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A Design and Implementation of Functional Array
for Improvement of the Traversal Time

Hyung Seok Joo' - Weon Hee Yoo '

ABSTRACT

Pure functional languages have the referential transparency feature so that all objects cannot be updated
destructively. Once an aggregated data structure such as array is updated, both the original and newly updated
array must be preserved to maintain referential transparency. Thus, it is required to develop an efficient mechan-
ism with which can reduce the maintenance cost while maintaining referential transparency for whole data.

This study is to suggest a functional array to solve the problem, and then test it. For that, the proposed mech-
anism was implemented on a combinator graph reduction machine. The result shows that proposed mechanism
reduwes traversal time for array operations. Also, updating all versions and accessing the recent version are
achieved in constant time without reconstruction of updated data in execution time.

1.M &

4 Brdole F=34 T A(referential trans-
parency), LAY S, N AHI 5214 Y4 59 &
Ag A dolz M £48 FYrtste &4 43gl

T4 9 :RVAZNY AAALY R F
tt A 3 R:Astdste ARALNT G 2
EEAF19964 19 30, YA SR 1996d 89 8Y

o] AMAH AArt ¥4 dAse P L He=d
il, 3, 12]. &4 dFAojdd wida 22 Jd A7
TZ(aggregated data structure)7} 7§ A =@, Fz3
FH4E 23] Aste A4 e AR B4 F
9 zAa7t 5 frASH ok ste 734 4| (updating
problem)7} WA P &, T2 3P Yol A 7JAo] @
AE waich A o] N A BALE Y3t
A HE2 f4 Z2ae] £PH L AstAAe 7



g2l g LA =g AA F7AATHS, 9]

BAEAE A3y A48 PHese AHY A
24 B, 8, 16], FAole] Qg Adse
W10, 13, 19]), 4YA o] A8 F2E B&HLE
F&3e WYl 5, 7 Fol At FRY A% €Y
WRlolt ol oriE M PP A8
2o 74N e] g BALEA Y dY eHA=E &
d 5 Ae FHE R Aoy HAAA A ¢ &
Ae FRE Aoy, HId AJd Auwe 3
Z&e 9y Y= HZ(single threaded access)el] 7]
233 ok WA Aol Y& JHaA @
oHA F=A P98 1R A Ao B
¥ A8 B¢ oy A Ao A5E A&
A7) 48 Bl 8o

2 =RdAe d3A A5 728 832
T3 FxA 5ol wAE, ide] R A
g A o 2ase G4 BAHE 3
€ H2s7) A ¥+ vde dAN 783
2z ok AgE $rY gL B 728 0|89
FATNA AL & 209 ¢ulE F°l 3L, Bakerd
shallow uielgel 71 2@ FR(2, SllA o wdg
Fzg o, ANE Aue AL YA A74
e Y=g /fAE) AF Zolt B =&l
2o AAE A8E 99 2ol M@ T 7
43, A Ao A v dP Fxe B A
HE ol §3to] GAXNZE UG EF At 4
2 & Wy o] gHAZNE v 2] A Pl
ole] 2= F&7[14] FoAM F+¥ e 7T
A7E B

2. B AR

21 By g
FAoldAE AN gnF o) A2

& FAo] 7ted B 2E ARTFEI Bo] AHEHE
Aot it JHY AojoMe g P
g Y23 Pl Az 7Hedty, AL 9
@ 37123 B3 g 2EdA 2 7HE ¥UEHE
A 719 FHe AYE 5 Ae I g Bol AHE3
2 tH2, 11).

wpab ] A7 288 PSR F2E 5 A

EHMAIZIO| JIME IS Y U MA R B 1263

on, ¢ Ee 7ol He wdEdE FFAod =
437 AT B A3 A AT F5Y W)
ge Mde A48t ALste Wyl et 7t
3wl A(incremental array)?} @43 ¥} g (monolithic
array)2 78 Y 4 Ach 348 wjde S 2L
37HA A4AE ZeoHl).

