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ABSTRACT

The USAF Interactive Pallet Loading System (IPLS) is a

real-time system for the planning of loading pallets. The

system used a combination of Dynamic Programming and Heuristics,

"long with user interaction to accomplish the pallet loading

task. The system is designed to be interfaced with the Base

Automated Mobility System (BAMS). Examples are given.
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PAI.LE

I ritroduction

Ihe USAF Interactive Pallet Loadir, Syrteni (IrS) is rt
int.eractive comriterized st4stem to 35'.ist ir, the Plarnirij of
loairq pallets. IFLS is desired to ir,terf ce with the USAF
Base Autonmated Mobilit!! Svstem (PAMS) data base. The object ive
of IFbL. is to automate the ealletizatior' of the unit materi71
described ir the BAMS data base, and to ni.axim i ze the '.tili-'t9 iou
of the available cube or, the pal let. TPI.S is r.rocrammed ire

FORTRAN IV on a FDF--lI/34. Ir what follows, rrevious effort. arid
current research on the Pallet loadins Prohlem are discussed
alori.: with a serieral statement of the difficl.lty- of the problom

nd the Philosophical approach taker, here. Ire the followir
section the s-eneral structure ard use of IPLS is Presented. Th r-
t1e mathematical structure of the pallet loadin, al.iorithn is
laid out. Finally, comments or, the renuirenents to implerient
IFLS ir the 'real world' arc discussed alori with Potential
future erhancements. IP.S, at this roint, shoild be considered a
developmental stystem.

B a c. rlnLr, 6

The Pallet l.o.rdinr Problemn is related to a Problem lonr
studied ir the Operatio s Re ;e rch literature: The Cutt rid 'toc.k:

Problem. The c:-t.tirnm st.u,-k literature is not. discussed here' b,;t

the interested reader i "; direct.r;d to a recent review Paper bh,
Golden [5]. The two-dimensional cuttirm Prob.lem (of which the

pallet loadinq pr-oblem is a special case) has been studied hV
Christofides and Whitl)ck [l, Gilmore arid Gonorv [43, Hahn [6],
and Herz [7]. The two-imensional cuttinq Problem becomes the
Pallet loadir-1 problem when the renuiremerint for _u illotirp tjpe
cuts is dropped (i.e.,strai .ht cuts made ir, stases from one edSe
to the opposite ed.Ie of the obJect bein,1 cut, such as with a

common Paper "utter). Steudel [9) studied the Pallet loadin
Problem°i. However, his work was limited to the case where all
bo:es have the same lenth and width. He developed a Procedure
combinin heuristics and dyramie programimin,

DeSha [2], in ar uurjblished master's thesis, developed a
heuristic for loadirng containers. His Procedure first sets tjp
stacks of items to fit the container height, ther loads the
stacks ire the container to maimize the container floor area
covered. The heuristic appears to obtain ouite lood results

usirg a data base with bo;'es whose dimensions are ranrd oml
5Pnerated. The Proced.ire doe not, however, includp

considerations of center of gravity', positioning of hizardous

material in the container, or bo;," manipiulation (no "this end up*

assumption).
The Pallet loadin-1 Problem falls in the catecuory of Problems

called NF-HARri [31. Conseoueritly, a trulv efficient optimal

1 orithm is riot likelg to be forthco,'jri-1. Ir develoring an
approach to the problem that would be coi-stent with the
special needs of the USAF, it also became clear that it. would be

Miqhlv desirable for the system to be interactive. This would
allow a user to _guidr the solution of a Pzrt.icular loadin.
Problem ir order to deal with those, ,irnouaritifiable clements u4 a
'real world' loading rroblem. With these observations in mind,

- I-II . . .. . .. . -&n . . .., -



IPLS has been developed.

Structure and Use of IPLS

IPLS is structured ir, two Parts. The first Part is the 'BAMS
Data Manipulator.' The second i: t.he 'Pallet Loading Proceduire.'
The Data Manipulator is a special Purpose front end 'sorter'
that allows the user to obtain a set of cardidate boxes for the
Pallet Loading Procedure. The Data Manipulator is structured on
the 'menu' approach and uses a series of data bases in order to
build the candidate set. The data bases are named BAMS.'AT,
BAM1.DAT,.00 ,BAM4.DAT, and PACK.DAT. BAMS.DAT contains a card
image file of the Base Automated Mobilitu Svstem Data (obtained
in the Present case from Moody, AFE). BAMI.BAT is ar, urformatted
cop of BAMS.DAT. BAM2.DAT,0..,tBAM4.DAT are temporarv files used
in the selection of candidate bo-es. PACK.DAT is used to store
the BAMS data for bo.'es allocated to the Pallet.

The menu (option list) of the Data Manipulator contains
seven options:
I. IDENTIFY THE LIST OF ITEMS
allows the user to choose which scuadron increment(s) to include
in the candidate data base. The load data for selected
increment(s) are read from BAM10DAT and written into BAM2.DAT;
2. SORT FILE OF BOXES
allows the user to sort the candidate data base bv length-width
or height (see figure la, and note that user responses are
circled). This facilitates the choice Process (ParticularlV when
coupled with option 4 in the meru). The sort is two Phase (i.e.,
if the primary sort is bv height, the secondary sort is bv
ienth-width within heiqht, and visa-versa). A frenuerc
analysis of the box dimensions is also Provided or, screen
(figure la). The sort car, be Performed on BAM2.DAT,...,BAM4.[AT;
3. SELECT SUBSET OF BOXES FROM FILE
.llows the user to select from BAM2..iAI (DAM3.TiAT) and clace the
desired bo.es in BAM3.LiAT (BAM4.DAT). Selection is made bA
ir,,uttir, a lower bound and upper bound or, the desired dimensior,
(ler,.th-width or height) for the selection Process. Ar
abbreviated freeuency analy;sis of the bo., dimensions is Provided
or, screen (figure Ib) to facilitate the choice process;
4. VIEW A 'BAMS' FILE
allows the user to view the BAMI.11AT, ... ,BAM4.DAT, and PACK.DAT
files (figures 2a and 2b);
5. MANIF'ULATE SPECIFIC BOX(ES) IN FILE
allows the user to eliminate box(es), to move box(es) from
BAM:'.DAT to BAMv+I..DAT, or char,-e orienttior, of bo.(es)
(figmures 3a, 3b, and 3c);
6. STACK FOXES PRIOR TO PALLET LOADING
allows the user to create a file of "stacked' bo.es (figure 4).
The boxes are stacked, usirg a I:Iynartic Frosranrmin "kr' -sP c c.
code E8], with the objective of riaximizin_= the clube filled over
a 'base' box. The 'stacks' car ther be loaded usir. l the Pallet
I oading Procedure.
9. STOP
ternirates the Data Manipulator.
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fIOOSF OPI TON

