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L We presmt a new three-—dmnswnal cnn%mﬂr-packmg algonthm.. The. algonthm is 1ru1y o
'thtee»dlmensiouai, thus%uvercozmng the h:mtatwns of‘layering algonthms especmlly w;mn o
T .'a large number of parcel types is. used The algamhm sequenuﬂly plaoes pa:oeia into the TR
T ’mnmmerusing bcakaed hnnnst:c mfomatmm and makes use of a balamad tmq; e
S - por""gtlai paclung pomtions. The msultas an algoﬁthm “dthmm comp!exity Q(k:ﬂogn)’ s
“whcm klsthe numberofparceltypes andnthﬂ mmmnmnumber of‘parcels thatcanbe_’_ R
placed. ‘I‘est results "*inchldmg a compamtwe test, are Very favau:rahle and show that the
-_algonthms performm“ actuq}ly inci-...se8'a8 the nurmber of parcal typasas mcteased Th:s.
8 a direct result of the three-dimensional aigoﬁmmfacﬂstaemggheuuﬂsaunanauusaful,-l
' packm,g posxt:pns nsing the vanety of pamei sizes avazlable. '
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N : 1 1 Ge:;eral Intagductmn

| j,:-{'CHAPTER 1- INTRODUCTION S e

g
b

A ‘.J f} S _' : -'i:' \15.."5 '

L Packmg is the partmOnmg of 2 resburce into a number of pre-deﬁned portlons "I‘hree— o
» + dimensional contafer pgckmg usually concerns. placmg a3 many pra—deﬁnnd parcel types R

o :'. inﬁuastomgeoontmneraspossxble. S

' _-'Tbis rcport dxscusses 2 ncw truly three-dnneumonal wntmner packmg algombm 'I‘he_ .

[ . .' .
T

. - algonthm is based on the author’s Drop—Search I-Ieunsnc algonthm [Aspoas 1992]. The . '.
. existing slgorithm is modified to allow real-valued container and parcel dunenmns.“’l’ha .

.

o tesults mchtdmg a comparahve test, are very favaurable, and show that the a]gonthma |
s _pcrformanca acmally mcreases as the number nf parcebtypes ls‘gncreasbd This is a d:rert SN
. .:result of the fully three-dmansmnal algorithm faci]itaung the ntﬂisat:on of a]l usaﬁll R
- packmg pomuons using the vanety of parcel mzes avaﬂablc ' :

_-_'__Thenemamdernfthmchaptermcludesarevwwoftherelevantlzteratureand o
- 'research dxrecuons Chapter 2 dxscusses the development of the Dmp-Search algnmbm_

. *3

o 1"ﬁu_a,mxii_hummmberthat-cézibapxacedofﬂie-gn{ﬂmpmsltyiﬁpres&uisuse&ais}z E

=

a;. B

use of a balanced tree to store potennal pac:kmg pomt:on& Test

_ -f: mw algonthm is truly three—dzmansmnal, n;stead of ‘2+1’ dimensmnal (Where the-- |
- - algorithm s based on-a two-dzmensmnal apptoach) 'I‘hzs addresses the problein of o
: -..unusable covered space and also allows the smlphﬁcanon of the. heumm evahlauon-; |
_ : syswm used ‘The time complex:ty ol thﬁ algonthm is shown to be O(hﬁugn), where k s . :
. thenumberofpa:caltypes,:mdnthcmmmuﬁmmnbsrofparcclsthatcanbeplaced‘ L

Y Places Parcals mto thm contamer usmg locahsed héurlstic o |



Lo

mto % nan—dmcrete algomlnn for eonnnerc:al apphcatzon, as Well as the subsequent ideas

=3

whmhieadtothenew a]gorithm. Chaptera ﬂﬂl)/zlétmisthenewalgonﬂmfortheaﬁﬁcm:_ .

ﬂemﬁcatum af poterntml paroel posztions }pnhm the. cmntamer Chapter 4. dmcugses the -
alteratxoﬂs and snnphﬁcatmnsmdato thehemmncevalhauon systemas aresult of these
chang%. I Chapter & test- resu]ts, mc;ludmg a comparanva test, are pwsented, whﬂe:_: _
Chapmr 6 dtscusses futnre msearch dxrccuons Fmally, Chaptcr 7 cuncludes the report. "

12L1feratureSurvey SRR NI
Interqstmm&tmgahdpack]hgproblemshasgro" i .ftom%earlyasthewstls‘_ _
[Sweaney and Patemostét 1992] The tOplt'. has -_

. Tenging from coputer science and e“mﬁemg to 1°gist1cs and producmn, and inclodes .
e cuttmg~3t0&:k¢ trimJoss,’ _bm~pack:mg, paﬂet-loadmg, knapsack and centamer packmg L

' -_ted tesearchers from isciplines T

pmblems[nyckhoff19901 e e e e T e

E_"P' E
R : P -

One and tw0-d.lmﬂnsi0nal cuttmg preblems havs: reoewed the most attcntion, atthough feW_ o . .
optmaal reasonable tlme solution algonthms ha?e been fuund. Th:s bnef re\qaw IS not o . _

| xeant to consumte 2 comp]e\ survey oi“ the packmg and cutting hterature The focus'of B

3 thr review is of packmg lte-m/s mto a smgle*contmne.r usmg ortﬁogonal xtem pomtmning Lo '_

 only. The' reader is roferréd to [Dowsland and Dowsland 1992] and [chenéy and .

Patemnster 1992] forabmader view of the_msganch araa =
{".”‘"l...'--.- N . _ _— _L!.- )

L 2 1 @nenbsmenswnal Packing %‘1 e
Perhaps the s:mplest une-dmensnonal cuttmg oz knapsack pmblem in vd., cuttmg i -
giVen length mto 4 number of reqmred sma]ler Stoeiﬁ%e.n&hs BO 48 {0 mmnmse tha Iength

left over Pracncal apphcatlons mchlde cufting a length of wood or plpmg mto requxred __ . :

“iengths and memor? ali‘ou., 011 m muitinprocess system& o

o '.7>.
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Hirschberg and Wong present a polynemial unie alganthm for solvmg this problem Wheq A

: thereareonlytwostecklﬂﬂgﬂlsﬂ'lﬁ‘whbergand%ngIWli] Further,Cn' | \eta!{f
: show thax as long as tha mnnber ot‘ d:ﬁerent stock lengths W»ﬁxedv then. the pro' iem §
= solvable in polynomxal txme, although tﬁe degrea of the polynonnal faay be too '_ |

_-.,ggacncanyuseﬁﬁ{(:offmaueta} 1984] s

; programmmg [Garey and Iohﬂwaﬂ_jWQI Addmonal constra:ms anﬁ fmtors such_ e

B

- ke m.txal lengths furﬁﬁr mcrease t{ﬁe complex:ty af such aPProacheS {Go u]:m:s o
Bue to the fo:mulable complemty of L?Z)g; such fs:ob!ems, and ma:ny related nmre S "

o difficult oh&dlmsnmoual problems, mest work bas focusm on ﬁndlrIg @Pmmuﬂn 01’-_ o S
heunsnc appmaches for obtaimgprmaﬂyusefmmu]ts foTe T L

E 'Smce the knapsack problem can be. fomnuated 2s an mteaer-programmmg Problem (fo;-’ -' ?_
L whlchthe ge.neralcase«xs NP-complew [Gareyaudlohnscn 1979]), much ofthis work has. . i

k 'focnsed on appmmmat:lgn techmgues for integer prog,rammmg Th:s usua]ly mvolves the. .
) ‘mtegens‘afion of lmear programmmg using branc:h and bmmd and cuttmg plane . o
" techniquds. Pract:ca}iy useful resilts, in terms of tzme taken and, quailty of sesult, have' o
__j-:'-bfcenobmuedusingﬂwsaapproaches[smdtler 19901[Gau11mls 1990] S
. _Heunstxcs based mom on commnn sanse than mathematms, such a8 the Fxrst Fxt'_ A
' Decteasing algorithum [Gare g ) Johnson 1979} and its dematives, have also been shovm
jtopmwda prachcally useful sulutions [Vasko etat 1994]



o \1 2 2 'ﬁvo-Dimeﬂswnal Packmg e
' TWO*dlmBﬂSanﬁl packmg prdblen-ns are a generg‘ﬁsa n of the one-admenswnal case, and L

. : ) . B : B e N . L
.. h_cr s R - s S : .

o - .
/ ]

| mclude pallet loadmg, bm packmg and scnck cuttmg. [Dyckhoff 1990]

_ Pal!m. loadmg concerns placmg as. many :dentical rﬂctangula: 1tems onto a rectaﬂglﬂﬂr' : o
© ' loading drea (palle‘t) as _possible. Tt is usually assumed that 1tems st be pxacedf' o
B -'_:K-_zoﬂhi’gonallytothesidesofthepaﬂet P . _ _"°_ c

.

N .