- newarray (n): 27| 7} n2l W g A4ste A=
- select (a, i): M acl A A Y234E B@ste d
22
- update(a, i, x): 22 e M2L WY a'g 44
e A4z
select (a’, j) =select(a, j) V j#i
select(a’, )=x

Z718 g e BAAMA g Yeje] 948 7
AY F gleng B¥HPY oo wida} FALSHA T
28 EAFLe Ty VoA BAAN] i
A9 drid FEdoje 54L& /A8 A, 2
iz} e Aol AM g oid BAE o} e
HALAYE ete Aol o S0, g9 =2
2P & newarray(n)ol] o5 AP A WY adl) A3 A
AFo g initP5E &3l o] Y48 x2 2
718ste =2 agolu).

init(a, i ,x)=if (i=0) then a
else init (update(a, i, x), i —1, x)

olof, inite] A 32 vid as} Z& 37)9 W]
& ¥l BASHA o Z2}e) EAbf i@ AT R
FTVEZEE OmIold). netA Wd ai 7133
£ e Om2)uge N Fho| ¥astA o
oA TYUY Z2aPo] HRY Aol WYelA
dojA e AZHERZE O FAEZE Om H
3 333 v A LHo|).

B9 e e e 29y vd2A ug
HAAN Zt YAEL B 27188 + e Wl
dolt}t. ol Mg A4 A FE + A
£ ¥ kst d& E9l, #4 make_armay(n, f)
e 2717k nol2 & Y29 271 filling § fol
o3 249 ML YA 3. §, make_array(n, =



1264 S K 2/ED] =2 X M3V HI55(96.9)

Ztzbe] Y4} alil=f)E 2739 gL GaY
o olgl Zo] BUY wEL ML FP3}T 7]
gate FAd4A SRR F7HY vl viEd
2 oMY= Y & ACHISL ze SUY W
ohA 7BAAXL F7HE Lo M 8} o] filling ¥
Fof o8 x7gto]l WA E M2 jdE APk
g st £l 933 A}

2.2 B8 vl ge| HAIRH|

&5 Aoy A8 e Z2ad 93
FzHoE 1 ol WA Yv Fsateloof =
2 2E QA E J4 JAE F& Qo g g
& AHgEle geAoldA g fhe diF AU
Y% A9 x4 TPYYE 1Ay A BUAEA
7} 471 €.

H8 g ol g PANALL 21-ANM e
ups} 7o) A ALte] WA s A4UF A2 Yl
o] wd g i BAo} e Y=g Zed
(11). Ge}A ols} e AAEAE A7) A8 @
oz Hutyd A B4 W4, 8, 16], F+4Aol9
oju) & Agshs Bo, 13, 19], ARA 2] R8T
Zg BgHoz e Wil 5 7 B 9+H
3 Ut}

Aod A7 BA g2 Aoy A7 $48 A
old] ¥ @ 28 HEE A3 FH vjde
YA B33 oF 7 M(destructive update)sd} 7] 91§
Wygo oi$ H2AQ F=§ FE 5 Udde FH
€ zted. z2Ey olgd ¥4 WYL ¥+ 223
P F3o] 54 B4 M(evaluation order)ol] 23]
A o] RojATte AR /Mo B=2 AL BT
olvz} Hod Azt A2 = U FRI P
gt S-S ZeHs, 9l $rdeold] ojng A3
e P e B A% 728 $5Ad9
FEo 3715t AFAR BAo] FHEHEE ¥
Yol X g, §A) @Y £ e T2 aPNE R
WY = UES APso] ey, olg vehlir] A
% 8 A 2" (type system)o] E-33=) 0cH9, 10, 19, 201
olg} 2+e A B Fo WHEL tF 2d= H2
< 9% JEAE F2& HE3R] Foug YA
oj9) Aol AstHn, YrieAst Ao A
#¥ 4§ o Qe BAME Zed

13 2= A ASe= AASI] A A8t
AN Fox AIEE F doemz AN He| Amset
74N %ol A7t BT FASH ok #rt. )9} o]
#A vjAd] diF AEE FA 7] AN LA
o A872E A&Foz #sr] A% WY
A3 k. olHF HP HEXHY AFEE Wl
deo] QY AE ER|E ojf3to] FHE Wy B
d AENL A= FA3E shallow vl g Wo]
gic}.