H IEN [IFY LP F: OF ITL.M
2 SORT F'ILE 01 1OXIS

2rELi.(:1 ,3IU J OF 1 I- IrxE:S F-ROM FILE
4 VIEW A "HAW), F [I.
. MANif:'LI! Afl- O FlI: IL P OX(FIS) IN FILE

6. (-;rACK lOXFf.S F'R.[IIR I L-O'D.L [.1. I [.h:J]:NG

' i ,, / '1 -/ 4/5/619 "1"'

, ' 2 I I A M 3 ,OlR "Ic(i 1 4" I.." ?3 , :1

f fIMARY SOl:R B Y *L III-WTH', (. R '1lG F CL ? I-4 0
SF (" N iF, Y -UIT 1. Y 'i. ' I-WI11 ' "H3" " OR NFINE I., U v I-t I I

I.-FO'H VTI I -W I CITH - I 1.1' llr A tii-' !";I

W vfl NO4 WlII:('-IT CtF; U ,,I E FT L W .IH NO. WET.IHT .- IT -

3 .1. 90. 1 , ,:', 32 1 '0.
,3 ., 5, 3 6..7, 3 :3 659, I

'" 1. 5(. . 34 3 1,7
0 4 1 5 C 3

.315 1.) 1 0u.
1 I 5 382. 2 5 2. , 307. . ,

2 :1 09 12. ::2 37 1125. 1 /. 59-
13 4 22.0 1 6, 7 . 4 704. 34. l0 .
14 1 130. fl. J, 40 1 50. . i
15 8 1019. 2)_9. 36. 42 1 52.. 5.
16 14 1932.,' 5. 73. 43 33 3165. 75, 2 7

17 27 2730. :114. 161. 46 4 1000. I1. -10.
1B 45 4933. 24:1. 361. 47 6 1200. 15. 59.
19 42 170. 223. 35 3. 48 2 415. 9. :6.
20 23 3067. 11. 1 3/. St1. 3 300. 12. 57.
21 11 1680 50, ., 52 1 130. 2. 10.
2 6 600. 80. 146. 56 2 760. 11# 52.
23 1 130. 5# 10. 57 1 267. 9, 41.
24 6 535. 38. 76. 58 6 600: 30: 146 .
25 4 6250 42. 96. 61 1 215. 4. 22
26 1 75. 7. 15. 67 .2 2120. 31. 174,
27 1 " . 3. 7 2 120. 31. 174.
28 1 400. 4. 10. 73 :1 50, 1. 5,
29 1 50. 2. 5. 74 1 55. 2. 14,
30 2 190. 9. ., 92 1 89. 2. 12.
31 12 1434, 27. 70. 0 0 0. 0. 0.

TOTAL 126 17431. 1308,

Ftgurv 1;a

-3-
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CHOOSE OPTION

1. IDENTIFY LIST OF ITEMS
2. SORT FILE OF Boxi.s
3. SELECT SUBSET ov BOXES FROM FiIL.L,
4. VIEW A OBAMS' FILL
5. MANIPULATE SPECIFIC BOX(ES) IN I [LE
6. STACK BOXES PRIOR TO PALLET L.Ot1 .i:-,
9. STOP

[1 /2/3/4/5,'6/9-1 0
READ FROM "BAM2", WRITE TO "BAM3, OR
READ FROM "AM3, WRITE TO "BAM4" [2/3'.

CHOOSE OPTION

1. SELECT ALL DATA
2 SELECT BY HEIGHT
3. SELECT BY LENGTH-WIDTH
9. RETURN [1,2,3,9]

L,W,H NO# L ,W,-I NO4 LW,H NO1 L.,W,H NO#
10 4 1 16 -1 2 4,3 33
17 11 17 29 36 2 0 0

CHOOSE LOWER BOUND I/

CHOOSE UPPER BOUND1

tHO0"E OPTION

!i • r[rENTIFY L-_ST OF ITEMS
0 SORT FII. E OF t()XES

* SE.ECI (A J ! . OF B(F:l S FI<(J)M F TI..IE
4. VIEW A "BAMS' FILE

. MANIPULATE SF*ECIF":C Di X(ELC) IN FIlE
* STACK BOXES PI:iOtR, TO FPAl.I-[ .OAtINCN9. STOP ,

TTI -- STOF

igure lb

-4-
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CHOOSE OPTION

1. IDENTIFY LIST OF ITEMS
2, SORT FILE OF B'DXES
3 SELECT SU SIE OF 40X i'S 1 I E I
4. VIEW A "BAMS j:ILE

5. MANIPULATE SPECIFIC IOX(ES) IN FILL
6. STACK BOXES FRIOR rO FALL..F LOADING
9. STOP

lANT "BAMl ,', AM2",BEAM3"'y'B(AM4 y lR "I'ACINN
E 1/2/3/4/7]',.