E Vanous hemstm methods have been dcveloped Bxschoﬁ’ and Dowslahd ﬁnd pattcms'. o

C Another hemstic approach used 18 to reduce ths problcm to o\n duncnsmn [Dgwslaﬁd -
and Dowsland 1992], This is dane by dmdmg the pallet into strips usmg a heuristic - °
R approach, and thcu packmg each strip usmg aonc—d:mens:onal algonthm (e g [Bnker etal

- 19811)

. _..:f? s

.'lj

: Dows]and describes an exact algonthm which tuns in reasonable time for problems thh_,
bizes up to around 50 ifems [Dowsland 1987, Dowsland equates the pallet-oading

o wh1ch prov:de a good ﬁt along the pmmeter oﬁthe pa!let and then extend thesa pattems o j_ ; |
N towards the centre ﬁ]]mg the remammg space [Bmchoff and“ Daws!aud 1982] L
B Interestmgly, a comprehe:;rswe compansbn has shown tﬁc ‘Bischoff and . Dowsland S
alganthm above to'be 0ptm1al m over 95% of the tested cases [Dows&and md Dowsland p
- 1992] Tlns sa strong m;:can;m that heunstic approaches have a aeﬁmte roie to play m"
o Ztaeklmgpackmgproblems A e - -

O

- -"_"Integer programmmg is another solutmn approach common!y userl The algorithms used : o

_ ta salve tha mteger progranmnng pxoblem are snmlar to those used for the one.- '_‘- 7
__ dlmensxonal probk.m. Smce the number of: vau&‘bles and consttamts is. gregtly mcrcased, .
 Beasley improves on the standard branch and bound algonthm usmg Lagrang;an'_ S

B x‘blaxatmn,tosolve moderately sxzed prahle:m [Beasley 1935] |



: _'1 2.3 m%e-mnensionaz Packmg > T
. Thei mcrease in the complexity of the packing problem when movmg ﬁ'om two to three - T - -
| denswns mea;ns that exact methods areunhkely to provide practically useful algonthms
. Integef programnnng models can ;heorencally be extended to the three—dmxensmnal case, . i
' f_although. aSreported byDowsland and Dowsland [19921, httlework has been doneintlns' i

| '_"'dmlenmonalone. EE i v

| 'allowmg reasonabiy sxzed problems to he snlved opﬁmally. L

i

O

. \\

oy

Therest of tIus gection examwcsthedevelopnmntﬁf# dlmansional packmg heul‘istlcs o
The;temstobepackedmtomecong,amerwﬂlberefemdtoasparcets. L

r‘

..\

j}'

o 'I'he parcel types are each gwen 8 rankmg accmdmg to sev&ral cnterm, imluding the size ? e
) of the s;uallest drmensmn and the size, of the largest dmgnsmn 'I‘he depth of each new'
layer is detenmﬁad by the highest ranked remmmg parcel type, and the layer is packed.' .
~ with parcels of the same type using a regular pacldng pattem with each parcel in the same
_ | .oneatatwn. Remammg space mﬂﬂn the layer, or space made wp by combmmg this wnh a
E prevmusly remauung spaoe, is then: packed using thc sapme. algor:thm and usmg other
. parcel{_jes. This-approach i is clearly suited to par;hng parcel lists wh1ch consist of°
| lrelaﬁvely low nur"‘yr of parcel types, smoe thl.s shnuld lead to each iayer bemg ﬁlled )

o

a2’

- Gcorgc and Robinson dcvciopcd an algq,nthm for paclnng paroels of differcnt types f’mzes) L A
Histow smgle ‘container [George and Robinson 1980]. The container is packed one lyerat

~ atime, and in tum, each layer is packed by placmg colunms of parcels across ths layer’s ”

L mdih. This wall- Bui]dmg approach reduces the three du\penmonal problem to a two-«e L



o '_Due to the one paweltype mﬂy ]ayermgtechmque ﬂmappa:‘ent 09‘3 agam thﬁt le:'__ L
: _algonthmxsbest smted to apawel hst consmtmg nf arelatlvely Imv numfser of parcel B

.....

S '\._
C oy #

-

-)—f‘ o )

i)

. . ) .

".Smce 1o parcels are placed crossmg layers, the ]nyers 1Ay be placed in the container m =
N amy order “This means that lfthc dlstnbutmn ofthe parcels isa Iaa,tor (3 £ forfbalancm
R welght dlsmhutlon) then the mder cau be changed accordmgly ' -

a1 B I L
"C;’

R

_Nu smgle variation tested proved mgmﬁcanﬂy batterthan the rest m ail sxtuatmns‘ Bxschoﬂ" o
and Marmtt do, hnwever, ﬁequfy that certam vanatmns perform bstter m oertam |

.

b
K #
T

- '_ Test results shaw th,at the algomhm performs well on awtual gaclnng pmblcms ii'um_' .w .
_industry Vanatxuns in the algonthm result from varymg -the parcebtjfpe ranking l“ﬂlﬂs L _3 o .
Dlﬁ‘crem: ranlur@ rales performed bettef in d:fferent sttuatlons, suggesﬂﬂg ‘hﬂt ﬂv“‘m‘b"’r | “
= ofvmahonss“hould bemedaudﬂlebustresultused. 11 j '- RN

B:schnff anci Mamutt \geposed a sunﬁar algorithm. to that of Gﬁorge and Robmson__‘ |
- [Bischoff and Mamou 1990}, Here, each Iayer is packed with anly ore type of parcel, .

| rega:dless of wasted spaae ina layer The pamels are ‘packed into the Iayer using Bxschoﬁt.
o and Duwslaud’s fulo-dimensional packing (pallet loading) procediire discussed abow.- .
N _'.'-Each]aycrmoniynnepameldeep,wnhﬂledepthofalayerbmngdatermmedhythﬁ_ “zmst o

 geful" orientation of the parcel type being packed., Orientations can be ranked acctidiog
. to aniimber ofcntena. mcludmg percsntage of the layer ﬁlled and ti,)e greatest numberof._ .
~ pavoels accommodated. Al resmaiiog parcels which ganmot be sccommodsted i & ‘ﬁﬂl’ R
o 'f":myerarepackeausmthe@emgeandkobmm algoﬂ.thm. ' Lo

..\\é .

| _Bmchoff and Marrmtt's oomparauve study of variatlons« of the George and Robmson A |
- algorithm’and the Bischioff and Martiott algorithn show that the latter afgorithr generally . -

 performs better, [Bischoff and Marriott 1990]. This s as expected die to tho more .

| -sophxstxcatcd twn-dimenmonal algonthmuscd ' - :



:' heﬂﬂstlc be llsed HBI‘B, eaCh

o problem sﬁuaﬁon is exaxmned and a Ew smtable solu _n vaa{ “won.s used, with the bcs?g - _- e

| dnnensmnal packmg 3lgonthm. One 0f ' _.Q hisctives i '
surface mto 100 many new Pﬁﬂkmb s _' 88 vibwdg
S essentlally reducingtheproblemﬁoa _tﬁbernf twon
s I-_-.'divmonsﬁiiolayctsmmareflexiblethanbefow. .

aSaproblemarea Asthcpaclmgarcns bmomcﬁéOra i
- to resuib leadmg to less stable packmgs and the =- i
""tswers The test results also indlcate that the a]go ithish
| “f__wiI relati‘gely few parceltypes smce fragmentahqn is. {

__ .BJS ﬂ’ et al attempz to - ovgrcome the fr*gnentahon problem by employmg vanous =
' methods of merging, yaﬂa,ble ‘bar.hng surfaqbs ‘This. leads to a compound heristic w]nch

'The compuund heunstic packs around 100 parcals in a few n:unutes on 2 33 MHz 436 PC ' \ '

- Bmﬁ“ aldimussa;;alggm whlch, givena -: Ykt of 5
| o types attempts fo maxramse the VDthe; pam  tho 5o
: . degree Oﬁstabﬂlty [BlSChDﬁ" et ﬂl 1995] ;In ﬁr.. ' :{' i . ..‘.: ; 4

EfE
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g
%
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el
%
[
3 B
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%
%‘%
R

agmented, toYfzrs afparoe]s tend S
7 of the s «; between e

\‘f . : C R .. . . B - : :. . . .-'ﬂ [ )

only pam;ﬂly deals with the prdblem, producmg a sméll mpmvemnt iy the test results, -, -

0 A - - . . .o - R a
b e . . & » R

- Haassler and Talbot discuss tho problem of pankmg parcels into rail tracks [Haessler wd
Talbot. 1990] Once more, the Ldea nf reducmg the dnmnsmna]ﬂy of the problcm is -

[#] w
.