EE o] g3 WY[7]& wid g <13 E FH
FASed P9 Vi @ F2 PAE 9
T YA A ZHE Olog; n)olw, vid o] BALE AslA
£ iyl g4 Az o] EAzte =9 AFHEF
N2 =g ool 2 7]4FT 44 O
(log, Mo 2 433 & oW =g 72 dd §3)
o] W& A wAe] A Ao BErHsd A
2 23 AY.

7ANE ARE #AF7] AF FHAA NAHFT
2} JAA o] O(1)e] 75§ Baker?} shallow v}Ql
Jofl A2 P2, 515 e wHdd g# 3z}
o)ol 7Hded FARL2ZM e wHg A%
Hog Az AL AdH AP L Zeth a8y,
oe vjAe 7l Yast A4S AgAtd Ray
ZE AFAH e ¢33 & ed 53] & o
Aol di g Fz7F v sAY, YA D] AE72
& A7 o AAE AR89 F27 AdA, A8
F2E AFAQse vlge] g AXe LWA=GE
Zreth (28 D MgS Adste wide 948
g3 e &M PAEe F2RE o, shallow
g WyolA ZARE fAHT FRste Y
& 2geld.

- A=Newarray(2); B=Update(A i, 0);C=Update
(A i, 1);D=Update(C i, 2);

> Select(B i,);
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[¢328]2& 1] Evaluator
(] §) combinator program graph
(29) constant, list, array
Hg)
Evaluate(root_address of combinator program graph)
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Node_ptr+—root_address;
/* Node_ptr is a pointer variable for pointing
of each node */

while(1)

{
while (*(Node_ptr) is pointer) /* loop for

searching of combinator */

PUSH Node_ptr;
Node_ptr «—*(Node_ptr);
}
switch(Node_Ptr) {
case Turner Set Combinator:

/* Execution of reduction according to

each combinator */
case Type combinator:

/* BOOL, LIT, ARR */
case Primitive operator :

/* logical, relational, arithmetic opreators */
case M:/* reduction rule of make_array
operator * /

array_size «—Evaluate(lst_arg);

return_value +—Construct_Array(array_size) :
case D: /* reduction rule of update operator */

array «— Evaluate(lst_arg);

index «—Evaluate(2nd_arg);

int_value «—Evaluate(3rd_arg);

allocate new node;

if (array is recent version)

{updating original array;
new node =(index, arraylindex])}
else { new node = (index, int_value)
poinling array}

reset updating information;

return_value «— Array_updated();
case L: /+ reduction rule of select operator */

array «— Evaluate(lst_arg);

index «—Evaluate(2nd_arg);

if (arraylindex]. left is nil) element «—array

(index].right ;

else element «—Find_Element_Of_Array
(array, index);
return_value «—element ;
default:
Unknown combinator_error();

5. 48 % "Wt

¥ =8 AGE Y uidy gL AF
&2) 915t Avdlely oA = FF7] FoA g &
# 7he WAl T2y L o] -5 HP-9000/700
Ade fazelold oA Byt

- yixal2 g 273 2 RE k=9 g4
init_and_traverse()

- Wixula 2:0] Y g o] & ¥ HEUR G ZRD
¥ : fibonacci ()

- WX ol 3:u g2 sort 223 :array_sort()

- fiXjnkA 4: A5 F o] F4 itraverse_two
_ver()

- Xeta 5: 5 WA g FIe TR dif-
ference_two_ver ()