[NCR ITEM CUBE lTl1 WT I i(3r I.JF[-.[ I3 8 i
NR N R FT. IN* IN. IN. LB13. 1.( 1:

BOO1 006 p 17 19 43 200 0
BOO1 013 13 17 19 43 200 C 0
POOl 008 8 17 19 43 !2 0
Pool 009 [ 17 19 43 125 0
BOOl 010 8 17 1.y 43 .'
BOO1 O 1 A 17 19 43 ... ..) 1'5
BOO1 012 8 17 19 4:3 100 0)
BOOl 007 8 17 19 43 85j 0
1041 002 9 18 19 43
10-11 003 9 18 19 43 0
[(,41 004 9 18 19 43 95
! (.11 005 s18 19 4 5 0
1041 00 '1' I13 19 43 95 )
1041 007 9 18 .1 Y 43 '75 0
1041 008 9 13 19 43 95 0
1041 009 9 18 19 ,13 5
1041 010 9 18 19 ,3 95 0
1041 011 9 18 19 13 r5 0
1041 012 9 18 19 43 95 0
1041 013 9 18 19 43 95 0

INCR ITEM CUB! LT THTI- I .G (4 Fi (3-11 H f)i(
NR NR F '. IN. [N. IN. LBS D F:; I-

1 041 014 18 :1.9 43
1041 015 9 t 19 43 9. 0
1041 016 9 18 19 43 95 <)
1041 017 18 1. 9 4. 95
1041 010 9 1,0 19 .3 ,5 ,
1041 019 9 18 t 19 43 6
1041 20 / 1.9 , 3 10 )
1041 021 IC 1.7 1.9 43 1,)0
1 041 022 3 [ 1.9 4 i1

Figure 2a
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CHOOSE OPTION

1. IDENTIFY LIST OF ITEMS
2. SORT FILE OF BOXES
3. SELECT SUBSET " 1 oXLS kON r I F
4. VIEW A "BAMS" FILlL
5. MANIPULATE SPE('IFIC BOX(L_-;) IN FILE
6. STACK BOXES PR TO 1 .'A[ L ..uADING
9. STOP _

I ./2?/3/4/5/6/9 I

WANT 'BAM12"AMUBM3Y"VAM4"y ONkI:AUKQ
C1 2 :L2 3 4/' Fi!

!NCR ITEM CUBE LfH WTH HGT WE I GT I Si 1: K IOtC LEVL
NR NR FT. IN. IN. IN. LBS. Z L:0(1)I1 1_ W IN.

DOO1 006 o 17 19 43 200 0 3600 0
001 013 8 17 .19 43 200 C 0 5300 0
Boo1 008 8 17 19 43 125 0 7000 0
BOOl 009 8 17 19 43 1.25 0 8700 0
$OO1 010 8 17 19 43 125 0 19 0
BOOl 011 G 17 19 43 125 0 J/119 0
B001 012 8 1 1 43 100 0 3419 0
B001 007 8 17 19 43 35 0 L119 Q

1041 002 9 1D 19 43 95 0 0 )
1041 003 9 18 19 43 95 0 1800 0
1041 004 9 i8 LH 43 95 0 66,19 0
1041 005 9 18 1.9 43 9'5 0 8619 0
IK41 006 9 18 .19 43 95 ) 33 0
1041 007 9 .5.8 1 43 95 0 1Y3 F. 0
1041 008 9 13 .9 43 95 .8.8 0

1 ¢, 009 9 17 3? 43 '5 0 57.3 0
T 41 010 ' 13 i. .3 15 . 7..'

1041 011 9 13 1 43 ) j 56 0
i041 012 9 13 19 43 9 0 1 U 156 0

1041 013 9 1 19 4 3 90 3656 0

SNCkR ITEM CUBE L T WIN 11 -)T WE]J[ Jul1 II St I 0K C.O LEVE-L
AR NR FT. 1 N. IN. I. [.S Z GO.E D L W IN.

1.041 014 9 18 119 43 9 0 5456 0
1041 015 9 1, 19 43 9, 0 J25 0

Figure 2b
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CHOOSE OPTION

1. IDENTIFY LIST OF ITEM3
2. SORT FILE OF BOXIL*";
3. SELECT SUBSET OF BIiXLS FI:,J()M F 111
4. VIEW A aBAM" Fl.
5. MANIPULATE SPECIFIC JOX (1) IN FI L._
6* STACK BOXES FRIOR 10 F-'Al1. I' 1 . 0011 NU
9. STOP

CHOOSE OPT ION

1. ELIMINATE A BOX
2 COPY A POX .-ROM H AM* 1 f j(', j(] L, . A I

-3. ROTATE SINGLE BOXY 1-ti ,hT HGF OR WTH TO H(7 r

4. ROTATE BOXES COMF C()NMON Ij.b,IT
9. RETURNQ

MANIPULATE BAM2, BAM3, OR BAM 4BAN 1.2.3,1 0]
INCR ITEM CUBE LTH WTH HOT wEI.1-F H STACK
NR NR FT. IN. IN. IN. LBS. Z CODE

1. BOO1 006 8 17 19 43 200 0
2. B001 013 8 17 19 43 200 C 0
3. BOO1 008 8 17 19 43 12 0
4. BOO1 009 ij 17 .19 .13 1. 0
5. B001 010 1Y7 4 3 1 2 1,:
6. R001 01 8 17 1.9 -3 1 0
7. BOO1 012 8 17 19 43 100 .
9. B001 007 8 1 .', 40 1 . 3
9. 1041 00 :"- 19 4

10. 1041 003 9 1' 1Y 4' 7
II. 1041 004 9 il 1 4.3 9
12. 1041 005 9 l 19 4.3 y
13. 1041. 01" 6 9 11 '( 9 43 5
14. 1041 007 9 1 .19 13 0
15 , 1041 008 9 1 R 1 9 ' ,