R &
- Lot i s

e




. t‘*

.3.‘
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T *‘: Q.

z;:mployed- The parcels are arranged into stacks. not hlghm' than allowed by the availle -'j_ L
' space, usmg a one-dmmsmnal algom:hm. Thesertacks are. then treatad a8 mdmdual*_z o
rectangular blocks, each havmg the 'footpnnt‘ of th&box with the largest hgnzontal areain .
that partlcular pﬂ.e A twa»dlmen&onal algonthm is then applwd to fit each faotpnnt inte - - . |
. the floor of the: railear, Thls heunsnc takes mto accountanumbe;' ofpractlcalconstramts, LR
ht:lndmg stabﬂ:ty, proximity of similar cargo and weight distrbution, Resulting packings
i mnsxst pf paits. of coium mnnmg the langth oftbe raﬂtmck. ’Ihe algori;thm has been put '_ . L
~ " %o pructical use with favourablo results, The main drawback is that the algorithm is . .
= specxﬁcal]y dcmgned for an suzted tﬁ a parbcular apphcatron, and not m:atabla for gcnaral e L |

p

Geh;mg et al prov:de thze fiest: general heunstxc smtable for packmg a parcel hst cnnsisting'_ _ o

- must ﬁt into: the spaces ahnve andto the side of the LDB Thcsea iwo rectangu]ar spaces

of any number of garcel types. [Gehr,lng et al 1990]. "I'he:r «pproach a]so ﬂmdes the . | ?
coutamer up mtu layars Fxrsﬂy, the parcel hst is ordered by decmashlg parc.el velum The C

depth of a layer is determmed hy a layer determ]mng hox (LDB) The LDB i 1s v mto. _. E : B
the far comer oftha contamer ina certam onentat:on. AJ! other paroels placed in ﬂm Im _ o

aréplacedmtoaspm-a-spaeahst(whmhopemteslikeastmk) e e

A!l spaces un the spare-space hst ate. now packed in tum The pa:r of parcels whnch take - -
11P ﬂle WW and Wlncn it mto the 6pp space on the spare space list is chosen,-_."':- o
" The remammg spaces bcsxde., in front afand above the placed parcels are planed omo the-
séare space list ﬂi:: are pushed in reverse order), This seems to be an attempt to kﬂep the - r R
pankmg more stabla or ‘bmtom heavy ‘When all the spaces ‘smthm tha curmnt layar have s

bcenused,thenextlayerlsdetermmedusmgamtherLDB. o o

Ifaspare spacaistoo smallibr the smﬁlest?meL anattemptxs made to amﬂ}gamate wis |
‘um.sable’ space Wlth other a.va.!lablc spaces, although 1o datai‘t’s ate given [Gehring etal .'
 1990]. As with the Bischoff-and Marriott algosithm, o boxes straddle the layers, allwi%é L
e the order of the laYers to be cha‘nsed. Gehrmg et al leave the utiiisanon of larger *31?"‘lre

\“'- D L5 g



L)

. c,'

. _-spaoes resultmg from tha combmauon of adjaceut spar% spaces (wmch are i drﬁerent
" layers) to the packmg overseer NQ mentmn is made of possible com;puﬁer axded support S
g forthe oversaer

W

}:

O relatxvely fow parcel types[J l:e dhe algbnthm wzll probably pmduce Iayers packed

L uniformly with mostly the' same parcel type, the restlts are fikely to be: mmﬂar to, those e
- obtained using the George ind Robinson algontbm. “The Haessler and Talbot algmithm'_:‘_\?f R
| S wﬂl prohab’.ly perform bettar smcc it uses & more sophxstxcated algonthm for pﬂckmgeach

& . . ! . L )
, : "

. 'Thf' mwﬁge plan generate& can ba vaned by changmg ihe oriantatmns of the LDBs cr IR

B choosmg LDBs in d:ffercnt orders Once mone it is appmpnate to zup a number Of thesc o
- varianons as. a compnund heunstlc The algorithm packs parcel lists of length arouné 50 in . -
'.-afewminutggouanmzvﬂ«cw L o T

thmmcel;taiuhowtheGehrmgetala]gonthmwillpetformmthparcelsIistscons:stmgnf:". .

All of the threa—dnnensxonal heuﬂstmbascd packmg algonthms dlscusse d o far have_f L _

\\

i

o rehed on approaches used to selve ‘similar probléﬁm 0f a lower dimension.: The heunsmc» AR

| 'based aIgorxthmofIvancn. et al makes a break ﬁ‘omf:hls and consxders the contawﬂr asa .- |
tmly three dimensional space [Ivaum et al 1989). The benristic sequennally places cach -
_ parcel mto the contmner At each step, all ava:lahle uséful packmg posmons and parcel-f- N S
onenxations are considered, w:th the exception of any positions which are covered @
- viewed from ahove) Useful ‘positions are detemﬁncd by the positions of tha pnevmusly : .o
' placed parcels and the edges of the: contamcr Only pos1t10ns in whmh the pamel tauches | - B
s;d&shlthex,yandzdlmenﬂonsmcons:demd, - -_I___-.} o
Smue the algorithm was developed to take the economlc value of the parcels iﬁto_ . e
S | consideration, individual posxtions are evaluated i in terms of the total volume used. (parcel o

o ‘volume plus unusable ‘trapped” space ‘below the parcel) and the, value of the parcel This .
appmach could be smxphﬁed to deal with the packmg probiem bemg chscussed by gwmg' o



i
L

Anothcr drawback of the drop-search algerithm is that it can only be used for rhscrete . _ o
| sxzed contamers and pamcls. due 16 the d;screte—space fepresentation used, The container -
o  space is represented by a thme-dumnmonal array, with each entry represeutmg i unii-_f .

. o s e a&u
zi;m ﬁ}f mipmvemnts cm thr.: hem'lsﬁ:_ ‘3_0

Aspoas pmsei;pts the drop—search he' wishid. albniithy mmed at reducmg the mter-laycr

S ,cd aboEw [Aspoas 199_' ﬂmﬂariv/o tha iégarzthm of Ivancm ct al. each

I xm;mrtance) zmmm:slng the ath mt of covered space, mmsmlsmg the height nf the base -

_-of the parcel, and maxlmsmg t'he pamel surface area which comas into contact with gther -
paré‘&s dbd the contamer Thcse- henrisucs ars mtended@ produce ;lght packmgs =and

Jeave large empty’ spaces

C o

cuibe. Afuﬁhcrtwa-dmnmonalauay ca]ledthe*wew represents the view fromabove =

the contamem by storing the packed helght af each umt-squara 'The result of this dxscrete .
' representanon is that the contamer and ﬁamel dxmenmons are restricted to dxscrete values\ .

When a paroei is bemg placed, all posmble d:screte x-y pohnons are conmdered as starting- o
pomts forthe drop—saamh 'Tha restmg place of the dmpped pm'cel is then calclﬂated usmg '

theview. o

) _10_...: _

{.S_..




gsnerated test cases. The time taken per packmg mra BSMHsE
. ﬁeven sewnds wrth an average of 22 paroels per packmg. H' Man

[ B -7

B -". d B -
- SN
. L‘-* .

'_ Ths algorithm was demgn&d to facihtate mter&cuon in the packmg proccss by the usea, 1f

" ailowmg Ehe user to urdmtan& the general pa:;:ldng suﬂegy easlly, and therafore

| des:red Theheunstic aﬁmnptstgplmepmkmamﬂﬁsmontQahumpm,f -'

- successfully. intoract w:th the aigofithyn. The human-mmm"’n sfstem. devoidped by

s Dorman allows the user o reﬂ:mve and pla.ee parcels in. tha contamer at wnIl, wrth the

'heunsuccmﬁnmngmzhthepachng hendes:mdmmanlﬁm e -

b Iy

x

. _':'Hgm et al make use of a spaual reprcsantatxon sts%itegy (not xpstrmtad to discrete s:zes) to _' _
.- _represent the. container and the placed pame!s [Ngm et al 1994] “The data’ atnictuw*-
_' consxsts ofa nmnber of two-dimeng? arrays, represeﬂtmg the state of the contamar at :

| ;shawn 0 m)prove onr the: paclcmgs by around five Pel‘cem- ' it -“ thc mteracﬁon "f .
. the human user thh thdlheunstlc genera]ly produced better regt&ts ﬁaan cither one of the L

the various| hsjghts mrrcs;pondmg L the tops of placed parce]s Tbls represematmn' o

S facihtates the search for empty volumes’ An em;:tg}vohnne is an empty “space bounded - .
by ﬂp vertlcal upwa:d pmgectron of a rcctangular horizontal faCB ‘The honzontal :I.’aces SR
are. the tops of pamels or the floor- of the“contamcr Tius m snnﬂar to the- appmach of S

stchoff et al, where the pac]nng surfaoes thamselves are stbred as rectgngim, as BPposed .:._.: e

'_to the entire contamer being represemei Unliks the prewnus bwo appmachns spaces -

BT S _'

-mmdbypmﬂ%mnotlostto thealgonthm. ;_? L

=

__pameslandemptyvolmmpmrampxckedusmganumberofrankmgm\l\es whlchattemptto SRR

il available spaces as ‘completely as. possible, to leave. usable spacss and niot split
' _honzontal faces mto smaller hor:zonta} facas Th1s Last mtenon i s:mﬂa.t to that of' 3 o

If!;



#

'-__Blschoﬂ’etal,wherethepackmgsnrfa@esmpackedmsuchawayasto amxdspllttmg’
: thesurfacesunueocssmly S