WiXola 1& 2E e Y48 A9 goz
Z7138 Fo ol NFHLE Fxde 22
o3, X ulA 2= WAL o} &3ty B A e
Fate Aoz AFE AL Fxste TaaYPon,
WX el 3 wjde WS 27 28 Ydde
RO2 qleje] 448 s AEA WEojd =
2ageld. o8 WXvja ZEIPFEL A2 Y
AL F2 Fz3n AAEe A+ A2 B =8
o #&4< vehdz A% Aotk WRHA 4
shallow ¥}Q1 3 Wi vl dle] & =84 BN g
T e oo ddE dehdly] A48 Aoz g&
5 WAL d4Ho g Fie TPt WA
akA 5% shallow ullg Wy e EAFE& JYehW7)
A% Aoz F wldoM zhzhe] Q49 A E F317]
A¢ = aPo|ct
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{Table 3) Comparison of the node traversal

Wxvla 223y |E]Y WY |shallow binding| 48 ¥y
init_and_traverse(100) 1400 400 300
fibonacci(30) 375 142 114
array_sort(20) 2380 1102 834
traverse_two_ver(20) 480 260 330
difference_two_ver(10) 200 195 115

(H 3)& o|g} Z+e fiXmja T2 Y& o] 859
2P E o] WY A A e Ay o
dYHE ke GMATE EE o488 Wy,
shallow ul1g Wy 53 Add WP L w27 2 o]
.zt o202} 1z} Zte WY Ao AF
& Yehdch

EZ g o] &3 W2 vy 7L 98 d4to] o]
Fo]d wwuict Ollog, n)9] =E8 WARE 3 wig
o deje] 4AE A 4@ AZHE Ollog; n)ol
52, 0d Q44 AMHQ k& GBI} Fojd
o} E3} shallow ¥}l 9] 32 o} vjAd] gt F
Z7F B4 E dujc} AL AFPs7) 9% vl ol
AABZ =9 G437t Frhec

B =89 98 758 A2 e = WAL
Aol FAFo2H A2 WA g F=7}
O(1)e]] 7153, thE WA g =g A8 4
Azl B3 & AFA st v go] Yaglon, A
WA @ BEo| olFo] A AL AN FHE o]
&3t GARFE Y 5 Atk BAIvA 49 ¢
T ¥ RN AT Y widoM SAHE ¥
o}e] -2 A shallow v}y Wy H} §4R¢7)
F7tEl 2 gt} o] shallow HlRlge] e WAL
AEA0 2 F2Y AL 77 He FH 7 Ro
A5k, YR ut3 591 o] AF g WAL P2
ASelAd, A2 WA g Fxst g FLof
A& shallow ¥1Q19 W B} AEHYL &4 5 AUtk

6. W& 3 SEax

£ =RdXe gF 24=8 Yste §FY 9
doAA detde 71930 2 94T BAE AL

SMAIZIQ) THME 2B BT UiB ) HAH R 78 1271

37 A% $+Y Mg dAS R, o8 FHuvlelH
2R E FE7] BAA FREAA

Are $FY gL 7gAo] AE wfvict FA
He ZAgd ¥ 714 719F 30 O1) T3kl
HEg sgen, AANEE o) Hees ¢
Aot £ =82 de o] 8% B ¢3YF
Ao HAg F2 Fxdde BHAN H2 A S
A g #AGESE sgen, e HHL F=
e A4 ¥AE AFAse S 9ARAY. 9
s} Zrol A2 WA i G L o) 7He3tes
goaN PPY Adojzt e wide S 2HY
Z A Sk AYE 299 3L FulvlolH
ad= #%7) doM WiAea =2aP ¢ o83t
o £9¢% 49 AAE 3o GH4AF HLEE
LR 1o

doz 714 7194379 Feol 2PHHAE
AR 2 2E ol EAse #A wAd g GAA
ZHg A3 A o] ASsolor & A7
| ojc}.

g

(11 J. B. Backus, “Can Programming Be Liberated
from the von Nuemann Style? A Functional Style
and Its Algebra of Program”, CACM, Vol. 2i,
No. 8, pp. 613-642, 1978.

