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&RQVLGHUDEOH FRPSXWDWLRQDO UHVRXUFHV DUH DYDLODEOH RQ *38V DQG RWKHU DF�
FHOHUDWRU GHYLFHV� WKH XVH RI ZKLFK FDQ RࣆHU GUDPDWLF LQFUHDVHV LQ SHUIRUPDQFH
RYHU WUDGLWLRQDO &38V� +RZHYHU� SURJUDPPLQJ VXFK GHYLFHV FDQ EH GLࣉFXOW�
HVSHFLDOO\ JLYHQ FRQVLGHUDEOH DUFKLWHFWXUDO GLࣆHUHQFHV EHWZHHQ GLࣆHUHQW PRG�
HOV RI DFFHOHUDWRUV� 7KH 2SHQ&/ ODQJXDJH SURYLGHV SRUWDEOH FRGH� EXW GRHV QRW
SURYLGH SHUIRUPDQFH�SRUWDELOLW\� FRGH ZKLFK LV RSWLPL]HG WR UXQ ZHOO RQ RQH
GHYLFH ZLOO UXQ SRRUO\ RQ RWKHUV� $V D VROXWLRQ WR WKLV SUREOHP� ZH KDYH GHYHO�
RSHG2U&/� DQ DXWRWXQLQJ V\VWHPZKLFK JHQHUDWHV 2SHQ&/ NHUQHOV IURP D VXE�
VHW RI &� VHDUFKLQJ D VSDFH RI YDULDQW LPSOHPHQWDWLRQV IRU WKH EHVW�SHUIRUPLQJ
YHUVLRQ IRU D SDUWLFXODU SUREOHP DQG GHYLFH� :H LQVWUXPHQW WKH UHVXOWLQJ LP�
SOHPHQWDWLRQV LQ RUGHU WR PHDVXUH WKH SHUIRUPDQFH RI YDULDQWV DFURVV WKH VHDUFK
VSDFH IRU 19,',$ *38V� $0'*38V� DQG ,QWHO ;HRQ 3KL DFFHOHUDWRUV IRU D VHW
RI QXPHULFDO NHUQHOV XVHG LQ VSDUVH OLQHDU V\VWHP VROYHUV� DV ZHOO DV FRPSXWDWLRQV
IURP D UDGLDWLRQ WUDQVSRUW VLPXODWLRQ FRGH�

� ,QWURGXFWLRQ

$FKLHYLQJ RSWLPDO SHUIRUPDQFH RI QXPHULFDO FRGH UHTXLUHV RSWLPL]DWLRQV ZKLFK
YDU\ ZLWK WKH LQSXW FRGH� WKH HQYLURQPHQW LQ ZKLFK WKH FRGH ZLOO EH H[HFXWHG� DQG
WKH LQSXW GDWDVHW� 3HUIRUPLQJ WKHVH RSWLPL]DWLRQV PDQXDOO\ LV WLPH�FRQVXPLQJ DQG
LV RXWVLGH WKH DUHD RI H[SHUWLVH RI PDQ\ GRPDLQ VFLHQWLVWV� &DUU\LQJ RXW DQ RSWLPL]D�
WLRQ IRU RQH SDUWLFXODU FRPSXWHU DUFKLWHFWXUH UHQGHUV WKH FRGH PRUH GLࣉFXOW WR UHDG
DQG OHVV SRUWDEOH WR RWKHU DUFKLWHFWXUHV� 7KLV LV D SUREOHP LQ D KHWHURJHQRXV HQYL�
URQPHQW� LQ ZKLFK D VLQJOH DSSOLFDWLRQ PD\ UXQ DFURVV PXOWLSOH DUFKLWHFWXUH W\SHV�
DV ZHOO DV LQ FORXG FRPSXWLQJ� ZKHUH WKH DUFKLWHFWXUHV RQ ZKLFK WKH FRGH PD\ XOWL�
PDWHO\ UXQ DUH QRW QHFHVVDULO\ NQRZQ XQWLO WKH\ DUH UXQ >��@� 'ORKTKECN CWVQVWPKPI
LV WKH SURFHVV RI DXWRPDWLFDOO\ JHQHUDWLQJ FRGH YDULDQWV WR ZKLFK YDULRXV WUDQVIRU�
PDWLRQV KDYH EHHQ DSSOLHG DQG PHDVXULQJ WKHLU SHUIRUPDQFH� VHDUFKLQJ IRU WKH VHW
RI WUDQVIRUPDWLRQV ZKLFK \LHOGV WKH JUHDWHVW SHUIRUPDQFH LPSURYHPHQW� 7KURXJK
DXWRWXQLQJ� JHQHUDO�SXUSRVH FRGH FDQ EH DXWRPDWLFDOO\ DGDSWHG WR QHZ H[HFXWLRQ
HQYLURQPHQWV DQG LQSXW GDWDVHWV�
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:H KDYH SUHYLRXVO\ >�@ ZRUNHG WR LQWHJUDWH WKH 7$8 3HUIRUPDQFH 6\VWHP >��@
ZLWK H[LVWLQJ DXWRWXQLQJ IUDPHZRUNV� 7KH UVWࣇ VXFK IUDPHZRUN >��@ FRPELQHV
&+L// >��@� D SRO\KHGUDO�PRGHO FRGH YDULDQW JHQHUDWRU� DQG $FWLYH +DUPRQ\ >��@�
D SDUDOOHO VHDUFK HQJLQH ZKLFK GLUHFWV WKH JHQHUDWLRQ RI YDULDQWV E\ &+L//� 7KH VHF�
RQG LV 2ULR >��@� DQ DQQRWDWLRQ�EDVHG FRPELQDWLRQ YDULDQW JHQHUDWRU DQG VHDUFK HQ�
JLQH� ,Q WKH LQWHJUDWHG V\VWHPV� 7$8 LV XVHG WR LQVWUXPHQW JHQHUDWHG FRGH YDULDQWV
>��@� ZLWK SHUIRUPDQFH SURࣇOHV EHLQJ VWRUHG LQ WKH 7$8GE SHUIRUPDQFH GDWDEDVH�
3URࣇOHV DUH DQQRWDWHG ZLWK D GHVFULSWLRQ RI WKH WUDQVIRUPDWLRQV DSSOLHG WR SURGXFH
WKH WHVWHG YDULDQW DQG PHWDGDWD GHVFULELQJ WKH H[HFXWLRQ HQYLURQPHQW DQG SURSHU�
WLHV RI WKH LQSXW GDWD� :H WKHQ XVH GHFLVLRQ WUHH OHDUQLQJ RYHU SHUIRUPDQFH GDWD
JDWKHUHG RYHU PXOWLSOH DXWRWXQLQJ VHVVLRQV LQ GLࣆHUHQW HQYLURQPHQWV� JHQHUDWLQJ D
FODVVLࣇHU ZKLFK FDQ EH XVHG DW UXQWLPH WR VHOHFW IURP DPRQJ D OLEUDU\ RI YDULDQWV D
YDULDQW H[SHFWHG WR SHUIRUP ZHOO�

7KH VHDUFK VSDFH RI SRVVLEOH WUDQVIRUPDWLRQ SDUDPHWHUV LV YHU\ ODUJH >�@� VR DX�
WRWXQLQJ FDQ EH YHU\ WLPH FRQVXPLQJ� ,I DXWRWXQLQJ LV WR EH ZLGHO\ DGRSWHG� LW
VKRXOG QRW WDNH WRR PXFK WLPH WR FDUU\ RXW WKH SURFHVV� 7KH WLPH UHTXLUHG WR FDUU\
RXW DXWRWXQLQJ LV D IXQFWLRQ RI WKH QXPEHU RI HYDOXDWLRQV QHHGHG GXULQJ VHDUFK
DQG WKH WLPH WR FDUU\ RXW HDFK HYDOXDWLRQ� 6LQFH WKH REMHFWLYH IXQFWLRQ HVVHQWLDOO\
KU WKH DPRXQW RI WLPH QHHGHG WR FDUU\ RXW HYDOXDWLRQ� WKH DXWRWXQLQJ SURFHVV ZLOO�
JLYHQ WKH VDPH QXPEHU RI HYDOXDWLRQV� QRQHWKHOHVV FRPSOHWH PRUH TXLFNO\ LI IHZHU
RI WKRVH HYDOXDWLRQV DUH RI SRRUO\�SHUIRUPLQJ YDULDQWV�

(YDOXDWLRQ RI WKH SHUIRUPDQFH RI GLࣆHUHQW VHDUFK DOJRULWKPV >�@ RYHU D VHW RI
OLQHDU DOJHEUD DQG VWHQFLO NHUQHOV >�@ VKRZV WKDW WKH VHOHFWLRQ RI VHDUFK DOJRULWKP
KDV DQ HࣆHFW RQ ERWK WKH SHUIRUPDQFH RI WKH EHVW YDULDQW IRXQG GXULQJ VHDUFK DQG
RQ WKH DPRXQW RI WLPH QHHGHG WR FDUU\ RXW WKH VHDUFK �VHH )LJXUH ��� :KLFK VHDUFK
DOJRULWKP UHVXOWV LQ QGLQJࣇ WKH EHVW YDULDQW� DQG ZKLFK FRPSOHWHV WKH IDVWHVW� YDULHV
ZLWK WKH SDUWLFXODU FRGH EHLQJ DXWRWXQHG�

7KDW ZRUN VKRZV YDULDWLRQ LQ WKH VHDUFK VSDFH DFURVV FRGHV� EXW GLG QRW HYDOXDWH
YDULDWLRQ DFURVV DUFKLWHFWXUHV RU ODQJXDJHV� ,Q RUGHU WR PRUH HQDEOH D PRUH WKRU�
RXJK HYDOXDWLRQ RI WKH HࣆHFW RI DUFKLWHFWXUDO IHDWXUHV RQ WKH SHUIRUPDQFH RI FRGHV�
ZH KDYH LPSOHPHQWHG 2SHQ&/ FRGH JHQHUDWLRQ DQG 2SHQ&/�VSHFLࣇF RSWLPL]D�
WLRQV LQ WKH 2ULR DXWRWXQLQJ IUDPHZRUN� :H WKHQ KROG LQSXW FRGH FRQVWDQW ZKLOH
YDU\LQJ WKH JHQHUDWHG ODQJXDJH �&8'$ YV� 2SHQ&/� DQG� IRU 2SHQ&/� WKH WDUJHW
DUFKLWHFWXUHV �WZR $0' 5DGHRQ *38V� WKUHH 19,',$ *38V� DQG WKH ,QWHO ;HRQ
3KL� IRU VHYHUDO %/$6 NHUQHOV DQG IRU NHUQHOV IURP D UDGLDWLRQ WUDQVSRUW VLPXODWLRQ
FRGH� :H REVHUYH WKDW WKH EHVW FRGH YDULDQW IRXQGV YDULHV ZLWK WKH LQSXW FRGH� WKH
LQSXW GDWD SUREOHP VL]H� DQG WKH DUFKLWHFWXUH LQ D FRPSOH[ PDQQHU� VXJJHVWLQJ WKDW D
PDFKLQH OHDUQLQJ DSSURDFK WR WKH SUREOHP ZRXOG EH YDOXDEOH IRU PXOWL�DUFKLWHFWXUH
DXWRWXQLQJ�

� 5HODWHG :RUN

$XWRWXQLQJ V\VWHPV DUH RI WKUHH W\SHV� NKDTCT[�DCUGF� NCPIWCIG�DCUGF� DQG EQORKNGT�
DCUGF >�@� /LEUDU\�EDVHG DXWRWXQLQJ V\VWHPV SHUIRUP EHQFKPDUNLQJ DW FRPSLOH WLPH
WR VHOHFW JRRG�SHUIRUPLQJ YDULDQWV EDVHG RQ WKH HQYLURQPHQW LQ ZKLFK WKH\ DUH EH�
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(a) fdtd; |D| = 1.61× 1022 (b) gemver; |D| = 1.41× 1023

Figure 1: Best objective value obtained by each algorithm as a function of search time.

Each algorithm is allowed to perform 100 function evaluations. Markers are placed at every

20 evaluations.

which the algorithms start, we set each parameter to its lower bound. This corresponds to

a code variant without any transformation. We used 100 code evaluations as the stopping

criterion for each algorithm. Given a parameter configuration, a code evaluation consists

of code transformation, compilation, and execution. For the size of the search space that

we have, this corresponds to the evaluation of only 8.05 × 10−50% (|D|=1.24 × 1053) to

0.00000018% (|D|=5.31 × 1010) of the total configurations.

Figures 1(a) and 1(b) show the solution quality development of each algorithm over the

search time for the problems based on fdtd and gemver, respectively. On fdtd, we observe

that the two local search algorithms, mNM and mSBS, obtain high-quality configurations

in short computation time. They obtain speedups of 1.15 and 1.17, respectively. However,

the main advantage here comes from the time required for the algorithms to complete 100

code evaluations. RS and GA require longer search time (3000 and 5000 CPU-seconds,

respectively) because they spend more time exploring the domain and tend to be slower

than mNM and mSBS. Although the time required for SA to complete 100 code evaluations

is shorter than that required for mSBS, the quality of the configuration obtained by SA is

poor. The results are similar on gemver, where mNM and mSBS obtain speedups of 1.33

and 1.26, respectively, in short computation times. On 10 of 12 problems, we found that

the local search algorithms similarly outperformed the global search algorithms. On bicg,

GA found high-quality code variants in short computation times; and on correlation,

we cannot detect a significant difference between the results of the global and local search

algorithms.

Under the same computation budget of 100 code evaluations, we tested the behavior

of the algorithms on larger input sizes (the size of the arrays and matrices in the kernels)

by doubling the input size for each problem. Although the time to complete 100 code

evaluations and speedups of the final code variants are larger than those observed with

smaller input sizes, the trend in the behavior of the algorithms is similar: the local search

algorithms obtain high-performing code variants in short computation time. Out of 12

problems, on 9 problems the local search algorithms are better than the global search
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(a) gesummv; |D| = 5.31 × 1010 (b) jacobi; |D| = 5.31× 1010

Figure 2: Best objective value obtained by each algorithm as a function of search time.

Algorithms start from poor initial configurations (the upper bounds) and are allowed to

perform 100 function evaluations. Markers are placed at every 20 evaluations.

algorithms.

Figures 2(a) and 2(b) show the results when the starting point is set to the upper-bound

values. From the exploratory studies, we found that the initial configurations with lower-

bound values are reasonably good starting points and that those at the upper bounds are

extremely poor. mNM and SA tend to be sensitive to the starting point and obtain poor

results. The reason for the longer search times of these two algorithms is that the parameter

configurations closer to upper bound have longer transformation time and consequently

longer compile time. Whereas SA tries to escape from the nonpromising region, mNM

stagnates, spending most of the search time exploring the neighborhood of the current

configuration. mSBS obtains high-performing code variants with speedups of 4.7 and 3.6,

respectively. This algorithm was found to less sensitive than mNM or SA to the starting

point because it uses randomly sampled configurations within a larger initial neighborhood

to form the initial surrogate. GA uses the initial configuration only as an individual of

the population in the first iteration. Since RS is independent of the starting point, it

found better code variants than did mNM and SA in short computation times. The results

show that the poor starting points significantly reduce the effectiveness of the local search

algorithms. Out of 12, only on 6 problems the local search algorithms, in particular, mSBS,

outperformed the global search algorithms. We also used the center of the hyperrectangle

D as a starting point. The results observed are similar to those with lower bounds as in

Figure 1, local algorithms being better than the global algorithms despite a slightly worse

starting value than the lower bound.

Figures 3(a) and 3(b) illustrate the behavior of the algorithms using a slightly larger

computation budget (500 code evaluations) as the stopping criterion. The algorithms start

from initial configurations in which each parameter is set to its lower-bound value. On mm,

GA and SA obtain code variants that are better than mNM and mSBS; on lu, SA and GA

are better than mNM. The trend is similar on other problems. Global search algorithms

benefit from a larger number of iterations; only on 7 out of 12 problems do local search

algorithms dominate global search algorithms. Even on those 7 problems, the difference in
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(a) mm; |D| = 3.73 × 1011 (b) lu; |D| = 2.65 × 1012

Figure 3: Best objective value obtained by each algorithm as a function of search time.

Each algorithm is allowed to perform 500 function evaluations. Markers are placed at every

100 evaluations.

the speedups between global and local search algorithms is smaller than that observed with

100 evaluations. Although local search algorithms find high-quality code variants in short

times, they spend the search effort in exploring the neighborhood of a local configuration

to guarantee local optimality.

To further test that the exploration component is the major factor affecting the per-

formance of global search algorithms, we reduced their degree of exploration. Specifically,

for GA and SA, we reduced the values of the mutation parameter µ and starting tem-

perature parameter T , respectively. We used three GAs: GA-I (default µ = 0.5), GA-II

(µ = 0.1), and GA-III (µ = 0.001). Similarly for SA, we used SA-I (default T = 1.0), SA-II

(T = 0.1), and SA-III (T = 0.001), respectively. Note that the choice of these values is

arbitrary and intended for illustration purposes only. Figures 4(a) and 4(b) illustrate the

results of the algorithms on atax under 100 code evaluations. The default lower-bound

configuration is used as a starting point. The results of our study show that reducing the

exploration in global search algorithms is beneficial but the appropriate reduction depends

on the algorithm characteristics, the problem, and the starting point. GA-I and GA-II

obtain configurations with similar runtime, but the latter obtains this configuration in a

shorter period of time (1200 CPU-seconds). However, an extremely small degree of explo-

ration in GA-III leads to stagnation. In contrast, although slightly slower, SA-III obtains a

better configuration than do SA-I and SA-II. Our conjecture is that given a good starting

point, SA with a very low degree of exploration can be effective.