"'._1':- ’
’ o R S

g _'Test resu}ts allﬁw above 80 peroent contaiuer ut:hsatmﬁ. The tlme taken on a 33MHz 386 s

PCqutoafewmiﬁutesforpachngSszﬂﬂbbxes L e

o _'The algﬂnthm never places a larger parcel over a sma]le: one, elnmnatmg the problem uf .
cwered spaoe found in Aspoas‘ drop—seamh xigomlnn The drawbask of th:s is that :;:-\. o

v}

o

- paclnnga wi]l te.nd to form towers. of paxcals (as the cxample packmg m [Ngm et al 1924] " '_

: ] indicates).. This lﬂagﬁs to inter-tower spaces bemg wastﬂd, as well as pofenial “"S"abl“ R
. packings. This was also the main drawback of the algorithen of Bischoff et al, and seoms 20 o
B _:'bemd;cauvcoftheappro ;hafxsolaung packmg surt‘aees €as VleWed ﬁ‘om above) SUIN w

- PR L Tu

. . R =
Soow

i

. '_--,Dpe to uthc complexlty of the three~d1mcn510nal packmg problem, only heunsno-based 5"

L from layermg techmques Each of the three algonthms makes usg of some form of three- L
o -dnnensxonal space mpmsentatmx. Firstly, the approach of Ivaucxc et al is promising | _' :
' clespite the problem of unusable coverad Spa(EE, but needs further development chondly,

' _: gppz{oaches are currcntly feamfﬁe. Most cumcnt approaches adapt one or two-‘d:mnnsmuai'__{_ o w
o Pac]cmg methods "This tends to wastes space due ta ‘betWeen-Iayar spaces ({Genrge and. 3 ) Co
- Robinson 1930] [BJschoﬁ‘ and Mam\é)tt 1990]. [Gehﬂng et al 1990}) orlead to ‘tower- Lo o
: . 'buﬂdmg Wthh may waste space andpmduce unstabla paclnngs ([stchoff etal 1995]) . -

_ -s‘-:-_f:" o \\

o Three ef the appmaches, hode'er, make use of heunstics which are closer to bemg .
throe-dimensional algorithms, and so avoid the inhérent beuvem~hyer spaces which resnlt o

Sy

‘ ":'Aslaoas drop-search heunst!c only ‘works for dxscmte ‘cases, and also suffers ﬁ-oxq\

unusable covered space, F‘maﬂy, the approach of Ngm etal tends to revert back to towst— e

| ] bmldmg due to mﬂembihty in the pamelplacement rules



.. :.,. R
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Table ¥ sumarises the ﬂgonthms d!Scussed, mcludmg thé:r basxc dat‘a representatmn ami
paclﬁng ﬂechni’&;ae, as Well as thexrmam drawbacks

wa

Algorﬁhm

R

Data Repmsentaﬂon Pamel types

Da

-V/‘

.o .
H o

R

Drawhacka

0

George and
Rnbinson

Bisc‘hoﬂ'and

. Marriott .

Bischgffetal o

Haeésler and
Talbot

Gehrmgetal P -3

Ivancic et a!

5 -_ Layerby Iayer -

|/ Packing technique _' |

Layarbyla‘rcr
‘Reglon layenng

A

Sg;ckby_stack s Resrmteq

B

Layer'by l_ayei" o Many

SD repres«antatxon e Mmly

' Disctats3D . 1

B

T

| F% |  :'_. -

- represemtation - - . - .

 Ngotetal |

Intez«!ayer spaca

Iuter Ia;yer spacs

o Inter«regzon space!
- Tower bpilding -

| Apphcauon sPeciﬁc

| Intcr-Iayer space f
Not suited to few parcei types

. Loses covered space / ‘53' S
Needsﬁmherdevelopmi

Loses covered space!
Discrete sizes only -

Between—tower spaoe! L

to ’I‘owerbmlq}mg

Table i A summary 0fﬂ1e three dlmensional pacldng algornthms found in thr.

hteratur&

- The above dlscussmn suggests that an algonthm represennng three-dlmmmnal spaﬁs (x.e - ‘
: not usmg layermg) should be nsed. to avmd the pmblem of between—layer spices: The P

" algorithm should allow covered spaces to be created, in order to avoid the tower-building |

problem encountered by Ngoi et oL At the same time, the a]gonthm should make use of 3 R

mveredspacesaspotcnnalnackingvohnnes T

w




An aspect of algnntbm demgn nnssmg from a]i the papg.ys d:scussed :s soma fcrm of_;-
complemty analysis All the papers u?hich daagwe results, merely prowde the time taken . ..o
for some fest exanmles. Thﬁ' test exﬂtnples and the mﬂchmes used always d:ft&r leaving no_'

rehabi“e form of companson. An mpoﬁant part of demgmng any algonthm i ensﬁm;g that e :

the complexity of the algorithm s as ‘Inw 25 possible. Designing an algonthm which rans o
munéerammuteon smaﬂsizedexammes but which takes hours to run whenthepmblem R
smismm'easeﬁtoamoreuseﬁﬂ s:ze, shouldheavwded R, :

s

o

. k)



- _Theproblemofchangmgthealgonﬂnntouserealvaiued&mmmmnswastakenasthe a
| _Prmzjrywmemmmﬂd@mg the drop-search algonthm tumakc it practmally useful ﬁ:r
o .oommerczalapphcauon. ;3 o e e e

- CHAPTER_ z MODIFYING THE DROP-SEARCH :

Thademcd features sctoutinthepremoussectmn are aIlmct to so:m extent by the drop- -

o seamh heunsm; algomhm, excepz for the t'.se of covered spaces the need for reah:alueﬁ
L _ " contamer and pareel dnnensxons, and a. low order of con‘q:lex:ty Ttus saggests that the
L Dmp-Seamhalgonthmehm,ﬂdbamodtﬁedmddmss these threemqumems

-tr-. . e ) ] , ‘x;ﬂ

o _ecvex:ed spé:fe mto account means thatthere wﬂ;,be more placemem posxtmns to'cmnsxder' |
o The drop-search algoriti:m could be used for ‘resl-valned” ditmensions if the number of
: 5 f sigmﬁcmt dlg:ts used i is mstmted, with each umt-cube mpresentmg, for ekamph, a one
: : mlﬂuns\gre cube The aﬁvmus p:oblem w:th ‘ﬂns is the enommus number of umt cubes o
i .. needed and posszble drop posn:mns to be consﬁaxed. It is clear that an aItemanve mathod
" 'fmrﬁprﬁsenhngthcconﬁamerslaawmqg:eded ' ST

=z P ._;..

et

e 15




Lo . k4
o T TEa, -!e e :

2.:1 Remomg the lfrop-Seamh Heurlsnc’s Dlscrete | '_g_
]

Restnctmn TS A T R ;}’

& .-..\T-' .

The Hnstz;éta ve:sgon of the algonthm assumes that every passible ‘gnd—h@ (!mél\ created |
by ths umt—cubes) represents a useﬁ;l packung pasmon. Ifthe algorithm were changed 50 Y
that enly gmi m mms;:ondmg to p]aced pamels aud th% contamer walls wem used
thc’gl a]l IISBﬁlrpuSItIOBS would sti’.ll be consxdea‘ed, w:th thfi numbé}“of ;eamh pomuons

Thgabnve obs‘er\gauons Ieadto thedevelopmem of a sgatcm of two ]Jsts ca]lgdthe x~gﬁﬂ
and y—gnd Thex—gndstores in order, the list 6F x-positions corresponding to the sides o’i‘
placedparmlsonthex-ams They—gridoPe:J;atessnmiar(lyforthey—amaThetwegidsam SR
us&d to ﬁnd every patennally useﬁ:l ;e-y posrtlon by Iaopmg thr‘Eugh the y-g:id for evary ;.; -
"‘“W m*h”-gﬁﬂ B T T DS =y
f)nce the x-y posiuon :s{found ‘the pavoel is dropped h}: searcbmgjthmugh the; lxst of -

Wm0

. nplaced parcels wh:ch 486011:!’.".’3 I dék;;l. ..hag order of he;ght 'ro Galcqlatg the Hesristic | .,

"“I““' for 2 f"““d P"Siﬁ‘m' the Plawd pamel Ilst Has t0 bwsearched '_:_fﬁnd touchmg__'i:’i

I

The gridfystem ls'extended to mclude a z» . _
manual mo#\‘@mnt of 4 parcel ai‘elmd the cantamer ’I‘he gnd, system mea.ns that :mly
pote.nnaﬂv useful positmns (posmnns in ]ma mth other parcels) need to be consxde:cd by

L

k H



AR dm search algorithm. ta make 1I: more suﬁable for practmal use ‘I‘he ﬁnal result was. a__;
ﬁ:_-__‘ eompound haunstm. consmtmg of two ﬂtages,eachbascd dlrecdynnthebasm d“fi’b seat h - |
 eusistic valus.caloulatiop metod [Asmas 1992].° D T R R

e '_:'Ihecalmﬂaﬁonoftheheunsﬁcvaluesusad.asdjsmmsedmsedtzﬁn 1 23 mbasedanthrea

T ._'factors (m order of lmportance) mmmﬂsmg the amoum of covered)space, mn,g tha»
Lo hclght ofthe base of the pmel, dnd maxm:smg the parcel sutface area which comes. mto | __T; e
i cm‘:a“ Wlth other parcels and ﬁle ccntmner (or ‘touchmg ma’) i B

P

_____

s

j ' 'j& Percentagesareubminanattqmpt mmmhsa l:hevahm for S
: -"'m_-E;L _

. - By \L/, \o " ,r_:- oo

_-,ﬁasaweightadsumofﬁwnmvﬂues' : - |

heurimc ualr;e ' cw,;g;.mu-c.t; + hw;wx(.l-h) + ikt

.