[2] H. G. Baker, “Shallow Binding Makes Func-
tional Arraya Fast”, ACM SIGPLAN Notices,
Vol. 26, No. 8, 1991.

[3] R. Bird and P. Wadler, Introduction to Func-
tional Programming, Prentice Hall, 1988.

[4]1 A. Bloss, “Update Analysis and Efficient Im-
plementation of Functional Aggregates”, Func-
tional Programming Languages and Computer
Architecture, pp. 26-38, 1989.

[S] T-R. Chuang, “Fully Persistent Arrays for
Efficient Incremental Updates and Voluminous
Reads”, 4th European Symposium on Program-
ming, LNCS 582, pp. 110-129, Springer-Verlag,
1992.

[6] T-R. Chuang, “A Randomized Implementation



1272 st ME|S2| =2K) MIA M 55(96.9)

of Multiple Functional Arrays”, ACM Conf. on
Lisp and Functional Programming, pp. 173-184,
1994.

[71 J. R. Driscoll, N. Sarnak, D. D. Sleator, and R.
E. Tarjan, “Making Data Structures Persistent”,
Journal of Computer and System Sciences, Vol.
38, No. 2, pp. 86-124, 1989.

[8] K. Gopinath and J. Hennessy, “Copy Elimin-
ation in Functional Languages”, 16th ACM Sym-
posium on POPL, pp. 303-313, 1989.

[9] J. C. Guzman, “On Expressing the Mutation of
State in a Functional Programming Language”,
YALE/DCS/RR-962, Yale Univ., 1993.

[10] J. C. Guzman and P. Hudak, “Single Threaded
Polymorphic Lambda Calculus”, Symposium on
Logic in Computer Science, pp. 333-343, 1990.

[11] P. Hudak, “Arrays, Non-determinism, Side-ef-
fects, and Parallelism:a Functional Perspective”,
Worshop on Graph Reduction, LNCS 279, pp.
312-327, Springer-Verlag, 1986.

[12] P. Hudak, “Conception, Evoluation, and Appli-
cation of Functional Programming Language”,
ACM Computing Surveys, Vol. 21, No. 3, pp.
359411, 1989.

{13] S. L. Peyton Jones and P. Wadler, “Imperative
functional programming”, 20th ACM Symposium
on POPL, pp. 71-83, 1993. )

(14] S. D. Kim and W. H. Yoo, “New Combinators
for the Efficient Execution of Functional
Languages,” Proc. InfoScience '93, pp. 381-385,
1993.

[15] P. J. Koopmann Jr., “A Fresh Look at
Combinator Graph Reduction,” ACM SIGPLAN
Notices, Vol. 24, No. 7, pp. 110-119, 1989.

[16] M. Odersky, “How to Make Destructive Updates
Less Destructive”, 18th ACM Symposium on
POPL, pp. 25-36, 1991.

[17) D. A. Turner, “A New Implementation Tech-
nique for Applicative Languages”, Software
Practices and Experience, Vol. 9, No. 1, pp.
31-49, 1979.

[18) P. Wadler, “A New Array Operation”, Workshop
on Graph Reduction, LNCS 295, Springer-Verlag,
1986.

[19] P. Wadler, “Comprehending monads”, ACM
Conf. on Lisp and Functional Programming, pp.
61-78, 1990.

(20] P. Wadler, “The essence of functional progrmming”,
19th ACM Symposium on POPL, pp. 1-14, 1992.

>
8 A

19854 <Isttigtw A &Y (ol &AD
19874 AN et AAALNGH EY (01844
1994 Azt &tae & AR A A shat Al £ 8
19879~ FHATUNY AAA N Ry

B ZaadY doj(FaAdo], AH A 8o,

AR, EAe

T ¥ 3

1975 A-gdigte F4s &
L5534 (el sHAh

19783 Ajguiste gy Al
8 A F (el g AD

1985 A guigte gt AL
& A F(o] &utal)

19799~ A Qatustz 2o
8 AApAYE 8

T Boh: gy Adoj(HAZt g gy A9,

4 o))