IVNTFR NUii1tR OF BOX TO PC Cl. LI i/i"i .I I

I BOXES ELI.IMINA fFI,1
28 BOXES RE hAN IN BAN4.lB,

' ELIMINATIONS [Y/N]''

Figure 3a

7 -



CHOOSE OPTION

1, ELIMINATE A BOX
2. COPY A BOX FROM BAM* 'ATo .AM*f:.lIrAT
3. ROTATE SINGLE BOX, [.TH 10O Hi [ (OR WTH to HGT
4. ROTATE BOXES FOR COMMON HEIGHT
9. RETURN

C 1/2/3/4/9)~

COPY FROM OB AM 2 ' TO FBAM3' OR
COPY FROM "BAM3" 0 'BAM4" E/3 1

INCR .[NEM CUBE . fH WTH H r WEIGHT H 3TACi
NR NR FT. IN. IN. IN. LBS. Z CODE

1. BOO1 015 9 10 36 43 46 0
2. BOO1 017 9 10 36 43 46 0
3. B001 006 8 .17 19 .43 200 C
4. BOO1 013 8 17 19 43 200 C 0
5. BOO1 008 8 17 19 43 125 ()
6. B001 009 8 17 .19 43 125 0
7. B001 010 8 17 19 43 125 0
8. B001 011 8 17 19 43 125 0
9, B001 012 8 17 :1.? 43 100 0

10, B001 007 8 17 19 43 85 0
11, EA02 012 5 10 21 43 30 0
12. EB02 012 5 .10 21 43 30 0
13. 1041 002 Y 18 19 43 95 0
14. 1041 003 9 18 19 43 95 0
15. 1041 004 9 18 19 43 95 0

ENTER NLMBIER 01:- r ITO Bl' CO I F']:ID I:F('j: i 1DAM30 To "T :TAM4"
OR 0 TO CONTINUK9

INCR I TEM CtUDI. LIH WT II 1I WETGFIT H '. T1A.l,
NR NR FT. I N. IN. I N. LrDo . C 0 11rE

4, B001 013 8 1, 1 1? 200 C 0

I BOXES COF'I,I] INTO ".6A 'i4"

COPY ANOTHER DOX [Y/N]O

Figure 3b

-o-



CHOOSE OPTION

1. ELIMINATE A BOX
2. COPY A BOX FROM BAM* *uAT TO BAM*.I .1DAT
3. ROTATE SINGLE BOX, Llil TO HOT OR WTH TO HGT
4* ROTATE BOXES FOR COMMON HEIGHT[
9. RETURN

S1./2/3/4/9]'j4

MANIPULATE BAM2, BAM3, OR "AM4 1:2,3,4]
ENTER UPPER BOUND ON COMMON HEIGlHT 0
ENTER LOWER BOUND ON COMMON Ii:'3IGHT 11/1

29 BOXES IN "BAM4" HAVE BEEN I.Or,rj.

DO YOU WISH TO VIEW "BAM4" (Y/N Q

CHOOSE OPTION

1. ELIMINATE A BOX
2. COPY A BOX FROM B1AM*.11AT TO 'D'AM*f-1.DAi
3. ROTATE SINGLE BOX, L.TH io HGT OR WrH TO HGT
4. ROTATE BOXES FOR COMMOUN HEIGHT
9. RETURN

CHOOSE OPTION

1. IDENTIFY LIST OF ITEMS
2. SORT FILE OF BOXES
3. SELECT SUBSET OF BOXES F I []M FILE
4. VIEW A "DAMS" lE
5, MANIF:PULATE SPECIIVC X( ES) IN F..LI
6. STACK BOXES PRIOR TO --AL.E L.II)[iING
9. STOP

.1/ /3;/,I/5. 6 /9 ] *J 9

TT1 -- STOP

Figur 3C
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CHOOSE OPTION

1, IDENTIFY LIST OF ITEMS
2. SORT FILE OF BOXES
3. SELECT SUBEFm r or BOXES FIOh FILIE

4. VIEW A "BAMS" FIL. F
5. MANIPULATE SPECIFIC BOX(ES) IN FILE
6, STACK BOXES PRIOR TO PAII :I' LOA1IJNG
9. STOP

WHICH FILE IS TO BE STCK'Efl 12/:.3Q0

INCR ITEM CUBE I._TH WTH 1G I WE [;11 I ii s rc+,
NR NR Fro IN IN IN I , L D 2 Z , I

1 B001 015 9 1.0 36 43 46 ('

2 B001 017 9 io 36 43 46 0
3 BOO1 006 8 17 19 43 200 0
4 BOO1 013 8 17 19 43 200 C 0
5 B001 000 8 17 19 43 125
6 BOO1 009 8 1.7 19 43 .", 0
7 B001 010 8 17 19 43 12,t 0
8 oo1 011 8 17 19 43 125 0
9 B001 012 8 17 19 43 1.00 0

10 B001 007 8 17 .19 43 u5 0
11 EA02 012 5 10 2 43 30 0
12 EB02 012 5 .1.0 21 43 30 0
13 1041 002 9 18 .1.9 43 5 0
14 1041 003 9 18 19 '43 95 0
15 1041 004 9 18 1.9 43 95 0

WANT ONE OF THESE FI-OFR BA1S3F:'.
IF SO, INFUT NUMBER, O'fTHI:fW I i: IrN Fi *

INPUT MAXIMUM FJ:'AL-ET HE..IGHT (INCIIES)

INCR ITEM CUBE I... I1 WTH 11I. Wi. I U 1 IT 1 . IC
NR R FT. iN N. n IN .I Cw.;

14 1041 003 9 18 1.9 43 91 ,.)
13 1041 002 9 18 .1.9 43 9 0

WANT TO F'UT STACK ON BAM4.1),'I [YiN"lQ

Figure 4
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II tI I [ 1

I r , r,.-' t, ItP r. i(:I It Ir t, 'hr,1 0 ri' T I l *>

i r i s a l l a d i I~ i ro b i:i T i c. P 1 oac o .If, a Ier ri

I 1 0l A D )~ S01. 111T T fl NP, .. . ,t I:' ) o f e t ,k-, :,-, t i,- n. l r, , o r(-3 t , --' dt);