W

'Noter that the cc;vered and\mght measures have ’been mvertcd’ tb give values to ba
- maximised. The actual wmghts used-were amved at after cxpenmantmg wuh vmous'“

'values, andamSO, 25&11 10 respectwely.'l‘heﬁnalhcunsti% equaﬁonmtharefnre |

heurwnc valae 50(1-0) + 25(1-h) + 10: R

f)
..-\_

< e .1-

- position is used. This serves two purposes. The first is to speed up the performance of the

'-_'-algorithm. The second is to mmntam thc locality of box types ThlE tends 0. result in
o pack;ng Iayouts which are more coherent, efficient and easier to read. Further, lacahtyis

e number of diﬂ“creut chents

g

g- ..

o The no-cove.r vaiuc wglveu the hlghest pnority smce thxs éﬁ'ecuvely adds the third' R R
'_dhnsnswnwtthaOKmE algomlm'l‘hehelght value is next since this also contributes to S
_-.ematmgcoveredspaceasweﬂasnmintammgalarge, uscﬁllvolumﬂ attheupperel,ﬁ Of_",.' o
-'_thﬁcontamer S o FE S :

_.Thc ﬁrst stage of the paukmg algonthm attempts to pack each parcol, in order of
_decreasmg volume, usmg the updated drop search algomhm and the heunstm value'- B
calcylation method discussed ebove, If the parcel being placed is of the same type as the'_'_ L
" previously planed parcel then before performmg the drop-search the pasmons afound the -
: -pravmus!y placed parcal axs first: examined.- If the- gmawst of the assoclaxed heunstlc
-values is g;eater thaq or equal 1o’ the prevzously p]aced paroel's heunstlc, then that -

often desirable in contamer transpe}t eSpeclally 1f 2 contamer is to be shated between a

B

1
T

' A further mod:ﬁcatxon to thr. hrqt staga heunstlc is 2 mechamsm which acts as Y tte- .
o breaker between posxtions with the same het!nsnc valuc‘ The modlﬁcation is based on the "
: observatlon thr\t when parcals are bemg packetf nto a ‘block’ up 1o the sxde of the

3 TR



N contamer, it i sometmes mom c!ﬁcient to. ehange the onentation of the Iast row of
' parcels (ses ﬁguxe below) The declsm is based cn a snnp}e calculanon to declde whlch---‘ :

. : K arientatxon aﬂows the most paroels in th&\xemining spame ‘that the hlock ntF parce]s wﬂl '
take up. ’I‘hJs modiﬁcatmn, cafled the ‘put—ﬁat’ heunsnc is apphed even i there aren’t |
o _.-_senough pamels afthe same type to ﬁllup the ‘space on wb:.ch the caiculahon is based” -

¥

Further; thcspacamaynotevenbcﬁ'aﬁ smcemsaasumedthalthepackmg“ispmc:emf._;

from low co—nrdinate to Iugh co—ordmatc values aloﬂg sach axis,

-

. Tigure1: An example showigg the use of the Put-Flat heuvistic *

B : f:' R

. --Figurg 1 1s afl exampla of the use of the ggutnﬂat heurismc. In the leﬁ: coutamel 24 paroels
havc been pl <ed. In. the nght the iasﬁ colurgu of paroels is rotated a!lowmg an ema

parceltubePIaced o ﬂ

o

. _The put—ﬂat heunst;c can ba seen aﬁ aq:rimxtm attempt to perform one—dmwnsmnal

o packmg The, 'heurastxc could be axtended to take the last two rdwg mto actount, o the

Tast three, or four, eto, This would even;ually result in a one—dmmnsxon&l packmg pm“ﬂlem,

N and a solut:on algoritbm such as t'imt of Huﬁchberg and Worag could ba used to ﬂnd how -

i

_manycolumnsofeachpmlmuse e e

. BT
i * S T

e Lo

[



S o
. It - . -

put-ﬂat heuristm is agpheﬂ to the companson 0f imyetwo posmons mth the satve : o
heNyistic value, and comies inty offect if one or both positions would sesult in 2 space_-, SR
| -:__'bgpweenth_‘eplacgd pacel audthscﬁnmmgr wall thaxlstop sinall for anbther pascel of its

- 2 2 3 Stagg mﬂ ‘c - | o | -\1_.'-1-_._. o

‘h

2 e sacond stage Packs each pamel gype in tucn, Iilstead of trymg each parcer in every
o pesmble onentaucn, as ‘many Pamils as possible are packed in czne otientation Befoly ..
o another is attempted AJI possible onentatitm orderings are attemptel\ The best msulung: ?/
- packmg for the parcei type. (most parcels placed followed by ﬁ;ghest“s“m of in de wls

_f_heunﬁtlcvalues)mused,andﬂmmtpmuypaatmpwd }\ s

L M

o _.The modiﬁﬁd drop-seazch a!ganthm"is used to plaoe each pamel (without tha put«ﬁat :
- heunstm addmons) Piihcmg parcels using fixed omntatién tends to form large blocks of
* pareels, which aids hﬂahty and more cohereﬂt{isackmg plans. Due to the emphasm plar;ed. L

on finding efficient groupings of a part:cular parcel type, tlus approndh is perhaps more

o suztabie for problems wuh fewer parce! types.

: &

e 3 P ,,erformance Of ﬂle Nop-dlscrete Dropmsearch PR

&

- .-

s - .. 5

- -_The rewsed Drop—Search algorithm has. complemty O(n ), where n 1s \ totgl =number ot S
'_ narcels placed For each parcel (n) and each x—g posxtmn (n ) the parcel dropped and the
:_heunsuc caiculated (2n) L “T% - ‘ U




o ;-,"‘l"lm results aphleved usmg th-e compound heuhst;:c are ‘very favourablﬂ compared to L

| The cbmpound hetiristic nsed makes use nfthe O(n} algorithm a bounded muber of e
- times, and tests sh;w,/f‘thc final algonthm runs in 2 few mifirtes. fn{(test cases of_' o :\ a
- moderm'a size (up couple of hundred) ona 486DX-33 For Targer: test cases (up io - <2 o
| around 80(}parc' /wzthmany dxfﬁerent parceltypes) th;ex algonthmcantake 2 number of B

- 'hours ta \run. jis fime camplemty and executmn txme is unacccptable ina practically L

| -onentai.ed algoritlun, and needs  to be mpmved. oo 3 '

o

prevxous ;mthods dhed : by%be company concemad. 'I'he remammg problem:s that of thc. . )
' tlmtakenforlargerpmblems T

24 Towardsa trueSDHeurlstic S

,;The. t@m main drawbacks of the algonthm develaped above are its speed and the fact that' R
_':covered spacemstﬂlnotutﬂised ' » ' T
. The e:ustmg algonthm could be axten " ',d to mclude covered spaoes :fothe z-gnd were also o
utilised. whesi searching for potaﬁ,tlal pusxtmns The ‘dropping* mutme would still be : o
needed but only to check it the positien is legal in tarms of placad parceis. The complexity B o
of the algomthm would Inceasé to O(n X whlch 1q1clear1y not desirable. o .

' The algonthm would conmder a]l combmauons of x, y and z-gnd pomts as possible &,
postns, msultmg in 0(113) posﬂ:mns bemg conmdered In fact many of these posmons L i o
may not. cmi%spond to fiseful posmons, This ocfcurs when a new entry into one of tlmﬁ o
grids resuits ina mlﬂntude of ﬁew potennal posmpns correspondmg to every combmatlon o
of pomts ﬁ-om the other two grids, In Figure “z the circled pumtlons are. consxdered-

. unonecessadily by t__he m.hﬁed D:gp—Seamh algo;;thm (the container is viewed fro_m_above

e

=

- 21



-#m;h 9 parccla a!read}“placed, and gnd lmes comp!eted using dotted hnes) Fﬂﬁhﬂl‘ SR

- posxt:ons may co:respond to comears in the packing th:h ire ot viak | dua ta tlw o

_presence of - other parcels Ehnmanng these posu:wns would clearly improve thc |
o -:fperformanca of the algorithm, Tn' fact asséoiated with eac‘,h parcel placed, there is 2 AT
" bounded nunﬁ:er ofuseﬂll potential positions. These posztmns restlt &om the bounded e

- pumber of parcels in the immediate area which “sgether with the parcel befng placed,.

