs i b PR (X FL AT S BI85 K (1 515) 1Y)
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Fig.8
K 8
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domain 4 A R F 3k 21 d5e KAFfifs B 100 21 B X 38, B3 270K 82 4k T domain X8k ¥ T LUk £ viterbi 47
fit f T K I R AEL 3R 6 4 HE T SR BT 1) 91 S b K v T domain X8 K173 50 AN 250 SCAF b 8 310
P L. LA 200_seq.fasta J& vts3.fasta [EIHT 200 2% )7 51 418 S, B e b i BT & SR ik 1k fi 19 7 371 5
. RT LUE H 0T vis3. fasta )7 81 SO SR B, viterbi T 75 47-fif 1208 21 E FR(B2M) A 2 78 R AL BATTHR Ik
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R RSN TIOR3 6 SR TR 200 %541 K RE T 7 domain S Y KRR A o R AN BT LE
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) -
25 B - ¥
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Fig.9 Viterbi memory requirements prediction when searching Pfam_ls database (whose maximum and minimum
HMM model lengths are 1 515 and 5 respectively, and domain is the sequence length field in which
the sequence may require the maximum memory when aligning with responding HMM model
K 9 Pfam lIs I viterbi T f5 /76 & Al vl (Pfam_Is S KA E 1 515,55/N A 5;
Domain A 7EAN [R5 L ik 3 g K A7 fidh 2 1) 32 470 1 X4
Table 6 The sequences investigation in two sequence files

R 6 FLFHISCAF K EI% T domain XKLL

Sequence file Sequence length Sequences whose length is in domain
Max. Min. Number Percent (%)
vts3.fasta 37419 12 966 0.9
200 seq.fasta 3323 41 4 2

3 SIS TERE

TRV 6 PPC RIS 35 A 7R A L Plam_s J2 1563 SUREAT LEXS P4 77 (75 K DR ke R AT 4
slave —ZCRH“— RN "HMM 45 f R HLHLRE— ¥ 1% slave JITdR 10 HMM 45 54 A AL 132 Y A 7R 14 slave
(2% DX, DLJS BE R % HMML IR D0 AZ 28 1 X rh B HE TR BsF, D 77 S 2 o DX PR 5 A3 3T 75 11 HMM
SERLFRATTR T T I R B 3R 54, 10 3% — B 20 i 27 ) (R 85 3R A7 B AE manager — 0 J5AR R MR 28 A 52 311
77 3, A F A I slave 7728 1047 3 SR LESRE 46 S, 75 B 300 U 1n) 204 122, DASR M & A5 8.

FFRFFER 200 4751 2R Plam s FE G2 HATMERR @K 10 B - 7E p=64 F1 100 FTEL K=8,7F
100<p<703 I HL K=16,7E p=703 WHL K=26.7F 703 & AbFEAL FIE B 95% ) &2, k26l Sk 1 2.802 4 i B
3.54.

1.5 4
13 F J
2 \/\‘\‘ E 3
Ar =
E s 2o
09 F 3
E
07 F =
0.5 1 1 1 1 1 1 1 0 T T T T T T T
64 100 257 321 385 401 513 703 64 100 257 321 385 401 513 703
p p

Fig.10 The final parallel performance of the optimized hmmpfam

Kl 10 itk 5 Hmmpfam 1) 9F47 1 A

© PEBREBALTU bt/ www. jos. org. cn



178 Journal of Software #AFFIR  2004,15(2)

L £ 1k bR el T AR AT AR P /O I TR R E S ) [R) B 2 1,24 p=64 I slave & T/O ] LT 21T 5
B TR F 172 0k R A AR K bk /b T slave U il B A AU VR ELL 35 P B 300 WAR R BT E L1 slave ZE T8
AEFRAIES 1 4 51 g il R 20 T 3 T4, U slave L f 1/O W R L) HUH 17O DRAGRTARAS B 2/w £ 6 T2 4
P4 slave L — VKA HT 7 1 HMM {5 B3 A7 P T O A0 R A2 3N T 5 AR RB 2k 1k L.

AN AE p=401 b FFEATRCERAE T LT T slave HH BEK )2 BB, R slave BT ELXH)
HMM BERLEL H k2>, BT 5 HMM A7 fifs 982D, Cache fiiy 158 52 i T 75 K () 1F b 30045 T4 1o 389 00, AT A6 4T
RO ETFABSE Y p GRS K 0 N slave % H 4k S48 K IF 845 R84 (084 51K T Cache fir o 48 i Bl ok
(VI 4k FFAT SR FF UG T B4

4 4 i

PRV SR A 20 e AT ) BRI TR T R AT T SR I 2 AR 1 e AR SCRT X % AR Al
FIH) Hmmpfam £ 74778 (AN A IFAT LR SR EEAT 1 ik, JFSe Bl 7 MPLAd FH RRAS AZ AR SEBL T 741
A HMM BRI PIAS 2 I FAT R T R B 5ems, 51N T 10 A46,7E 703 & A BEKL_EIEF] 95%[K IFAT
RO AZFE PR AL SR 27 A v S rp 0 SRR, S B 0 e DR Bl e 1 PR 4 R

BUft RS TRAT R0 A SO ARG T SRR AN Bl 0 22 R ] 2, 0 G B UK 2 AR v S b0 B ) SR
Braife. Jront. . EETR A EOR KA SLE B R R RE . IR R R [R)R ARs At
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