, A I i t of Y---ed , r , . hvs r :c -:. .r I. rt h orv-,

01 i FA CKF l P v'-F 0 N F H 1 A I

1 i . the e.h t, o i'er.on, cIn, rfo:-' fr n the AM ,f7
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-l-.r --- r "- -. i _ r i h w; I... r-. . r ae ?h t? tb 'f i -' ~ ,. -. 1 '' r. s.,

I CPA INC' t.O o0 , 0 X FS I N (-'0LUT TON 1 i kA R 'D ORI (-I N
I Ie f e h 1,; to 't1iehte c- ," r a p] t l,,ad eolfior, b,, ;hif ]r

t. r%. 1 ,- I ,, , VrV, r lef'f -; Frqd o rr r ( 1 r.7 n v i o .) f t- h '

.r, ho.' P -3le Pt i F T V-I' ,d J S r, oPt ior,; arid

tir riin tes the F'l let L-oI ir'.nS, Proce -ii re.

The fo].lowir,.1 descr i, es a wav of ,Isii.n_-' the i-Is sYste f,.
Assume that the BAMS.TIAT file contains a list of eouipmert
PPpropri.ate to the Plarned rnis.ior,. I I onl,3 a partial list is to

be used, the system "editor' car, be used to delete specific
items fro,, the file. Then the "REAriIT" pro_-ra (see appendi'<)
c, n be used to load the PAMI.DAT file from BAMS.DAT.

One a--roarh to loadi .r, .l (usir, the sYs tea,) would be, fi r.-t
to identify a set of candidate boves for loading and ther, to
load th-. Pallet(s) with box.es from the candidate list.

The first step in identifying a set of candidate boxes is to
use the IDENTIFY THE LIST OF ITEMS option in the Data
Mar,ipilator to select the saJadror, increnert(s) to be loaded or
the nellet(s) This resil. t r, a sibset of the BAMS.EPAT bo''e.
beirr stored ir, the MAH2.[.iAT file. Next, the boxes should be
sorted ,isirt the SORT THE FILE OF BOXES option. By e'aninir, th-

freeueric-- aralysis of box dimensions (provided as Part of the
sortt figure la), the usepr st.--rts to cet ar overall feelir, as
to the rharacteristics of' the set of cardid.-te bomes. Then eSir.:i

the VIEW A "DAMS' FILE option (figiure 2a) the uJser can further
,rhance his knowledge of the (-orted) candidate set. At this

Foirt the user care take severpl different aPr-roaches to Pallet
lroadlin. The followncl nlitliries three Possible ar-sroches.
1. Attemy-t to select a set of boxes with a commorn height. This will
:]1ow the user to load a 1at:;er of box.es on the Pallet (using the

pallet loadin_ r.rocepr/.jr(,). Ther he/she cir select another set of
boxes and load another laer ,ntil the ma'.inum Pallet height is
reached (fii,re 8a).

...- Il . . i I.. .. - .... _ _ _ _ _ _ _ _ _ __-: 1i' I i
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1 VI b.i L ,Ii 1:t(,M j" 9T .
.,~~~~ ~~ A':dJl Mi[ Ai,'~i~l ( H' !] 0N R P A.E

S.1. I l 1-1" " Ii ['II I WIE ItH r 1 G 3T A C1
! R NkI I . IN. ]IN. IN. LBS. Z CODE

8,o( 0I Oj1. .1.0 3 6 43 46 0
D 0 0.[ :1.' 17 19 4 3 200 0
L, 1 01 . 1.7 1.9 43 200 C 0
f:001 00. f 17 19 43 125 0

S01 00 8 17 9 43 12 15 0
.001 0:10 8 1.7 19 43 125 0

BO~l 0 0 [ 8 17 19 43 125 0
, 00 012 17 19 43 100 0

D001 007 .17 :1.9 13 8 0
E:B2 012 5 10 21 43 30 0
1041 009 9 18 19 43 95 0
1041 010 9 18 19 .43 95 0
1041 0.1 9 18 :19 43 95 0
1041 01 9 18 19 43 95 0
1041 01, 9 18 19 .43 91',5 0
104. 014 9 18 1.9 4 3 95 0
1041 (), 13 19 43 95 0
1041 0:16 9 18 19 43 95 0
1041 017 9 :18 19 43 95 0
[041 0.18 9 18 19 43 95 0

[ NCR I1EM CUBE LTH WTH HT WE I GHT H STACKNR NR FT, IN. IN# IN. LBS. Z CODE

1041 019 9 18 19 43 67 0
1041 020 8 17 19 43 100 0
1041 021 8 17 19 43 100 0
1041 022 8 17 19 43 46 0
1041 014 9 18 19 43 95 0

Figure 5
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WHICH FILE: JAMI? BAM2? BAM3? DAM4? 1:/2/3/4 Q

ZERO PACK.DAT? [Y/N

INPUT LENGTHS6

INPUT WIDTH

CHOOSE OPTION

1. LOAD PALLET
2. GET F'ALL-T LOAD SOLUTION
3. PUT PACKED BOXIC; ON [ACI, ,J'
4. CRUNCH LOOSE BOXES IN 53OI..OJrIoN OWARD I .N
9. STOF' / "Q

[i/2/3/4/9

PURE RECTANGLE EY/N Q
INPUT LENGTH 60

INP'UT WI DTH (
CHOOSE OPTION

1 LOAD PFALLI-
2. GET PALI.liT LOAD SOLUTION
3. PUFt FACKEI- BOXES ON I::ACI:* ,I)Ar
4. CRUNCH LOO(SE ]BOXIES !N SOLlOJroN TOWA~r' ORIGIN
9. STOP /2/ / 4 -

[0

LO"A T IONBOX# L W LIII bTII
1. 3 6 .16 ii

1 6 3 6 2 1 .1,
11 0 3i

12 t9()0 ' L:.