 “rosult in a bounded number of riew potential positions. This meaus that the number of )

o positions searched can be reducsd to Ofn)y sinee the samber ofpa:ce}s placed is o). ‘The

i remﬂtmg algonthm, whzch takqs covmd space mto account, would have an expected o
_'.compiemtyof 0(?43) o e R ' ' |

- _/‘m L S . oW . . )

Flgure 2 An exmnple showmg pnsitions considelzed unnecessarlly by the moﬂiﬁad
e drop-searchalgorithm e |
k - So, for each parcel O(nz) work wnuld be performed. One of these factors ufn 1s a resu!t
- "of calculaﬁng wfbther the parcel can physmally fit in the potent:al pos:tion and calculating

o tha heurmtm value :E it does Both of these calculations depmd only on Iocal mformamn. e

* Only rarcels i the immediste vicinity are needed when caloulating if the current parcel

- -mtersects or touches any other parcels. If thlS fact could be taken advantage of, thcn both

- calculatlons would take constant tune and tha resultmg averall cnmplemy wnuld be

U .



g - "

. .'-'performanueofthe ﬂgomhmThmcanbedonebymakmguse cfabalancedtmeto ke\\p
o - track ‘of the hﬂms% va’luas in. order ‘Bach- time ‘a- pamel is pfaoed ocrtam covemd
. .‘"_‘.'.-'.-Pos:tmns (@ bounded mumber) would have to ‘be removed, whils niew pDSlIlonS (agam, a
’_Bounded number) wouid have to be conszdereci At each step the pnsmon w:th greatest e

Q' t’yge) Ifthere were k dﬁerent parcel types th;s woulﬂ Icad to an overall t!me mmplemt?

0 .

-

v

o )

@ Mamtammg aimt%f al possibie place.msnt poaitlons and P BOﬁﬁd sist (!'fﬂ-‘va best m“"
- " positions : ava:lable could provide useful tools for mauual ‘parcel placement. Firstly, the
o . human packcr Gould bmwse through the hst of all useful pnsitmns when malﬂng a
-+ " place dent, mstead of havmg to pIace the parcel and then test whether the position 13
. .feamb s ;md usefu] Secondly. the human packer could browse through the best pomtxons

asseenbythealgomhm,mdweuldthcrefombe gtudedmplaoemﬂntdmwns |

1 .o
I.'.

LU

: . ':-Each tnne a parcel is plaocd the haunstm value for each EBSIEIOII is recalculated, even 1f
o thw has ah-eadybeendona for must posmons fnrthﬂ samaparcel typejnthepmvious step
o (‘..learly, stormg ‘the: h,emistl&’ values assocmted thh each pos:tion wouId mlpmve on the

Y

e
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@
.4"

R 'Thls chapter detai]s thﬁ devclopmem of the ﬁ.ﬂl three—difmnsional searclﬁng algoﬂthm,
: . 'basedon the abovedxscussmn. e e '_..:'\,

. re.s%»ax thc ongm, thh the 1e.ngm. w:tdth and helght correspop g to the %, ¥ id 7 a8 SRR
o ;.j-".mPWﬂWIY' The Pﬂﬂiltlﬁtjl Gfa parcel in. the contamer. m a sn Qns .
identlﬁedumqm:l}{ /yﬁsstartingx,y,zco-erdmates e

Conceptua]ly, each parcel in 1 the container (and mdeed the contamar 1tse]f) has edges B
. Whlch mclude the flow:r bound on (m mterval, but, exclude the upper. For example a cubic
| parcelmthsx&e length one, staxtingat the ongin gxtends omm mterval [0 1) on each -
| axis. This allows two pame!s tobeplaced side hy side: thhout any ntesction between

e

T A

S The packmg algonthm néeds to 1dem11fy useful potentlal posmons for placmg parce!s It s _'
' important that the algonthm used for th:ls does not el:mmate any final packmc result It

shonld be possible for any packmg layout to be arnved at through a. partmqiar sequence of

~ choices from the potential positions presented by the algorithm. It should bo noted that . _f 3
dlffarent ﬁnalpac}ungs can be cons:tdercd equwalent. An example ofthm is twe packmgs B

24._

Ta
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':_-'_wim:h are ﬁenﬂcal except fur the pns:tmn nf 3 smglf: pamel, Whlch i shghﬂy djspw_'_ _. -
 into'an opeh smce Any packing cant be ‘redaced’ to a form int which every parcel inthe . -

contamar rests against an edge (mther of another part;el or of the contmne,r itseli:) meach_._ . . S

Cof the three dmens:ons. This is eqmvalcnt to. tllting the coutalner up otito one of 1ts
. -bnttommmers.énda]lm&ing grawtytnpzﬂttheparcels domardsmtlleachistouchmg.
- anedgemallthreedxmensmns : : e

v p Aﬂ}' Posmoﬂmwhmhfa pamel:s supported’ (touches another mdc}mallthreedlmbnmansn o
will be mnsﬂered a nseful potentlal placemcnt positmn En'ther in the z-dnmnsxon the: S
o .Pﬁl'cel must bﬂ Supportaﬂ from below, to. ehmmate stalact:lte’ parcels This deﬁmtxon of a -. S
. useful potem,ial pomtmn ensures that any (reduced) possibk: ﬁnal packmg result can be;
" yeached. . . . . .

-,5' :

Bl LR

. e
H .L‘ .

s

: -___-“It is m::portant to note that when a parcei is pmcgl thhin t}m contmner, tha‘t all new

' resultmg q)potentlal posffmns can. be fnuncI usmg locally plaeed parce]s only, Any new

_ position ‘will result froin a paroei restmg agmnst one of the edges of the newly placed- |
o .parcel and agamst two othﬂr local edges o : 3

- Assummg a beunded numbcr of local parcels steps (1} to (d) ‘in ths algomhrn below o
o -eachtalﬁe bounded time. The tlme complmuty of step“(i) will have tc waxt ustit the data S
structures used have bcen d:scussed mthe next secuon Note that i m step (5) the heunsnc R

- A pseudocode algontbm for ﬁncimg a}1 ne.w po;ential posntmns resuitmg from a nawly R
o '_ ‘placed parcel is gwen below. A test parcel is placed agamst one. of the newly placed -

- parcels sides. Support m the remammg twu dimensmns is then seamhed for in t.hg loecally - - |

| -'posnmned paroels in the container. I ‘support s founﬁ, a check is pe.rfonned to ensute that j e

_the new posmml is phys’ﬁr%lly possible ie. that the parcel would not mtersect any other"' _
°parce1 (only local paccels need to be> checked) and that ihe entire parcel fits into the o
_ container. Fmally, 1f the. posmon is not- ah'eady stored asa pntential pos:tmn, thc new -
| __'_-Pomuonlsslmed . : S -
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.0 - . pl."__-].' .

MGDULE AddNewPos;k:s (pl ncwly placed parcel)
p2 pamelusedto test newposmons e
FOR eac.h onentatlon of pz '
FOR cach facoofpl
' place p2 agamst face of pl L S
Check ‘local’ parcels fm‘ support m other two dlmcnmons
IFsupport found in hath dims - o St { .”' R ;'a

e Addnewposmon R

%

IF posmom poss:.ble (no mtersecuons thh local parcels)_ B
IF posmon NO'I‘ alrcady sto:ed S L |
 Caleulate posmon & heunsnc usmg ‘local’ pmels o

o _-'va]ue found in- step (4) xs stored thh the posxtwn The posmon 1tsp}f as“stored as the o
= startmg Xs}f-z point (or I'OOt') Of the parcel and the parccl nnentatwn (of wluch thcrc are
- -___atmost 813;) - : o

. (3)
e

[

| 'iEach time a parcel is placec’l withm the contamer a number of mamtenance actxons are o
. :nccessary‘ new potentaai plaoement positmns mnst be idantiﬁed emstmg posxtzons wluch :
R are no longer feasible naustbeexcluded andtheheuusuc values assoclated mmmenm' -

posmns and some of the exlstmg posmons (smcc the newly plaoed parcal sy m . ) o

no 1cm,gar spatzally feambly due 1o thez newly placed parcel

o S -5\# .

o _'-pasmons hem-istlc value) must be calculated As discussed in section 3.1.2 W posxtion' "
| identification: requlrcs onIG Tocally placed pamels The same apphes to. calculatmg the o
 heuristic vaiue of a parcel, since only parcels wluch much the parcel, or the confainer _ :
| "'ztself, need 1o be conmdercd. Th:s also applies to remomg pntentxal pomtions whj.ch are R

Q”‘T.*\a_-?'l‘lé
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_ L .roughly equa! to thal of the Iargest parcel in the parcel hst The idea is to any- : -
o .:-'..ﬁ,chﬂﬂgeuausetibYtheaddltmnofaparcelto abaundednumberofthesecubes Clearly.aﬂ'

o "exatmmng thgpareels piaoedmaboundcd numberqumbes arﬂﬂndtheplaﬁﬁﬂpamh

.'l{_!.