5 Conclusion and future work

We investigated the issue of global versus local search in empirical performance tuning un-

der short computation times. We tested illustrative global and local algorithms on bound-

constrained search problems with integer parameters in short computation time. We used

different initial configurations, input sizes, and stopping criteria. The results show that 1)

the exploration capabilities of global search algorithms are less useful, 2) given good initial
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)LJXUH �� 3HUIRUPDQFH RI GLࣆHUHQW VHDUFK DOJRULWKPV GXULQJ DXWRWXQLQJ RI GLࣆHUHQW
FRGHV� $GDSWHG IURP )LJXUHV �� �� DQG � RI >�@�
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LQJ LQVWDOOHG� 7KH OLQHDU DOJHEUD OLEUDU\ $7/$6 >��@ �$XWRPDWLFDOO\ 7XQHG /LQHDU
$OJHEUD 6RIWZDUH� LV D ZLGHO\�XVHG H[DPSOH RI OLEUDU\�EDVHG DXWRWXQLQJ� $Q DOWHU�
QDWLYH LV WR SHUIRUP EHQFKPDUNLQJ DW UXQWLPH� RQFH SDUDPHWHUV RI WKH LQSXW GDWD DUH
NQRZQ� 7KH )RXULHU 7UDQVIRUP OLEUDU\ ))7:>��@ GRHV WKLV� /DQJXDJH�EDVHG DXWR�
WXQLQJ V\VWHPV� VXFK DV 3HWD%ULFNV >�@� XVH VSHFLDO�SXUSRVH SURJUDPPLQJ ODQJXDJHV
ZKLFK DOORZ WKH SURJUDPPHU WR VSHFLI\ DOWHUQDWH LPSOHPHQWDWLRQV RI D FRPSXWDWLRQ�
&RPSLOHU�EDVHG DXWRWXQLQJ V\VWHPV DXWRPDWLFDOO\ JHQHUDWH DOWHUQDWLYH LPSOHPHQ�
WDWLRQV DW FRPSLOH WLPH IURP FRGH ZULWWHQ LQ H[LVWLQJ ODQJXDJHV� &+L// >��� ��@
�ZLWK DQ H[WHUQDO VHDUFK HQJLQH VXFK DV $FWLYH +DUPRQ\ >��@� DQG 2ULR >��@ DUH
H[DPSOHV RI FRPSLOHU�EDVHG DXWRWXQLQJ V\VWHPV� 7KHVH V\VWHPV KDYH VRPH RYHUODS
ZLWK ODQJXDJH�EDVHG V\VWHPV� DV WKHVH DOORZ SURJUDPPHUV WR VSHFLI\ SDUDPHWHUV WR
VRXUFH�WR�VRXUFH WUDQVIRUPDWLRQV� ZKLFK JHQHUDWH FRGH YDULDQWV�

7KHUH KDV EHHQ FRQVLGHUDEOH LQWHUHVW LQ DXWRWXQLQJ IRU *38V DQG RWKHU DFFHO�
HUDWRU GHYLFHV� $ OLEUDU\�EDVHG V\VWHP KDV EHHQ EXLOW DURXQG 0$*0$ >��@� D OLQ�
HDU DOJHEUD OLEUDU\ VLPLODU WR $7/$6� EXW IRU DFFHOHUDWRUV� /LEUDU\�EDVHG V\VWHPV
KDYH EHHQ GHYHORSHG IRU GHQVH�PDWUL[ PXOWLSOLFDWLRQ URXWLQHV >��@� VSDUVH�PDWUL[
PXOWLSOLFDWLRQ URXWLQHV >��@� 1�ERG\ VLPXODWLRQV >��@� PROHFXODU G\QDPLFV VLP�
XODWLRQV >��@� WHQVRU FRQWUDFWLRQ URXWLQHV >��@� DQG )DVW )RXULHU 7UDQVIRUP URX�
WLQHV >��@� &8'$�&+L// >��@ DQG 2U&8'$ >��� ��@ DUH FRPSLOHU�EDVHG V\VWHPV
ZKLFK JHQHUDWH &8'$ FRGH YDULDQWV IURP D VXEVHW RI &�

0RVW H[LVWLQJ DXWRWXQLQJ ZRUN KDV EHHQ GRQH XVLQJ WKH &8'$ SURJUDPPLQJ
PRGHO� DOWKRXJK DQ DXWR�WXQLQJ ))7 LPSOHPHQWDWLRQ IRU 2SHQ&/� 03))7� KDV
EHHQ GHYHORSHG >��@� &RPSDULVRQV RI &8'$ DQG 2SHQ&/ LPSOHPHQWDWLRQV RI
NHUQHOV LPSOHPHQWLQJ WKH VDPH FRPSXWDWLRQ KDYH IRXQG WKDW URXJKO\ HTXLYDOHQW
SHUIRUPDQFH FDQ EH REWDLQHG� EXW WKDW GLࣆHUHQW RSWLPL]DWLRQV DUH UHTXLUHG WR REWDLQ
HTXLYDOHQW SHUIRUPDQFH >��@� $V D UHVXOW� V\VWHPV WKDW GLUHFWO\ WUDQVODWH RSWLPL]HG
&8'$ NHUQHOV LQWR 2SHQ&/ NHUQHOV� VXFK DV &8�&/ >��@� ZLOO QRW QHFHVVDULO\
SURYLGH JRRG SHUIRUPDQFH� DQG 'X HW DO� >��@ KDYH VXJJHVWHG DXWRWXQLQJ DV D PHDQV
RI DFKLHYLQJ SHUIRUPDQFH SRUWDELOLW\ IRU 2SHQ&/ NHUQHOV�

� 2SHQ&/ &RGH *HQHUDWLRQ

7KH FDSDELOLWLHV RI H[HFXWLRQ XQLWV DQG WKH VL]HV DQG SHUIRUPDQFH FKDUDFWHULVWLFV RI
WKH PHPRULHV YDU\ DPRQJ GHYLFHV� HVSHFLDOO\ EHWZHHQ JHQHUDWLRQV RI GHYLFHV DQG
EHWZHHQ GHYLFHV IURP GLࣆHUHQW YHQGRUV� :KLOH 2SHQ&/ SURYLGHV SRUWDELOLW\ LQ WKH
VHQVH WKDW NHUQHOV RULJLQDOO\ GHVLJQHG IRU RQH GHYLFH ZLOO UXQ RQ DQRWKHU� WKH\ DUH
QRW RGTHQTOCPEG�RQTVCDNG� RSWLPL]DWLRQV WKDW \LHOG JRRG SHUIRUPDQFH RQ RQH GHYLFH
ZLOO RIWHQ QRW \LHOG JRRG SHUIRUPDQFH RQ DQRWKHU GHYLFH� *LYHQ WKLV FRQVWUDLQW�
DXWRPDWLF SHUIRUPDQFH WXQLQJ FDQ EH XVHG WR VHDUFK IRU YDULDQWV ZLWK JRRG SHUIRU�
PDQFH�

7R DFFRPSOLVK WKLV� ZH KDYH H[WHQGHG WKH 2ULR DXWRWXQLQJ IUDPHZRUN ZLWK D
WUDQVIRUPDWLRQ PRGXOH� 2U&/� ZKLFK WDNHV DV LQSXW D NHUQHO VSHFLࣇHG LQ D VXEVHW
RI & �DOVR UHIHUUHG WR DV WKH աORRS ODQJXDJHբ� DQG D VHW RI WUDQVIRUPDWLRQ SDUDPHWHUV
DQG RXWSXWV 2SHQ&/ GHYLFH DQG KRVW FRGH� PXFK DV WKH 2U&XGD PRGXOH GHVFULEHG
LQ >��@ GRHV IRU &8'$� 2U&XGD DQG 2U&/ DFFHSW WKH VDPH NHUQHO VSHFLࣇFDWLRQV
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DQG� ZLWK VRPH H[FHSWLRQV� WKH VDPH WUDQVIRUPDWLRQ VSHFLࣇFDWLRQV� DOORZLQJ IRU FRGH
WR EH JHQHUDWHG IRU HLWKHU &8'$ RU 2SHQ&/ DV GHVLUHG�

:KHQ XVLQJ 2U&/� WKH XVHU LGHQWLࣇHV ORRSV LQ KLV RU KHU DSSOLFDWLRQ ZKLFK DUH
WDUJHWV IRU H[HFXWLRQ RQ DQ DFFHOHUDWRU GHYLFH� 7KLV ORRS LV WKHQ ZUDSSHG ZLWK D
WXQLQJ VSHFLࣇFDWLRQ E\ SODFLQJ DQQRWDWLRQV DV FRPPHQWV EHIRUH DQG DIWHU WKH RULJL�
QDO ORRS LQ WKH FRGH� VR WKDW WKH RULJLQDO FRGH FDQ VWLOO EH H[HFXWHG QRUPDOO\� :KHQ
2ULR LV LQYRNHG RQ WKH FRGH� YDULDQWV DUH JHQHUDWHG DQG WHVWHG EDVHG RQ WKH VSHF�
LࣇFDWLRQ� $Q H[DPSOH RI DQ 2U&/ DQQRWDWLRQ LV VKRZQ LQ )LJXUH �� 7KH WXQLQJ
VSHFLࣇFDWLRQ FRQVLVWV RI VHYHUDO UHJLRQV� WKH �����������ɏ������ VHFWLRQ� GHVFULE�
LQJ WKH SDUDPHWHU YDOXHV ZKLFK PDNH XS WKH VHDUFK VSDFH IRU DXWRWXQLQJ� WKH �����
VHFWLRQ� ZKLFK GHVFULEHV KRZ JHQHUDWHG YDULDQWV FDQ EH FRPSLOHG� WKH �����ɏ������
VHFWLRQ� ZKLFK GHVFULEHV SURSHUWLHV RI WKH LQSXWV DJDLQVW ZKLFK JHQHUDWHG YDULDQWV
DUH WHVWHG� WKH �����ɏ���� VHFWLRQ� ZKLFK VSHFLࣇHV WKH YDOXHV RI WKH LQSXWV� DQG WKH
�����������ɏ������� DQG �����������ɏ����ɏ���� VHFWLRQV� ZKLFK GHVFULEH KRZ
SHUIRUPDQFH PHDVXUHPHQWV RI WKH JHQHUDWHG YDULDQWV DUH WR EH PDGH� 7KH WXQLQJ
VSHFLࣇFDWLRQ LV IROORZHG E\ D WUDQVIRUPDWLRQ VWDWHPHQW� ZKLFK PDNHV XVH RI WKH SD�
UDPHWHU YDOXHV GHVFULEHG LQ WKH WXQLQJ VSHFLࣇFDWLRQ�

�� YQTM)TQWRU� 7KH QXPEHU RI 2SHQ&/ ZRUN JURXSV WR XVH� 7KLV� PXOWLSOLHG
E\ WKH QXPEHU RI ZRUN LWHPV SHU ZRUN JURXS� JLYHV WKH RYHUDOO QXPEHU RI WKUHDGV
WKDW PDNH XS D NHUQHO LQYRFDWLRQ� WKH INQDCN YQTM UK\G� :KHUH WKLV QXPEHU LV VPDOOHU
WKDQ WKH VL]H RI WKH GDWD WR EH SURFHVVHG� NHUQHOV DUH JHQHUDWHG VXFK WKDW HDFK ZRUN
LWHP SURFHVVHV PRUH WKDQ RQH LQSXW� 7KH UHTXHVWHG QXPEHU RI ZRUN JURXSV DUH
WKHQ VFKHGXOHG DFURVV WKH FRPSXWH XQLWV RI WKH GHYLFH E\ WKH 2SHQ&/ UXQWLPH�

�� YQTM+VGOU2GT)TQWR� 7KH QXPEHU RI ZRUN LWHPV �WKUHDGV� WKDW PDNH XS HDFK
ZRUN JURXS� WKLV FRQWUROV WKH NQECN YQTM UK\G� (DFK GHYLFH KDV D PD[LPXP QXPEHU RI
ZRUN LWHPV SHU JURXS� ZKLFK FDQ EH TXHULHG RQ WKH KRVW� 8VLQJ WKH PD[LPXP QXP�
EHU RI ZRUN LWHPV PDNHV XVH RI DOO WKH FRPSXWDWLRQDO UHVRXUFHV ZLWKLQ D ZRUNJURXS�
KRZHYHU� EHFDXVH WKH HQWLUH ZRUN JURXS VKDUHV D SRRO RI ORFDO PHPRU\� LQFUHDVLQJ

Orio Code Generator

Experiment

TAU Metadata Entries

Transformations

Execution Time
Writes

CUPTI callback
measurement library

TAU Profiles

TAUdb

Writes

Uploaded

Links at Runtime

CUDA 

OpenCL 

Measurement 
•  Metric profiling 
•  Metadata 
•  TAUdb storage 

Autotuning analysis 
•  Machine learning 
•  Optimization search 
•  Specialization 

OrCUDA 

)LJXUH �� 'DWD RZࣈ EHWZHHQ 2ULR� 7$8� DQG 7$8GE�
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YRLG 9HF$;3<� L Q W Q � GRXEOH D � GRXEOH  [ � GRXEOH  \ � ^

U H J L V W H U L Q W L �
� # EHJLQ 3HUI7XQLQJ �

GH I SHU IRUPDQFHBSDUDPV ^
SDUDP :,> @  >�� � �� � ��� � ��� @ �
SDUDP :*> @  >� � � � �� � �� � �� � ��� @ �
SDUDP &%> @  >7UXH � ) D O V H @ �
SDUDP 6+> @  >7UXH � ) D O V H @ �
SDUDP 8, > @  UDQJH � � � � � �
SDUDP 9+> @  > � � � � � @ �
SDUDP &/> @  > ՞ ՞ � ՞ − F O− I D V W −U H O D [ HG −PDWK ՞ @ �

`
GH I EX L O G ^

DUJ EXLOGBFRPPDQG  ՞ JFF −2� −O2SHQ&/ ՞ �
`
GH I LQSXWBSDUDPV ^

SDUDP 1> @  >������ ��������@ �
`
GH I L Q SX W B Y D U V ^

GH F O GRXEOH D  UDQGRP �
GH F O V W D W L F GRXEOH [ >1@  UDQGRP �
GH F O V W D W L F GRXEOH \ >1@  � �

`
GH I SHU IRUPDQFHBFRXQWHU ^

DUJ PHWKRG  ՞ E D V L F W LPHU ՞ �
DUJ U H S H W L W L R Q V  � �

`
GH I SH U IR UPDQFHB W H V W BFRGH ^

DUJ V N H O H W R Q B F R G H B I L O H  ՞ W D X B V N H O H W RQ � F ՞ �
`

� # �

L Q W Q 1�

� # EHJLQ /RRS � W U DQ V IR UP 2SHQ&/� ZRUN*URXSV :*� ZRUN,WHPV3HU*URXS :,� V L ] H+ LQ W  6+� YHF+LQW  9+�
FDFKH%ORFNV  &%� XQ UR O O , QQ H U  8, � F O ) O D J V  &/� GHY L FH  � � S O D W I R UP  ��

I R U � L  � � L � Q−�� L ���
\ > L @� D  [ > L @ �

� # �

I R U � L  � � L � Q−�� L ���
\ > L @� D  [ > L @ �

� # HQG # �
� # HQG # �

`

)LJXUH �� $QQRWDWHG YHF$;3< NHUQHO IRU 2SHQ&/ JHQHUDWLRQ�

WKH QXPEHU RI ZRUN LWHPV GHFUHDVHV WKH DYDLODEOH PHPRU\ SHU ZRUN LWHP� ZKLFK
FDQ UHVXOW LQ WKH VSLOOLQJ RI GDWD LQWR JOREDO PHPRU\� ZKLFK LV PXFK VORZHU WKDQ
ORFDO PHPRU\� 7KH RSWLPXP QXPEHU RI ZRUN LWHPV SHU JURXS LV WKXV GHSHQGHQW
RQ WKH PHPRU\ XVDJH RI WKH ZRUN LWHPV�

�� UK\G*KPV�2SHQ&/ SURYLGHV D SDLU RI IXQFWLRQ DWWULEXWHV ZKLFK SURYLGH KLQWV
WR WKH FRPSLOHU DERXW WKH H[SHFWHG ORFDO ZRUN VL]H� 7KH ����ɏ�����ɏ����ɏ���� DW�
WULEXWH DOORZV WKH FRPSLOHU WR PDNH RSWLPL]DWLRQV WKDW LPSURYH SHUIRUPDQFH ZKHQ
WKH ORFDO ZRUN VL]H LV HTXDO WR WKH KLQWHG VL]H EXW PLJKW GHJUDGH SHUIRUPDQFH RWKHU�
ZLVH� 7KH ����ɏ����ɏ�����ɏ���� DWWULEXWH PDNHV LW DQ HUURU WR LQYRNH WKH NHUQHO
ZLWK DQ\ ZRUN JURXS VL]H RWKHU WKDQ WKH KLQWHG VL]H� DOORZLQJ WKH FRPSLOHU WR PDNH
RSWLPL]DWLRQV WKDW ZRXOG \LHOG LQFRUUHFW UHVXOWV IRU RWKHU VL]HV� 2SHQ&/ FRPSLOHUV�

�



FRQV W FKDU  R U F O B N H U Q H O B V RX U F H  բ�SUDJPD 23(1&/ (;7(16,21 F OBNKUB IS�� � HQDE O H ? Qբ
բ BBNH UQH O B B D W W U L E X W H B B � � YHFB W\SHBK LQ W � GRXEOH� � � ZRUNBJURXSBV L]HBK LQW � � � � � � � � �

UHTGBZRUNBJURXSBV L]H � � � � � � � � � � YRLG R U F O B N H U Q H O � FRQ V W L Q W Q � GRXEOH D � BBJ ORED O GRXEOH  \ �
BBJ ORED O GRXEOH  [ � ^ ?Qբ

բ FRQ V W V L ] H B W W L G  J H W BJ O RE D O B L G � � � � ? Qբ
բ FRQ V W V L ] H B W J V L ] H  J H W B J O R E D O B V L ] H � � � � ? Qբ
բ �SUDJPD XQ U R O O � ?Qբ
բ I R U � L Q W L  W L G � L � Q−�� L � J V L ] H � ^ ?Qբ
բ \ > L @ \ > L @� D  [ > L @ � ? Qբ
բ ` ?Qբ
բ ` ?Qբ
բ բ �

)LJXUH �� ([DPSOH RI D JHQHUDWHG 2SHQ&/ YHF$;3< NHUQHO�

KRZHYHU� DUH QRW UHTXLUHG WR PDNH XVH RI WKHVH KLQWV� 7KH �������� WUDQVIRUPDWLRQ
SDUDPHWHU VSHFLࣇHV ZKHWKHU WKHVH DWWULEXWHV VKRXOG EH DSSOLHG WR JHQHUDWHG NHUQHOV�

�� XGE*KPV� 2SHQ&/ SURYLGHV DQRWKHU IXQFWLRQ DWWULEXWH ZKLFK SURYLGHV LQIRU�
PDWLRQ WR WKH FRPSLOHU DV WR KRZ WKH IXQFWLRQ VKRXOG EH DXWRYHFWRUL]HG� 7KH ���ɏŞ
����ɏ���� DWWULEXWH LQIRUPV WKH FRPSLOHU RI WKH ZLGWK RI WKH GDWD FRQVXPHG E\ WKH
NHUQHO� ZKLFK WKH FRPSLOHU FDQ XVH WR PHUJH RU VSOLW ZRUN LWHPV WR HQDEOH EHWWHU XVH
RI YHFWRU RSHUDWLRQV� $V ZLWK WKH VL]H KLQWV� WKH FRPSLOHU LV QRW UHTXLUHG WR PDNH
XVH RI WKH KLQW�

�� ECEJG%NQEMU� $ SDUDPHWHU VSHFLI\LQJ ZKHWKHU ZRUN LWHPV VKRXOG FRS\ LQSXW
GDWD ORFDWHG LQ JOREDO PHPRU\ LQWR ORFDO PHPRU\ EHIRUH RSHUDWLQJ RQ LW� 7KLV FDQ
LPSURYH SHUIRUPDQFH� HVSHFLDOO\ ZKHQ JOREDO PHPRU\ LV QRW FDFKHG� DW WKH H[SHQVH
RI LQFUHDVLQJ WKH PHPRU\ FRQVXPSWLRQ RI HDFK ZRUN LWHP�

�� WPTQNN+PPGT� $ SDUDPHWHU VSHFLI\LQJ ZKHWKHU WR SURYLGH D KLQW WR WKH FRPSLOHU
DV WR DQ XQUROO IDFWRU IRU WKH LQQHUPRVW ORRS LQ WKH NHUQHO� 7KLV LV GRQH E\ LQVHUWLQJ
D SUDJPD EHIRUH WKH ORRS LQ WKH NHUQHO VRXUFH FRGH� 7KLV LV DQ 2SHQ&/ H[WHQVLRQ
ZKLFK LV QRW QHFHVVDULO\ VXSSRUWHG E\ DOO LPSOHPHQWDWLRQV�

�� EN(NCIU� )ODJV SURYLGHG WR WKH 2SHQ&/ FRPSLOHU WR FRQWURO RSWLPL]DWLRQ�
7KHVH FDQ EH Ş��Ş���Ş������ WR HQDEOH IXVHG PXOWLSO\�DGG LQVWUXFWLRQV� Ş��Ş��Ş
������Ş����� WR LJQRUH WKH VLJQHGQHVV RI ]HURHV� Ş��Ş������Ş����Ş�������������
WR DVVXPH DOO DUJXPHQWV WR RDWLQJ�SRLQWࣈ DULWKPHWLF RSHUDWRUV DUH YDOLG� Ş��Ş������Ş
����Ş���� WR DVVXPH WKDW DOO DUJXPHQWV WR RDWLQJ�SRLQWࣈ DULWKPHWLF RSHUDWRUV DUH
QLWHࣇ QXPEHUV� DQG Ş��Ş����Ş�������Ş����� ZKLFK FRPELQHV WKH HࣆHFWV RI WKH SUH�
YLRXV WZR �DJVࣈ

�� FGXKEG DQG RNCVHQTO� ,Q D V\VWHP ZLWK PRUH WKDQ RQH 2SHQ&/ SODWIRUP DQG�RU
GHYLFH DYDLODEOH� D SDUDPHWHU VSHFLI\LQJ ZKLFK RI WKHVH WR XVH� ,I XVHG DV D WXQLQJ
SDUDPHWHU� DXWRWXQLQJZLOO EH DWWHPSWHG ZLWK HDFK RI WKH SODWIRUPV DQG GHYLFHV VSHF�
LࣇHG DQG WKH GHYLFH SURYLGLQJ WKH KLJKHVW SHUIRUPDQFH ZLOO EH XVHG LQ WKH JHQHUDWHG
FRGH�

6RPH RSWLPL]DWLRQV DYDLODEOH LQ WKH &8'$ FRGH JHQHUDWRU DUH QRW \HW DYDLODEOH
LQ WKH2SHQ&/ JHQHUDWRU� 7KH UVTGCO&QWPV SDUDPHWHU WR WKH &8'$ FRGH JHQHUDWRU
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18//� �
F O ) L Q L V K � RUFOBFRPPDQGBTXHXH � �

)LJXUH �� ([DPSOH RI JHQHUDWHG KRVW FRGH LQYRNLQJ WKH 2SHQ&/ YHF$;3< NHUQHO�
(UURU FKHFNLQJ DQG KRVW PHPRU\ PDQDJHPHQW FRGH KDYH EHHQ UHPRYHG IRU EUHYLW\�

VSOLWV WKH H[HFXWLRQ LQWR PXOWLSOH� RYHUODSSLQJ WUDQVIHUV DQG NHUQHO H[HFXWLRQV E\
XVLQJ &8'$ DV\QFKURQRXV VWUHDPV� 7KLV FRXOG EH LPSOHPHQWHG LQ 2SHQ&/ E\
XVLQJ RXW�RI�RUGHU FRPPDQG TXHXHV RQ GHYLFHV ZKLFK VXSSRUW WKDW RSWLRQ� EXW WKLV
KDV QRW \HW EHHQ GRQH LQ 2U&/� 7KH RTGHGT.�5K\G SDUDPHWHU XVHV D IHDWXUH RI WKH
&8'$ $3, WR FKRRVH KRZ WR DSSRUWLRQ SK\VLFDO PHPRU\ RQ WKH GHYLFH LQWR /�

�



FDFKH DQG VKDUHG PHPRU\� 7KLV IHDWXUH LV QRW H[SRVHG LQ WKH 2SHQ&/ VWDQGDUG� QRU
LV LW H[SRVHG LQ DQ\ RI WKH FXUUHQWO\ H[LVWLQJ H[WHQVLRQV�

��� 3HUIRUPDQFH 0HDVXUHPHQW ZLWK 7$8
)RU HDFK UHTXHVWHG FRPELQDWLRQ RI YDOXHV RI WKH DERYH SDUDPHWHUV� 2U&/ JHQHU�
DWHV 2SHQ&/ GHYLFH FRGH �)LJXUH �� DQG KRVW �)LJXUH �� FRGH� ,Q RUGHU WR PHDVXUH
SHUIRUPDQFH� WKH JHQHUDWHG FRGH LV LQVHUWHG LQWR D VNHOHWRQ ZKLFK VSHFLࣇHV KRZ
PHDVXUHPHQWV DUH WR EH PDGH� 7KH VNHOHWRQ FRGH PD\ EH FKRVHQ IURP D OLEUDU\ RU
WKH XVHU PD\ VSHFLI\ D FXVWRP VNHOHWRQ� )RU LQWHJUDWLRQ ZLWK WKH 7$8 SHUIRUPDQFH
PHDVXUHPHQW V\VWHP >��@� ZH XVH D VNHOHWRQ FRGHZKLFKZUDSV WKH JHQHUDWHG FRGH LQ
7$8 LQVWUXPHQWDWLRQ $3, FDOOV� 7KH WLPH WR H[HFXWH WKH JHQHUDWHG FRGH FDQ WKHQ EH
PHDVXUHG� DORQJ ZLWK UHTXHVWHG KDUGZDUH SHUIRUPDQFH FRXQWHUV VXSSRUWHG E\ 7$8
WKURXJK 3$3, >��@� ,Q WKH FDVH RI &8'$ RU 2SHQ&/ FRGH� WKH JHQHUDWHG FRGH LV
LQYRNHG WKURXJK D 7$8 OLEUDU\ ZUDSSHU� LQ ZKLFK DQ LQVWUXPHQWHG YHUVLRQ RI WKH
&8'$ RU 2SHQ&/ UXQWLPH OLEUDU\ LV XVHG� ZKLFK FDSWXUHV SHUIRUPDQFH PHDVXUH�
PHQWV IRU &8'$ DQG2SHQ&/ $3, FDOOV EHIRUH SDVVLQJ WKRVH FDOOV RQ WR WKH LQVWDOOHG
UXQWLPHV >��@� )RU &8'$� KDUGZDUH SHUIRUPDQFH FRXQWHUV FDQ EH VDPSOHG XVLQJ
&837,� )RU 2SHQ&/� WLPLQJV IURP 2SHQ&/ HYHQWV DUH FDSWXUHG� KRZHYHU� KDUG�
ZDUH SHUIRUPDQFH FRXQWHUV DUH QRW FXUUHQWO\ VXSSRUWHG EHFDXVH 2SHQ&/ GRHV QRW
SURYLGH D VWDQGDUGL]HG PHWKRG IRU DFFHVVLQJ SHUIRUPDQFH FRXQWHUV� DQG 19,',$՞V
&837, GRHV QRW VXSSRUW 2SHQ&/�

)RU HDFK YDULDQW WHVWHG� SHUIRUPDQFH LQIRUPDWLRQ JDWKHUHG E\ 7$8 LV VWRUHG
LQWR 7$8GE� D GDWDEDVH V\VWHP IRU VWRULQJ SHUIRUPDQFH SURࣇOHV DQG UHODWHG PHWD�
GDWD >��@� 7KH SHUIRUPDQFH GDWD LV DQQRWDWHG ZLWK PHWDGDWD UHFRUGLQJ SURSHUWLHV
RI WKH H[HFXWLRQ HQYLURQPHQW �VXFK DV WKH DFFHOHUDWRU FDUG XVHG DQG WKH VL]HV RI LWV
PHPRULHV�� LQSXW GDWD �VXFK DV WKH VL]HV RI LQSXWV�� DQG RSWLPL]DWLRQV DSSOLHG �YDOXHV
FKRVHQ IRU HDFK RI WKH WXQDEOH SDUDPHWHUV�� 7KLV ZRUNࣈRZ LV VKRZQ LQ )LJXUH ��
'DWD VWRUHG LQ 7$8GE FDQ EH DQDO\]HG XVLQJ WKH 2CTC2TQH YLVXDOL]DWLRQ V\VWHP >�@
DQG WKH 2GTH'ZRNQTGT GDWD PLQLQJ IUDPHZRUN >��� ��@� 3HUI([SORUHU DQDO\VHV FDQ EH
SHUIRUPHG ZLWK D *8, RU VFULSWHG E\ XVLQJ D 3\WKRQ LQWHUIDFH�

� (YDOXDWLRQ

7R HYDOXDWH 2U&/� ZH UDQ D VHULHV RI DXWRWXQLQJ H[SHULPHQWV RQ WZR $0' *38V�
WKUHH 19,',$*38V� DQG DQ ,QWHO ;HRQ 3KL� 6SHFLࣇFDWLRQV IRU WKH WHVW KDUGZDUH DUH

7DEOH �� 3URSHUWLHV RI 2SHQ&/ WDUJHW SODWIRUPV
$FFHOHUDWRU 'HYLFH 5DGHRQ ���� 5DGHRQ ���� *7; ��� 7HVOD &���� 7HVOD .��& ;HRQ 3KL
2SHQ&/ 9HUVLRQ ��� ��� ��� ��� ��� ���

0D[ &RPSXWH 8QLWV �� �� �� �� �� ���
0D[ :RUN ,WHPV ������������� ������������� �������������� �������������� �������������� ����������������

0D[ :RUNJURXS 6L]H ��� ��� ���� ���� ���� ����
&ORFN )UHTXHQF\ ��� 0+] ���� 0+] ���� 0+] ���� 0+] ��� 0+] ���� 0+]

&DFKH 6L]H 1RQH �� .% �� .% ��� .% ��� .% 1RQH
*OREDO 0HPRU\ 6L]H ���� 0% ���� 0% ���� 0% ���� 0% ���� 0% ���� 0%
&RQVWDQW %XࣆHU 6L]H �� .% �� .% �� .% �� .% �� .% ��� .%
/RFDO 0HPRU\ 6L]H �� .% �� .% �� .% �� .% �� .% �� .%

3UHIHUUHG :RUNJURXS 6L]H 0XOWLSOH �� �� �� �� �� ��

�



JLYHQ LQ 7DEOH �� 7R YHULI\ WKDW WKH2SHQ&/ FRGH JHQHUDWRU JHQHUDWHV FRUUHFW FRGH�
ZH JHQHUDWHG FRGH IURP VSHFLࣇFDWLRQV RI %/$6 NHUQHOV SUHYLRXVO\ XVHG ZLWK WKH
2U&8'$ FRGH JHQHUDWRU DQG FKHFNHG WKDW WKH JHQHUDWHG 2SHQ&/ NHUQHOV SURGXFH
WKH VDPH RXWSXW� *HQHUDWHG YDULDQWV ZHUH LQVWUXPHQWHG ZLWK 7$8 DV GHVFULEHG LQ
6HFWLRQ ����

7KH QXPHULFDO NHUQHOV ZH DXWRWXQHG DUH D VXEVHW RI WKH NHUQHOV WKDW W\SLFDOO\
FRQVXPH D VLJQLࣇFDQW SRUWLRQ RI WKH VROXWLRQ WLPH RI 1HZWRQ�.U\ORY QRQOLQHDU
VROYHUV� ZKLFK DUH FRPPRQO\ XVHG LQ DSSOLFDWLRQV EDVHG RQ WKH VROXWLRQ RI QRQOLQHDU
SDUWLDO GLࣆHUHQWLDO DOJRULWKPV �3'(V� GLVFUHWL]HG RQ D UHJXODU JULG� 7DEOH � OLVWV
WKH OLQHDU DOJHEUD NHUQHOV ZH FRQVLGHUHG� 7KH RSHUDWLRQ QRWDWLRQ LV DV IROORZV� $
GHVLJQDWHV D PDWUL[� Z,Z�, ...,ZP� [� DQG Y DUH YHFWRUV� DQG ʿ,ʿ�, ...,ʿP DUH VFDODUV�

)LJXUH � VKRZV WKH H[HFXWLRQ WLPHV RI WKH EHVW YDULDQWV IRU WKH PDWUL[ DQG YHF�
WRU NHUQHOV RQ YHFWRUV RI VL]H ��� IRU HDFK DUFKLWHFWXUH E\ DQ H[KDXVWLYH VHDUFK RI
WKH SDUDPHWHU VSDFH RI WKH LPSOHPHQWHG RSWLPL]DWLRQV� DV ZHOO DV WKH H[HFXWLRQ RI
RI WKH EHVW &8'$ YDULDQW IRXQG IRU WKH .��F *38� :H QRUPDOL]H DOO WLPHV E\
WKH H[HFXWLRQ WLPH IRU WKH HTXLYDOHQW 9LHQQD&/ >��@ LPSOHPHQWDWLRQV XVLQJ WKH GH�
IDXOW FRQࣇJXUDWLRQV� )RU HDFK RI WKH NHUQHOV� WKH &8'$ YDULDQW SURGXFHG WKH EHVW
SHUIRUPDQFH� DQG WKH 2SHQ&/ NHUQHOV IRU WKH WKUHH 19,',$ *38V SURGXFHG WKH
QH[W�EHVW SHUIRUPDQFH� 7KH EHVW YDULDQWV IRU WZR $0'*38V DQG WKH ;HRQ 3KL GLG
QRW SHUIRUP DV ZHOO� :H EHOLHYH WKDW WKH 2SHQ&/ NHUQHOV RQ 19,',$ SURGXFHG
VOLJKWO\ ZRUVH UHVXOWV WKDQ &8'$ NHUQHOV EHFDXVH RI WKH DEVHQFH RI WKH VWUHDP FRXQW
DQG /� FDFKH VL]H RSWLPL]DWLRQV LQ WKH 2SHQ&/ FRGH JHQHUDWRU� &RPSDUHG ZLWK
WKH 9LHQQD&/ VWDWLF FRPSLODWLRQ UHVXOWV� RXU LQLWLDO DXWRWXQLQJ UHVXOWV DUH XS WR ���
WLPHV IDVWHU DQG VORZHU LQ RQO\ D FRXSOH RI FDVHV RQ WKH 7HVOD &�����

:H DOVR DXWRWXQHG WKH IXQFWLRQ DQG -DFRELDQ FRPSXWDWLRQV RI D 3(76F�EDVHG >�� �@
DSSOLFDWLRQ VROYLQJ D ��' VROLG IXHO LJQLWLRQ �6),� SUREOHP� GHࣇQHG DV WKH IROORZLQJ
ERXQGDU\ YDOXH SUREOHP

−∇�W − ˉGW = � LQ [�,�] × [�,�] × [�,�]
W = � RQ WKH ERXQGDU\

ZKLFK LV GLVFUHWL]HG E\ XVLQJ D HUHQFHࣆQLWH�GLࣇ DSSUR[LPDWLRQ ZLWK D VHYHQ�SRLQW
�VWDU� VWHQFLO LQ RUGHU WR REWDLQ D QRQOLQHDU V\VWHP RI HTXDWLRQV� 7KH V\VWHP LV WKHQ
VROYHG E\ XVLQJ 3(76F՞V 1HZWRQ�.U\ORY LWHUDWLYH VROYHUV ZKLFK UHO\ RQ WKH NHU�
QHOV LQ 7DEOH � �DQG D IHZ RWKHUV� DQG LQYRNH WKH DSSOLFDWLRQ�VSHFLࣇF FRGH ZH UHIHU
WR DV (;��)) �IXQFWLRQ FRPSXWDWLRQ� DQG (;��)- �-DFRELDQ FRPSXWDWLRQ�� 7KH

7DEOH �� .HUQHO VSHFLࣇFDWLRQV�

.HUQHO 2SHUDWLRQ
PDW9HF [ = $Z
YHF$;3< [ = ʿZ + [
YHF0$;3< [ = [ + ʿ�Z� + ʿ� Z� +⋯ + ʿPZP
YHF6FDOH Y = ʿY

YHF:$;3< Y = [ + ʿZ
��
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)LJXUH �� 2Q OHIW� DEVROXWH SHUIRUPDQFH RI WKH EHVW�SHUIRUPLQJ OLQHDU DOJHEUD NHUQHO
YDULDQW DFURVV GHYLFHV� 2Q ULJKW� SHUIRUPDQFH QRUPDOL]HG E\ WLPH WR UXQ WKH FRU�
UHVSRQGLQJ 9LHQQD&/ YHUVLRQ RQ WKH VDPH GHYLFH� 7KH UVWࣇ VL[ EDUV LQ HDFK JURXS
FRUUHVSRQG WR FRGH SURGXFHG ZLWK 2U&/� ZKLOH WKH ODVW EDU LV FRGH SURGXFHG ZLWK
2U&8'$�

LQ W P  0�
L Q W Q  1�
L Q W S  3 �
L Q W QURZV  PQ S �
GRXEOH K[  � � � � �P−�� �
GRXEOH K\  � � � � � Q−�� �
GRXEOH K]  � � � � � S−�� �
GRXEOH V F  K[  K\  K]  ODPEGD �
GRXEOH K[K]GK\  K[  K] � K\ �
GRXEOH K\K]GK[  K\  K] � K[ �
GRXEOH K[K\GK]  K[  K\ � K] �

� # EHJLQ /RRS � W U DQ V IR UP 2SHQ&/� ZRUN*URXSV :*� ZRUN,WHPV3HU*URXS :,� F O ) O D J V  &)/$*6�
XQ UR O O , QQ H U  8,) � V L ] H+ LQ W  6+� YHF+LQW  9+� GHY L FH  ��

I R U � L  � � L � QURZV−�� L ��� ^
L I � L �PQ _ _ L ! QURZV−PQ _ _ L��PQ � �P _ _ L��PQ � ! PQ−P _ _ L�P  � _ _ L�P  P−�� ^
) > L @  ;> L @ �

` H O V H ^
) > L @  � � ;> L @ − ;> L−� @ − ;> L �� @ �  K\K]GK[

� � � ;> L @ − ;> L−P @ − ;> L �P @ �  K[K]GK\
� � � ;> L @ − ;> L−PQ@ − ;> L �PQ @ �  K[K\GK]− V F  H[S �;> L @ � �

`
`

� # �

)LJXUH �� ,QSXW VRXUFH FRGH IRU WKH H[��)) NHUQHO�

VSHFLࣇFDWLRQV IRU WKHVH NHUQHOV DUH VKRZQ LQ )LJXUHV � DQG �� UHVSHFWLYHO\� 0RVW
VWHQFLO�EDVHG FRPSXWDWLRQV FDQ EH VLPLODUO\ RSWLPL]HG E\ 2ULR� ZKLFK LV QRW OLP�
LWHG WR PDWUL[ DOJHEUD� :H DXWRWXQHG WKHVH NHUQHOV ZLWK IRXU LQSXW VL]HV� ���� ����
����� DQG ���� E\ XVLQJ D 1HOGHU�0HDG�EDVHG DOJRULWKP IRU WKH VHDUFK �XQOLNH WKH
H[KDXVWLYH VHDUFK XVHG LQ WKH YHFWRU DQGPDWUL[ NHUQHO WXQLQJ�� 7KHVH PRUH FRPSOH[
NHUQHOV SURGXFHG PXFK PRUH YDULHG UHVXOWV IURP DXWRWXQLQJ�

)LJXUHV � DQG �� VKRZ WKH VRUWHG H[HFXWLRQ WLPHV IRU DOO 2SHQ&/ FRGH YDULDQWV
JHQHUDWHG E\ WKH VHDUFK IRU HDFK RI WKH NHUQHOV� VL]HV� DQG GHYLFHV� 7KH 5DGHRQ
���� LV RPLWWHG IURP UHVXOWV IRU DOO EXW WKH H[��)) ��� EHFDXVH WKDW FDUG GLG QRW

��



L Q W P  0�
L Q W Q  1�
L Q W S  3 �
L Q W QURZV  PQ S �
GRXEOH K[  � � � � �P−�� �
GRXEOH K\  � � � � � Q−�� �
GRXEOH K]  � � � � � S−�� �
GRXEOH V F  K[  K\  K]  ODPEGD �
GRXEOH K[K]GK\  K[  K] � K\ �
GRXEOH K\K]GK[  K\  K] � K[ �
GRXEOH K[K\GK]  K[  K\ � K] �

� # EHJLQ /RRS � W U DQ V IR UP 2SHQ&/� ZRUN*URXSV :*� ZRUN,WHPV3HU*URXS :,� F O ) O D J V  &)/$*6�
XQ UR O O , QQ H U  8,) � V L ] H+ LQ W  6+� YHF+LQW  9+� GHY L FH  ��

I R U � L  � � L � QURZV−�� L ��� ^
L I � L �PQ _ _ L ! QURZV−PQ _ _ L��PQ � �P _ _ L��PQ � ! PQ−P _ _ L�P  � _ _ L�P  P−�� ^

G L D > L @  � � � �
` H O V H ^

G L D > L @  −K[K\GK] �
G L D > L � QURZV @  −K[K]GK\ �
G L D > L �� QURZV @  −K\K]GK[ �
G L D > L �� QURZV @  � � �  � K\K]GK[�K[K]GK\�K[K\GK] � − V F  H[S � [ > L @ � �
G L D > L �� QURZV @  −K\K]GK[ �
G L D > L �� QURZV @  −K[K]GK\ �
G L D > L �� QURZV @  −K[K\GK] �

`
`

)LJXUH �� ,QSXW VRXUFH FRGH IRU WKH H[��)- NHUQHO�

7DEOH �� 3DUDPHWHU YDOXHV IRU WKH EHVW SHUIRUPLQJ H[��)) DQG H[��)- NHUQHOV DFURVV
DUFKLWHFWXUHV� 5HVXOW WXSOHV DUH �ZRUN*URXSV� ZRUN,WHPV3HU*URXS� FRPSLOH)ODJV�
XQUROO,QQHU� VL]H+LQW� YHF+LQW��

$FFHOHUDWRU 'HYLFH 5DGHRQ ���� 5DGHRQ ���� ;HRQ 3KL

H[��)) ��� �������բ���)DOVH��� �������բ���)DOVH��� �������բ���7UXH���
H[��)) ��� 1�$ �������՞FO�IDVW�UHOD[HG�PDWK՞���)DOVH��� ��������բ���)DOVH���
H[��)) ���� 1�$ �������բ���7UXH��� ��������բ���7UXH���
H[��)) ���� 1�$ �������բ���7UXH��� ��������բ���)DOVH���
H[��)- ��� 1�$ �������՞FO�IDVW�UHOD[HG�PDWK՞���)DOVH��� ��������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH���
H[��)- ��� 1�$ ��������՞FO�IDVW�UHOD[HG�PDWK՞���)DOVH��� ��������բ���)DOVH���
H[��)- ���� 1�$ ���������բ���)DOVH��� �������բ���7UXH���
H[��)- ���� 1�$ ��������բ���)DOVH��� �������՞FO�IDVW�UHOD[HG�PDWK՞���)DOVH���

$FFHOHUDWRU 'HYLFH *7; ��� 7HVOD &���� 7HVOD .��F

H[��)) ��� �������բ���)DOVH��� �������բ���7UXH��� ��������բ���)DOVH���
H[��)) ��� ��������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH��� ��������՞FO�IDVW�UHOD[HG�PDWK՞���)DOVH��� �������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH���
H[��)) ���� ���������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH��� ��������բ���7UXH��� �������՞FO�IDVW�UHOD[HG�PDWK՞���)DOVH���
H[��)) ���� �������բ���)DOVH��� ��������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH��� �������՞FO�IDVW�UHOD[HG�PDWK՞�)DOVH���
H[��)- ��� �������բ���)DOVH��� ��������բ���7UXH��� �������բ���7UXH���
H[��)- ��� ��������բ���)DOVH��� ��������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH��� ��������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH���
H[��)- ���� ��������բ���)DOVH��� �������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH� ��������բ���)DOVH���
H[��)- ���� ��������՞FO�IDVW�UHOD[HG�PDWK՞���)DOVH��� ��������՞FO�IDVW�UHOD[HG�PDWK՞���7UXH��� �������բ���)DOVH���

KDYH HQRXJK PHPRU\ WR FRPSOHWH WKH RWKHU YHUVLRQV� )RU HDFK GHYLFH� WKH KLJKHVW
OHIWPRVW SRLQW UHSUHVHQWV WKH YDULDQW ZLWK WKH ZRUVW SHUIRUPDQFH� ZKLOH WKH ORZHVW
ULJKWPRVW SRLQW UHSUHVHQWV WKH YDULDQW ZLWK WKH EHVW SHUIRUPDQFH� (DFK FXUYH VKRZV
WKH GLVWULEXWLRQ RI SRLQWV DFURVV WKH VHDUFK VSDFH� 7KH EHVW�SHUIRUPLQJ YDULDQW ZDV
IRXQG RQ GLࣆHUHQW GHYLFHV IRU GLࣆHUHQW NHUQHOV DQG VL]HV� RQ WKH ;HRQ 3KL IRU WKH
H[��)) ���� H[��)) ���� DQG H[��)- ���� NHUQHOV� RQ WKH 5DGHRQ ���� IRU WKH
H[��)) ���� H[��)) ���� DQG H[��)- ���� NHUQHOV� DQG RQ WKH 7HVOD .��F IRU WKH
H[��)- ��� DQG H[��)- ��� NHUQHOV�

��
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)LJXUH �� 3HUIRUPDQFH �H[HFXWLRQ WLPH LQ PLOOLVHFRQGV� RI HYDOXDWHG YDULDQWV IRU
)RUP)XQFWLRQ�' NHUQHOV RI IRXU VL]HV�
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)LJXUH ��� 3HUIRUPDQFH �H[HFXWLRQ WLPH LQ PLOOLVHFRQGV� RI HYDOXDWHG YDULDQWV IRU
)RUP-DFRELDQ�' NHUQHOV RI IRXU VL]HV�
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)LJXUH ��� 3HUIRUPDQFH �H[HFXWLRQ WLPH� RI WKH ���[���[��� )RUP-DFRELDQ�' NHUQHOV DFURVV DUFKLWHFWXUHV E\ WXQDEOH SDUDPHWHU� 7KH
SRLQW IRU WKH EHVW YHUVLRQ LV LQGLFDWHG ZLWK D SLQN DUURZ�
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7R EHWWHU XQGHUVWDQG ZKHWKHU FHUWDLQ LVRODWHG SDUDPHWHUV DFFRXQW IRU D ODUJH
SURSRUWLRQ RI LPSURYHPHQW VHHQ LQ RSWLPL]HG YHUVLRQV� ZH SORWWHG DOO SRLQWV H[H�
FXWHG GXULQJ DXWRWXQLQJ RI WKH H[��)- ���� NHUQHO E\ SDUDPHWHU YDOXH VHSDUDWHO\
IRU HDFK SDUDPHWHU� DV VKRZQ LQ )LJXUH ��� 6RPH SDWWHUQV DUH GLVFHUQLEOH� RQ WKH
5DGHRQ ����� IRU H[DPSOH� WKH EHVW SHUIRUPDQFH IRXQG LPSURYHV ZLWK ZRUN LWHPV
SHU JURXS XS WR D SRLQW� DQG WKHQ UHPDLQV �DWࣈ ZKLOH RQ WKH ;HRQ 3KL� SHUIRUPDQFH
LPSURYHV ZLWK ZRUN LWHPV SHU JURXS EXW WKHQ EHJLQV WR GHJUDGH DJDLQ� 7KH ODFN
RI RWKHU REYLRXV SDWWHUQV LQGLFDWHV WKDW SHUIRUPDQFH GHSHQGV LQ D FRPSOH[ PDQQHU
XSRQ WKH FRPELQDWLRQ RI WKH FKRVHQ WUDQVIRUPDWLRQ SDUDPHWHUV DQG LV QRW H[SODLQHG
E\ DQ\ RQH SDUDPHWHU�

7R EHWWHU XQGHUVWDQG WKH FDXVHV RI YDULDWLRQ LQ SHUIRUPDQFH DFURVV FRGH YDUL�
DQWV� ZH PHDVXUHG KDUGZDUH SHUIRUPDQFH FRXQWHU GDWD ZKHUH YHQGRU OLEUDULHV ZHUH
SURYLGHG WR GR VR� $V D VPDOO H[DPSOH RI WKLV� )LJXUH �� VKRZV WKH SHUIRUPDQFH RI
WKH )RUP)XQFWLRQ�' YDULDQWV RI DOO IRXU VL]HV RQ WKH ,QWHO ;HRQ 3KL� VRUWHG UVWࣇ E\
SHUIRUPDQFH� WR VKRZ WKH RYHUDOO GLVWULEXWLRQ RI YDULDQWV� DQG WKHQ VRUWHG E\ ����ɏŞ
����ɏ����ɏ��ɏ�����ɏ����� 7KH RYHUDOO WUHQG IROORZV WKH VDPH JHQHUDO SDWWHUQ DV
SHUIRUPDQFH� LQGLFDWLQJ WKDW ����ɏ����ɏ����ɏ��ɏ�����ɏ���� LV DQ LPSRUWDQW FRQ�
WULEXWRU WR WKH LPSURYHG SHUIRUPDQFH RI WKH IDVWHU YDULDQWV�

� &RQFOXVLRQV

7KHZRUN KHUH GHVFULEHG LV DQ LQLWDO VWHS WRZDUGV D PRUH DXWRPDWHG GHYHORSPHQW HQ�
YLURQPHQW IRU DFFHOHUDWRU GHYLFHV� 7R KHOS GHYHORSHUV ZULWH SHUIRUPDQFH�SRUWDEOH
DFFHOHUDWRU FRGH� ZH KDYH GHYHORSHG D V\VWHP ZKLFK DXWRPDWLFDOO\ WUDQVODWHV DQQR�
WDWHG & FRGH LQWR 2SHQ&/ NHUQHOV ZLWK YDULRXV RSWLPL]DWLRQV DSSOLHG� ZKLFK ZH
VHDUFK IRU WKH EHVW�SHUIRUPLQJ YDULDQW� :H VKRZHG WKH EHQHࣇWV RI WKLV DSSURDFK IRU
VPDOO QXPHULFDO NHUQHOV DQG IRU UDGLDWLRQ WUDQVSRUW VLPXODWLRQ FRGH� RXWSHUIRUPLQJ
VWDWLF DSSURDFKHV E\ XS WR ��� WLPHV�

)XWXUH ZRUN ZLOO LQYROYH WZR DSSURDFKHV� LQ WKH �UVWࣇ ZH ZLOO LPSURYH WKH
2SHQ&/ FRGH JHQHUDWRU� H[SDQGLQJ WKH QXPEHU RI VXSSRUWHG RSWLPL]DWLRQV� DQG
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DGG PRUH GHWDLOHG SHUIRUPDQFH DQDO\VLV FDSDELOWLHV E\ LQWHJUDWLQJ ZLWK LQVWUXPHQWD�
WLRQ V\VWHPV VXFK DV /\Q[ >��@� ,Q WKH VHFRQG� ZH ZLOO GHYHORS DQ LQWHJUDWHG SHUIRU�
PDQFH NQRZOHGJH PDQDJHPHQW V\VWHP� FRPELQLQJ SHUIRUPDQFH SURࣇOHV FROOHFWHG
GXULQJ DXWRWXQLQJ ZLWK FRPSUHKHQVLYH PHWDGDWD GHVFULELQJ WKH FRGH� DOJRULWKPV�
H[HFXWLRQ HQYLURQPHQW� DQG WXQLQJ PHWKRGV WR KHOS GHYHORSHUV XQGHUVWDQG WKH SHU�
IRUPDQFH LPSOLFDWLRQV RI WKHLU FRGH�

$FNQRZOHGJHPHQW

7KLV UHVHDUFK LV VXSSRUWHG E\ WKH '2( ;�6WDFN JUDQW '(�6&������� DQG 6FL'$&
JUDQW '(�6&�������� $ 0DMRU 5HVHDUFK ,QVWUXPHQWDWLRQ JUDQW IURP WKH 1DWLRQDO
6FLHQFH )RXQGDWLRQ� FHࣉ2 RI &\EHU ,QIUDVWUXFWXUH �*UDQW �� 2&,��������� SUR�
YLGHG UHVRXUFHV IRU RXU SHUIRUPDQFH H[SHULPHQWV�
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HQFH� ,&&6 ����� SS� ����ՙ����� �ࡻࢀࢀࡶ ���������� �ࡶࡼࡱ ��Ŝ����ŵ�Ŝ�����Ŝ
����Ŝ��Ŝ����

>�@ 6DWLVK %DOD\ HW DO� ա(ࣉFLHQW 0DQDJHPHQW RI 3DUDOOHOLVP LQ 2EMHFW 2ULHQWHG
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>��@ 6� 6KHQGH DQG $�0DORQ\� ա7$8� 7KH 7$83DUDOOHO 3HUIRUPDQFH 6\VWHPբ� ,Q�
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SS� ���ՙ����

>��@ .HYLQ 6WRFN� /RXLV�1RO 3RXFKHW� DQG 3� 6DGD\DSSDQ� ա$XWRPDWLF 7UDQVIRU�
PDWLRQV IRU HFWLYHࣆ) 3DUDOOHO ([HFXWLRQ RQ ,QWHO 0DQ\ ,QWHJUDWHG &RUHբ� ,Q�
6$&&�+PVGN *KIJN[ 2CTCNNGN &QORWVKPI 5[ORQUKWO� $XVWLQ� 7;� $SU� �����

>��@ 3KLOLSSH 7LOOHW� .DUO 5XSS� DQG 6LHJIULHG 6HOEHUKHUU� ա$Q DXWRPDWLF 2SHQ&/
FRPSXWH NHUQHO JHQHUDWRU IRU EDVLF OLQHDU DOJHEUD RSHUDWLRQVբ� ,Q� 2TQEGGFKPIU
QH VJG ���� 5[ORQUKWO QP *KIJ 2GTHQTOCPEG &QORWVKPI� +3& ՞��� 2UODQGR�
)ORULGD� 6RFLHW\ IRU &RPSXWHU 6LPXODWLRQ ,QWHUQDWLRQDO� ����� ���ՙ���� �ࡻࢀࡶ
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>��@ 5� &OLQW :KDOH\ DQG -DFN -� 'RQJDUUD� ա$XWRPDWLFDOO\ WXQHG OLQHDU DOJHEUD
VRIWZDUHբ� ,Q� 2TQEGGFKPIU QH VJG ���� $&/�+''' EQPHGTGPEG QP 5WRGTEQORWV�
KPI �&41/�� 6XSHUFRPSXWLQJ ՞��� 6DQ -RVH� &$� ,((( &RPSXWHU 6RFLHW\�
����� SS� �ՙ��� �ࡻࢀࡶ ������������;� �ࡹࡿࢂ ����śŵŵ��Ŝ���Ŝ���ŵ��������Ŝ
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