13 3800 .1.9 .18
14 18 19 13
K ; j. 19 li-

16 38J5 8 I [:;3

1 4 1 o. N f F . i tL I : ' E Y / N i Q

Figure 6
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.2.1 '1i *.* 1 12'~ '12224.33333:333 3*.
I~ 111 .1 1 2 -l--- -~ -' -'' 2 3 ''2 43.3 3 3 3 33333 33 3 3.

K 'IiI I ii II I.ii I~. -3 3333 333373333!3*
21' *,. .- 3333 3

5 111 4 '>' 3 3333333 33 33 33 ~ 3 *.
22." 1115 j. , I 1111 " .1) ? '2 2 *3 33 3.33 33.33 33 3 3333 *

1*]~~ ~~ 9i 2f 2 -) [2i ~ ' '22 .2 2* *33 3333 33*

;'*i ~1 lil I 111.1.4'" 2 2 '''.. - 3 3333333333*.
'~''1iI22 2i 22i 2 2' ''~".22222 2** 333 3333 33,3 3'3 7333 34~*

*1 ~ ~ ~ ~ ~ ~ ~ ~ 3 31 3i 3....* 3 3~l~f~f."~*3~ 3 3333 3*.

J&*i ~ ~ ~ ~ ~ ~ ~ 3 33l 11 11!.ii4 3 33:3333 33*
13*'il:.ili1J) i . ?'J'*333333333333

3'*33333333333.33* ...

16* I~ : J 1.. .1 .1. ... t * **"' ': 3 3"3 3 3 3 3 33 3 3 3 3 3 3
I7* J.i 1. 11 1 1 .1 ii 14 1 ~ '~' L 1. 1. 1> . - -2 33333333333333333* ...

20*444444144444411 144*'' 'rr rrrrn5'5'.555r**666,66666666666664 ...

-- r . -55*6666 o666666666666*.
24,444-14 444 44444 444cLjr 5B0r5 .vcJ.5sis4.5666666666 66666t'64

.34*44-'4444444i4444 14*4 55 555 5 i..)'-'JJ'-"-l '5-555 ** 666666666666666,..*-
5' 144444-14444144444*t55'z,-i''555 §D- j-!5555555',3555* *6666666666666666-*.

>3*44.4444444444444.f9L~I5i J.)55j55**66666666666666666*

* *4 44 4 4 4444444-4 4 44 4*35155T5 J5 5 5 5 55 6 *666 6 66 66 66 66 6 6
?"*4444444444444444455557 n 666666666.

28*44444444444444444+*.-555555555555 *,,J *666666666*
-, 9*44 444444444 ^444444**55*l 555K555555r Prirs:c Sr66666666666666666*..

30*44444444444444444**5555555555555555**6666666 6666666666* ...
31*44444444444444444**45'55; Sr Sr r5555r5555?* *66666666666666666j* ...
32*44444444444444444** k:-5555j'55555555s5**66666666666666666s*,..
33*44444444444444444*.*555' 55555555555 **66666666666666666*1.
34*44444444444444444(i**15 55t55555"j~j55'' S66666666666666666*.

38*Lili 1 11111 11 111111111 111~lil.111 **0000000000000000000*.
39*11111 1 111.11111 * [iliiiiit11.llil**O00*0000000000000000* ..

40*111l11 ii [111111:11 Lili~llillli*L*000000000000000000*,..

41*1.111 It 11IJ ItuI I IAIA 111:1.1111:1111*0000000000000000000'*..

44*11t .111111 iii'lt.iiiihi liiii**OOOOOO**00000000000000000* ...

Figure 7
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Figure 8a

Figure 8b
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1' l .[F T

A t( f f,, t kl, Ct et of th 1 C, I. o:0 e wIt n I I -- ,-i
,I , ir, i .i i nr,-. Ih, , lo ad f. he r 'ir,'r t o .. t

r
) r, ;,i .

w .... ,ll ru, he tho iimo , . t. it w l I b r,-r
t n ri t Irio t1 ¢ tor. i , uh of i .I F i, , OT C .r. Ihr t'-

,- Cn, CrT I I I1P I c ' ,i P: I I P t' 
= a r a F T ,C.- . i *, I o,-:e r, t T>r

. - t llThts' i s e- , i )' ror- wiihir, the tri t1f r
of +he IIYNAI IPAi roi tiri since hot h 1 ,r,lth &r,d with are u -Pr

'rI it cr. "1. , shaped F , I lets c-rn ?h" ,F-' i f ied , (oinhi riat ior,-; r
thi.- and thp r..eviol s z:,.r roach (-'rs be iJC- to c-ir) -Ietc l o:d- r,
nf the ,-]llet.
.. le t :t of bo.es i..isirF the STACK BOXES F'RI0R 10 F'ALI. Fr l0AU rNf,

o;tion. Then use t.he Pallet L..oadi rt:: Procedure to Position the
.tcl's on the Pallet (f'isi.ire 8b).