: ‘:-"I'he lowermldupper hmmds ofeaéh p—cube qperﬁt&m thesamf: wayasthase for paroels_ :

- __ -' _ In onder to ablneve the desxred nrder of compk:my the Spaual reprssentatwn used must
"take adwantage of %ca]&y mhereﬁt m the algonthm. Thzs s done by dlw‘nﬁng‘\the'_ R
- ccntatner down, into anumberofcubes caﬂad p-cubes, 'I‘he sie qfthe p—cubes shouid be o

# BRI mamtenance followmg the placement of " a parcel nn:nnoned above can ba made by'-'

A parcel whoae corner w1th lowest X, yandz m-ordmates rests yuthin 8 p-cube wil ba_, o

refe:red to as m that p—cuba regaﬁrdless of whether the parce.l extends nito nelghbouring. - L .

o _.:The contamer krepresented dm:ctly by a three—dhncnmmml arr&y of p-g:ubcs “Followmg": '.; L

» SR e _'ﬁ‘om tha abave&;scnssion, tha parccls placed in a ngen p«cuhe,
'f-3.--_posmonswnthm o

| . each p~cube two inked 1ists ~ one for placed parcels rcoted m thi p-cube (ca]led the

Y plaged lisp), and cme for potential posEféus snmlarly rooted (called\the position Izst)s o

the length of each \pst is bounded smce ‘each leng!:h dspeﬁxlw on the number of parcels

. ’ #

\§ well as, the patenhal N
p-cube must bz stored for each p—mﬁe This _ aclueved by givmg L

. Note that the Posﬂ:ionkst étéres the’ pos:t:on as well as its aa&ecmted heuligtio value. ,Also, S

_ _placeﬁmﬂlelocalalgea 2 @ S o r:ﬁ

o m modula AddNewﬁositians abcwe, step ) whmh adds\a fgewly feund i

B | | _haw a bounded t:miL complemty sim:e addmg to the posit:;?n list wﬂl@equu'e a bﬁ dadl -

R 'number of operatxoﬂfs It follows. that the l:n:ne complemty of modula AddNewPosmons is"" W
bmded S | T

-

\ ¢
L NAEE

@;

' "'Ihename jg-mbe’mjplnsmmrsmaofﬁlenosiﬁnnsmdnmﬁm

.—_"-‘—"—1—.__——_-_\_-,——:—_- T
&,
I
o

. . . e :
u A . : o P o L.
o b N : . . g‘}. o T . R



- When a new parcel is placed thhm the conmmer, the state uf the contamer array nmst ba

"-'g'_- X - i _1:-- .- . . 'f_‘-'.-.

’ g
By

) Module antamc'eﬂtamer( pUsed posmon th'tihasmstbeen USed- S
S - parcel ; parce] just placedm'iﬂE\Sed posnnon )

L -Updata ‘touched positions’ heurlstrcs in nelghhounng p—cuhes o OF

1! | _RgmgvepUsedfonnreIevantp-cube IR N (1) f'
S . Remove covered posmons from nelghbounng p-cubes 2y :

:-_AddNewPomnong(pameD _. SRR | (% e

s

S | Ths fa‘]lowmg ebservatmns refer to the m.mbered steps above (1) sm:ply searches _
thmugh the pcubes positzon hst, and remnvestheusedpomtmﬂ ﬁnmthepnsxtmn hst. 'I'he L o
-~ time needed for this operatign is bounded. (2) removes positions which are no longer

feasible due to the new parcel beirig placed. Only certain of the nefghbouring p-cubes need

to be searchfor this: step, and thc time complemty for this step 15 also boundeﬂ Itshouid_' S
- _,; be noted that step (2) makes step (1) redondant, and that step (1) is mcludeci sepamtely"i{__ A
“for clanty Smce the newly mserted pamel may ‘affect the heunstlc values of some of the " %“ ':
N local potem‘.xal posmons, these va]ues st be updated (3) performs this task by looking R
- at all the posmons m certain nclghbourmg p-cubes posmtm hsts, and recalculatmg the"._ e

haunstic va]ucs (agamnsmg only Iocai p~cube data) Onoe more, the tsma needed for thls" S |

operanon is bounf.led F’ma]ly, n step @) the néw potcntlal pnszﬁans creatcd by

S addxtion ojthe new pamel are added to the relevant p—cube position lists, as d:scussed n.
. section 3.1 2, takmg bounded tims due to th.e ‘bounded length of the pos:uon hs: It-__- SR

fu]lovvz thatmcdule antamCmtamer requnns a hounded amount of time,
A

_ Step (2) above searchns thmugh all potential posmons in a number of nmghbourmg P
e cubes This prooess is mmphﬁad by joinmg the Wmhon lists from each requ..wed p»cuhe L

+ w
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. ' MO‘dulePaCkNa K _. ._ : - o ..: ' _ | _ o

P BRI . oL, ™ . s S . . . Y -

Jmkmg a Hist’s last e.lexmnt’s ‘next’ pomter tmt next hst"s ﬁrst element, etc. This creates -

atorward Imked cham of the. requnedelemen&s When thechams are hrokenﬂown dﬁ'.é.l‘ AN
- usa, ‘the changed forward pomtcrs (one per P- cnbe mvnlvcd) are restomd usmg tlm Iist‘ S
ﬁrst element’ ‘prevlogs pomter Tha craanon or d&struct:aon of each cham reqmres onl'jr '_ N
onepointer operaﬂonperp-cube, s i_ o e e N . D ‘. L

%

outmde of the x:ontamer at one of the corners is represented usnlg ﬂtfee parcels one

5 'block/mg* each dm]gnsmn. Comeptuany the outside of the parcel is ﬂlledﬁpm’ |

ﬂlerefore not usahla‘ ) o

i o

R

x\

Thcseamhmg andmaintcname aspects oftha O(n ) algomhm have nowbeendealt wﬁh‘.
The actual helmstm“v '"**‘ "ﬁ!en to each {iotentml pomﬁoﬁ wﬂlbe dlscu:sedm Chap-.ertt
The algonmmauthndfié lows B Y O PO

oo L

sortpameltypeshydesohndmgvolume (2}
Wmﬁsuupmlstogack e R ) "
IFﬂeWparce}typeTHEN ey )

L

i

| and then searchmg through the resultmg smg}é\.xt Steps (3) and (4) reqmre smu]m; hm of
o posmans and placed pamels The creation of these *chznns Q facititated usmg;a d’imbly
- lmked hst for thc posxuon and placesd parcel hsts in aach p-cub& A cham is created uy

The edgcs of the cuutameg are. neatIy deait wnh by mply addmg ‘falsa pamels xmto thq |
| end of tliesi% temporary chains represea‘lf.mg the outside of the contamer rm:axample, the '

Clearal[ Pﬁsmonlists el e . - (8) “
FORaIIplaced pamels P AddNewPosmons(p) _' () FP ¥ .

Addcomerposmons“’ o L “_l Cowt o
chl pomtlon pBest thh greatestheynsnc value e

u ) Tf'J .



Place parcelat posmtm pBest P ¢ [
e MamtamContazner(pBes;marceI) B € ¥ § s
// ‘PISE | o
Movetonextparceltype R T _(_.13-)_ S

_At ste:p (4), 1f anew type of parcel i encountcred, the potentml posztwns must be clea:ed
NG and recalculated (6 for the new parcel type. Potent!al posxtions mmst be recalenlated

. N smce new posmons may,; arise due to a smaller parce] dimenmon, or “different stxpportmg'

B pa:ce]s beingin reach of a larges parcel dimension. Also, old positions may fall away due
to supportmg pamels bemg out of :..:ich or the new parcel type not fitting the avallab}ﬁ o A
- space, In addition, each; time anewparceltypelsenmuntered the positions which may be

ava:lable at the battom corncrs of ihe contamer must bt%,added )] smce these. positions - -
are ot mssarﬂy Supparted by any of t.he placed paroels. This completes the not;on of

- the w*-“de of the cuntamar being represeuted by false pardels, since at the ml;arsecuons of -

" Let s be tho volumo of the container divided by the volume of the smallest (in volume) -
 parcel type. Note that the maximum number of paroels placed is always bounded sboveby
" n Letkbethe nusmber of parcel, types to be packed It shotild be ﬁoted that this deﬁmt:on S
 forn does not necessaxﬂy correspond tn the input length for- the algorm An example s
| whnre the input is SJmply one pm_‘cel :type and the number of such parcels, This ) mcans that
* the complexity analysis below is not conventional, and mmeasures how the qe_mpléxjty |

. apackmg. -

3.2.2 Algoritkm Complexity

rs

s
F

- ti:é n parcels. potent:al positions may be found {except, of course, at tha upper'_ . B
L comers} "This step alsa prowdes thaimtzalpositlonsmthe empty container at the start of
(1



o 5 S - '?“ | |
e changf:s as tLa ratio betWeen the contamer size and the size of ths smaﬂest pamel
- mcreases, raﬁlerthanastheinputlengthmcmases e oo