Fr;31].et i...oadjA Al-orithn

The P-allet loadirn, Procedure used ir, TFL.S r'r, he descrih,,m.
;s a combiriat ion of the Prircipl es of Ivr namic Pro'rammir (D.FP.)
r, d heuristics. A sf..rendi.Pitous - drod.ct of t he strUctr.e of

this combiratior, is thit F. itior r of hm:'arcd j at ri i a 1 r.

considerations of centeor of _sravitv C F, be hnrid.ed without 1o=4
within the Procedure, To ..inderst,1d the F-:,mocei'lire, it is us -fijt
first to co,7sider a 'best' rooced.r,0 Assun, e that it is

-rsi rahl.e r,o matter what t he cost ) to fird J1]'i. iors to the
two-di eri, on r, l .h o-..dir, .ro le, which naiio imize the crec
coverpd or the Pallet. In order to achieve this end, Elnp ieiic

F'r.rr miinr, will he ,ed, The fo].lowin-,S defiritior,-_ will be
us~eful1

FP A Partition, dividir, the Pa.let into two Parts (see

figure 9). The left-hand sub--pallet must include tie
orirlin (0,0), and the ri,_ht-hand sub-pallet must.
include the vPoint (LW).

i = The index of boxes to he loaded, i 1,.,r,

1(i) = The lergth of bo- i.
w(i) = The width of box i.
S(i) = The Profile (shadow) of bo-, i. The Profile is a rect-

anle with lerth 1(i) and width w(i).
N = Set of all boxes to be considered for loadirg

(of size ri).
I = Subset of the boxes, 1,2,...,r,.
f(P,I) = The maximum area which car, be covered of the left-

hand sub-Pallet of F usir, the subset of boxes I.

The D nawaic Prosrammirg euatior, for the Pallet loadir, Problem
car, be sivers as follows:

(1) f(pF,I) = ma. l(i)*w(i) + f(P-S(i),l-i)].
itI

It should be rioted that the notation 'F'-S(i)' represents a
Partition which, in a 4raphiral sense, is the Partition F' with
a Profile of box i removsd from the ril-ht-hard edcle of the
left-hand sub-pallet. Typically, there could be many different
realizations of 'F'-S(i)' that should be considered within a
dynamic optimization. There are other obvious difficulties with

-16-
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''61, I.FT

i n I emeprt i ro emr iati ' 1), . 1he m rh ' V iI s I - that - rJ,,,
Of F'r ' Ihl, R- t.rti , .ior, r f thr, I If,- I :t.T('M'r.], I i f., 1;,I
mec s th-t tif, -tate ..- ce for t.he D.P. will ,i r(, 1 : T

I r, t of - It er F, t ora . I t a 1a so n, rs t h a i he rc i ] A r

t i nip relu i red to solv(, the D. F . I i I i wo, il d be wo11 i:e;ord
sen ible ? I it, for roa, I world aFr lica-tioris.

One aF.r'roach to dcvelopin a moro officient Frocedure i t ,i
1imit in some way the' lo'rm of the .- ,si ble r-,rti ttiorls of tho
Pallet. In the Present case, PartiOiolris of the r-.l.let ha'.- -
Iimited to rectarm,5les (f igiure 1]Ooh. Ir order to -r f' tho
Dynamic Fro.ram resultirci from the rectsrijulr Pi-3rtitiorirs, thr,
followiori additional do firiiticm-c, are rse riodd.

T iwo-dimensional inde,. sF-ecifyiri a rectanlu l -
Partition (fi.sure 6a).

j = Subset of the box-es, 1, 2, .. ,r,.
-(-, I)= The maxi'i.m area which c-r, be covered of the left-

hand sub-pallet of y','* u'irts the subset of bc. ,e 1.
h -3P%, ' II) = The maximi r, area which car, be covered of the

left--hand sub--pallet of x',y' less the left-F- rt r
sub--pallet of ;,- 'isir boxes from the spt. r
(riot all eleiiments of I niecpssarily are ,l'ja d
see fi,.re 1ob).

The drian,ic pro.ramnir, eouatior, for the pallet 1oadir,! Prohlon
(limited to r'ectar,i'il ar .arti t iore) car, be .jiver, Os follows:

(2) s(':',,',I) = m ; r (;.,y,1) + h(-T, ,.x', ',--J)

y:
JET

The inipleerientation of eouation, (2) also has its difficulties,
The fur,ctior, h(;x,_ ,.,Y',I) itself reouires ar, optiization ir
order to Pack. the L--shaPed area common to the Fnartition .' ,.C'
but riot common to the Partition; x, ( i. e. ., t.he cross-hatched
area in fiwre lOb). The state-space is still too large to deal

with or, a Practical basis.
In order to limit the size of the state space, it was

decided to carry only one Partial solution (.(',-y,,I)) for each
Partition .y,. The obviouis choice is to carry

ma- C (.,, I ) I,
I

With this limitation on the state space, the implementation of
equation (2) is relatively strailhtforward. It is necessary,
however? to specify several important details first*

1. an optimization structure for h(x,,:",y',I); and
2. bour,dir,_- rules for the elimination of Partial solutions.

The optimization for h(xyx',y',I) is done simply by
hreakin the L.-shaped area into two rertarqilar areas (fi.lurp
11) arid fillini each area useir,51 a ',imrle D.PI'. F.rocedure, The
following definition is useful.

- 18 -
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L 0 ' n~ I~ t Is;b~I e :~ ;r I c

~r uii r :3 rEr~rri '. fit i r or, for the r'ect -ri .1]-r In zdiri-

ni C , T (.1 > IV ( C, Y:.i , OW i- x-1())+ ( ~

Ihr- iniir-lemirorrtatior iof' Pluation (3) is achieveid bv first tujrnirfs
enc'h bo,.x in the cardid.fte siet s--o that its loni!Eest drinerisjort is

F , ,e r A i cuI] r t o t h t lorrI.i d L rrc' (1 on o t0f t hIF T'ectarisiji z; r s T (' :3 f
t i- or, dest d i mer-'i or, of the bcox is less thar or ei:ouial to the

hJo rI diryieris ior of' thE-' reel on- u 1 ar srea, tha L is).* Thj.!- riiurec
7r op'timial (ikrf the roctam1Iular are, * Tho .-- sha--cer' aTI-;' 1

-, ~ri init o t 6 f r)-e c ta r-, 'i I ',r ; r e (co rr ido()r s) t WC d i f fev n ? t t,
(fn'u r e 11 ) for the a-r-liatiori of eciuatiori (3) . The E.15oriti-n
reta ins the best. sollitiors obtained.

Ai.~r 1 anld alnlo~.t rjoiboiridlirniq rule that el imiriatrns

fl ar El :t d e El o f t h e 7,to r ? ,' re u i r e me n t ' f or t h cst-A-te space ia
that a P'artial iollution does riot riced to be ret. ,irid for the
-a~titior, i~ f there exists ;n'r-artial fno1r i7,for artit jor,

-2' ' :*=Y-) such that the *olljtion value for *

(ixFc '; ,'j I ) I is !7 rea ter than1- or ecua] to the Sol lti On
7?al11u-. fr r ' ry a jS~, ,I T

Another effective io'indic-l scheme i~s used to el intiinate
com~iutati or, time. The followl ri!; defirni ino is i seful

c(,j,,x) =The miax.inun, Possible linear space covered in, -lr:-.

by2 stackirng boxes f rom the set 1 i.

The rlvnmarric Prograffifjrig entuatior, for the linear loadiris Problem
cars be siver as follows:

(4) C(jivx) = glax. [c(i-il-), c~-~-lJ)+1(j)]

Each box, is considered bg both lensth arid width as a candidate
for irsertion. The function c(ri,,) specifies the IT,3xiniurr linear
coveras~e that is Possible on the line se-srrienat EOi,xJ, choosin!4
f rost the set of boxes 1,,,.,r. For a Pallet Orectari ular
sub--pallet) of size L bv W, an upeer bound or, the max-iiui load
(covera-le) Possible is c(r,,L)*c(nW),. The function c(ryx) can be
compuited Prior to the Pca1l lt loading9 arid is easi lv implemented
within the structkire of ealuation 2.

Since the solution Procedure results in the boxes beingS
Placed in corridors on the pallet, two serendipitous by3-Products
occur. First, since each corridor has at least one enid or the
Pallet cerifteters anyv box which cortairs hazardous material car,

be laced at the end of the corridor (as Per UISAF Re-isulatioris)
wihnthe structure of the solution. Secondi' againi sire boxes

carn be moved within their assiined -nrridors, some control cart
be ri-.int.ired over the ceniter of ravity-. of the pallet within
the structure of the solution.
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Comments out Imhplegmentat ion

In order to implemernt the IFLS sYstem irt the USAF oy-eratiri!
envi rornment, there are t;everal reaouitremerats that muolst ho maet.
First? there are two elemnarts of date that mul~st be added to the
BAMS data tet; thi s-end--up irif oi miatior arid stack'.i ro vro.3-b i 1ii t',
Observatiorns of UESAF personnrel while Packiri! pal lets indicaite
that rniariy items cart be packed araY-end-up whi le other i tc-iias rr.js t
be packed this-end-ujp. Addirao arn indicator for thisi to the E;Am'
data base is imperative to arau automated rpackinra4 schoeme. There
are manyt itemis that cannot have ara3thing ;-,lacedi ort top~ of t hem
duje to either streaith or shap'e consideratioa3. Fuirther stiud'-
nav indicate that it is riecessarg for actujal streristh e tirniatfer-
to be made. However, it is oujr observz:Liont Lhat the vast
majority of' iterts are either "stackable' or not. With all t-iis
irn mind, art additional parmeter of' the followingS form wold. I-
appropriate for the BAMS data:

0 -AraY--Erad--U arnd S3tackable;
1I This-End-Up arid Stackable;
2 -- Aray-Enad-Uc arnd Non-Stackable; arid
3 -This-Erad-Up and Nor-Stackable.

Second, there is certain eniuienrt that wou-ld be myost
u-sefll The Presernt system was developed i-sir~l a PriP-i1/34 with
the interface instruiment beirtS either a "'dumfb' CR<T terminal or
hard copy termtinal. This eoujipmterat rea~oraablq riucplicates the
compuitirsi power (B~-3500) zri peripheral enouienrt ereseritlU;
available at USAF base level. However, Cona-ter cocujipment ha,
revolu-tionized in the last ter, Years. Ilu-t to its limaited
complit iri power5, arid limited di rectly addressable nacuory, the
PFi 1 1/--4 is n~iariially adectuate for the Job. Test r rcblerrir. ri-nr
or, the s'-stena -te solved in anvwhere from 3 few soccradr. to''
sceveral nairauites * Solution times are deprid-rit ra P-al let ci:-e ra
the? iracu-t data (5pt of bhoxes to he loaded).* Fasltri' CFIJ sE.PCFd-
would be desire:3ble.

The aiwr--achirae interface for the systcna woi..ild be ttl
fjccilitated with the u.se of a 'smart' -.raphics CR<T tPT'rriirial.
Three dionrsionral views of the eazliet (with cl-urreratly loaded
bo-,es) wold Aive the uiser a Eireat deal of irasi!!ht into the

I udir~Process. It is difficu-lt to obtain that [ ird of iraaj'i t
6 frvom the pre : nt r-riniitive two dimnirsional plan laucult. In

-Aditiori, it wou-ld t-e hele-fu-l to have the three-dimrerisiorial
%views. of the pallet. in~ hard cor'ynur~tkut, -in order to fiscila-te th-,
a-etuial lozadir,5 Fersorirel in irtel ieritirsl -the ci araIraci 10oS6.

Finall-y IPLS shouild be corasidereri, ;-A this .t--e z,=. a
ciev.eloental system. It has riot been toi;al lv ' idiot roofed",
rnor is it completelv- 'u-ser f'rieridlY' , Mast of the ~hv~nii
-- s berai-s e hardware has riot b(,eri sr-er ii i-d for thera1-.

I iator ,Once the ae-,-ra-'riste hai'dw,- e bsbeer, toC~t' oi
'the real--life aCe-liCatioa, these s ho rtconai nag:-:a r,~ he ediu
or r et er,
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