. 1\: i L

In order to. achxcve the dﬂsred complemy, the number nf p—cube& affected by a parcel 8-

B .placement is r&stmmd to ‘Xocal’ parcels only. The Iength of each p—cube’s sids is set equal
" to the maximum parcel dimension found in the parcel list: The number ofp-nubes s

. B,

therefore baunded above by n. “This chozce diso means that & parcel canmot ﬁtfetch ove.r 2. . .

| In Mudule PackN abu%, stgp (1) tokes O(n) time, while step (2) takes. O(klogk) The Foo
L st“atement at stey (4] is true amax:mnm of ktums In step (5), O(n) fists, each of bounded .
o Iength, arc cleared, Step ® mpcats module AddNewPomtions 0(::) times whmh msults -
- inan overall tune complexity of ﬂ(n) for step (©): Step 1‘7) adds the potent:al pﬁsmons'.- E L
| correSpGndmg to the Jower four corners of the container, and takes a bounded amount of )
- time, It foﬂows that the i statclmnt contnbutes O{Im} overall to the a]gonthmlf R

complex:ty o N B

The resulting tiﬁmoﬁ:ple -
| stateroent cBntribistes O(k
" considered as part of the WL
'=".typf¢sremainsconstaﬁt,thloverallcdhmplmtyismn“) asexpected e e o

o Step (8) requires O(n) operatwns, since thzre ate O(n) posztion hsts to search Steps (10)' R
- and (13) each take constant time, whxle step (11) takcs 4 bounded amount of uma 2

discussed in the previous section. Tha body of the WHILE ioop therefoxe fakes tnm O(n), -

. 'andisrepeatedamammumofunmes. R - :

[
L

: loop for the cempla:ﬂty analysis, If the numbe:r of parcel

L

. afthealgm:lthmm 0(n+klogk+ "z_i_’m) Note thatthe IF _ |
in total, as ‘mentioned above. and so does not need m T

o more than two p-cubes in zmy dmwnsinn, and proves convcnwnt antt eﬁ“icmnj: when R
'acoesmngloca!parcels. RIS o . S
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The nesa;t. step in the algcmthm dwelopmcnt is to rcduce the a]EOnthm CDmPIe:ﬂty by_"
malang use ofa balanced treato snm the heunsnc values, e \ A T

k=]
L _.‘,J.

j £ 1 Me Heumtw Tree . R .' ST
7 N _ The heurmtlc trec isa balanced l;i°=d4:1ack twe used to storc all heunstic values- asj" ted :_ o
. w1th the current patennal posmons. "Ttie total number of potentlaI ‘positions gau. ‘ated L
. over the duratton of the algontlmis O(n). Thls follows. from the fact that in each p~cube o

) thﬁre are a bounded number of fmbutial pos:hons produced ﬁ'om the bounded number of:- :
parcels tbat cum be pIaced in tbmi p-rmbe This means that the mst of ea,ch insertmn_. o |
perfonnad on'the heur:snc trea is ‘toaogn) When & posu:mn is o 1onger vxable it is |

o ramov&d from the tree by simply miprking the. node as ﬁsed Bach node in thc tree alsat. L,

N stores how many of its chlldten are nbt ngrkcd empty allowmg the pos:tmn with gmateat L o _
heunstm valua to be easﬂy found. Tﬁc search is pexfonne& by mnvmg through the tree, :
takmg thie nglrt branch as 1ong as zhe ;qght t:hﬂd is non-cmpty or has non«rsmpty chxldren' - o "
(mdmatad by 8 non-empty child count. gmater than Zero). Tt thisis not the t.ase, then the e
. left child ; must be taken. This Teans th#,t O(Iogn) mnves m reqmred tg} locate the larnest"__ ER

heunsticv&lue. - . B \

G

The mamtenauce ofa red-black tree- is mﬁﬁed if nio 1tems of equal value are to. be e
| '_ stored This is oneofthe reasons no two pntantial positions. are aﬂowed to have the samme- _' S
| heunstlc value,asdiscussed in Chapter4belaw. T B _- e ey .

| 3'3’2qMamta§ning thu@Dm OSmm?-eso o . AR
' Now that the operatmn of the heunstic tree has heen dlscussed the t:ee must be lnﬁwd | .
xﬁte the emsuug data stmctures thn the best heunstw va]ue has been found me“' R



assoczated patentxal posﬂ:mn must be aﬂocated. Thzs istacﬂitated usmg a pomter to tha

* position mdemﬁsyosmonhst(mtmnmap-cuhe), stored w:lththe hemmtic valuémthe

tree node. Consider the MaintainContmner modlﬂe repeated below

Module MamtamCon

g

o Rembvvs pUse:d form ralevant p-cube

i

Steps (1) to (4-) are made possibla by the mclusmn of the extra pointea meaq,ptme noue -
In step (3), the tree mﬂes cmrasponding to the aﬂ?ected pomtmns cannot. sinzpiy he

o _Remova ‘covered” pemuons from ne:g,hbounng p-cubes
- 'Update ‘touched positions’ heumsﬁcsmnei?bbounng p-cubes
R AddNewPomtmns(parcel) | |

er'(' ";T:"Uséd pésiticiti thathasjustEBn ﬁsezi;
\ parccl parceljust piacedmpUsed pcsitmn ) AR
@

S

-(.- o

updated smce this may compmmise tl'.ne ordenng of the trec Instead the. tree nodes must

ne removed (marked a8 empty) and the updaced heunstlo values rs-inserwd into the tree. -

3 33mmgmnm ot

& (f.

1)
Do )
@

= fd o

o SR N 4 -

om

e
i N

4

-1

| The algomhm outlite for the O(knlogn) aagomhm is vety snmlar fo that of thet O(n‘)
algarithm (eg;oept for the steps marked in boldj

L

@ : . L L
= oo T G Bwg

Mn;lule PackKNDagN TR
_imhahsep-cuhes R

s

. ]Fnewparceltype'l‘HEN S

" initialise heuvistic tree |
':_3'.:_sortpm'ceitypesbydescendmgvolume“
e 'mﬁshllparcelsmpack \

R

e
S

ey




: . - ‘
e a N

EmPtYheurishctree e 0
Clearallpomtianhsts Lo |
KQAddcomerposmons e ’ta) o
FORa]lplacedpamt’.lspAddNewPosnﬁons(p)__-"_ ©®
' Find possxtaon pBestinhelmsﬁctme o (10) '_ .
IF found e Tany
- Placa parcel at poutiou pBest SR N : ( 12) o
SR MaintmnContmner(pBest,pamel) ey
c Movetonextpameltype _ (15)

. Step (2) s;mply mmahses tbe h.eunst:c tree. Step (6) actually removes S all nodas fmm th':? “3 o
o _twb, as Opp&ied toamarlﬂng all nodes pmpty. In ste) (9), module AddNewPosinns must ;;‘ . 3
- add each uew posmon to the heunstxc tree, Step { 0) mkes use of the modxﬁed tree

' search prorsec!ure discussed above. ¢ ' | C o

.8

'._’&3 4 Algomtkm Complexily I | . |
. The complemy analysis for the O(kmlogn) algomhm i smular to that of ths @(n’)
. slgbrithin. Step () is-a simple"constant time initialisation, while step. (6) emptles the . |
R 'heunstxc tree, requiring Ofn) operatmns “In step (9), mndule AddNewPos‘iﬁmns reqmres | .
| - O(logn) operatmns, siuoe 1 bounded numbnr' of new posmuns 1s added to the hemstic tree i
-~ per placed pascel. Overall, step (9), requires. O(knwgn) nperatlons, since there are O(r:)
placed pamels and k parcel types. Step, (10) requws O(Iogn} operanons, as dxscussed
cabove This leads to an overall comple:uty of Oc}z + Kogk + nlcgn + bzlagn) O(knlognl
a8 eXpected For 8 J.zed number of parcels, this reduoes td O(nIogn)., S S

N o s . P SR S

-y g



. As mznnoned m sectwn 33.1, the heurlstic algonthm usad never equates two pomnons, - - h
. 'This snnplrﬁes the opemtion of the. balanced red~b1acL. hcurisuc tree Perhaps more .' o

o ﬂnportanﬂy thzs means that thc a]gorlthm akways idem:ﬁas a ‘best’ posstion out of all the -
“current potentlal pomnuns In this way, 0o arbltrary ciemsmn tas to be made to choose

o S haunsl:ic 61'ithm whmh provxdes ! sf‘mng ordermg means tbat the algonthm has more

control bver the pomtmns us&d.

et

b Pe‘f"mﬁﬂm ﬂf ﬂ!ﬂ algo;dthms undcr vanous condmons
. \ t |f

- . . con
o

P k’_,'. '.

that«:he nio-covet measure aqf‘aal}y re‘ducadttwpachng performance SR

L

SR The ﬁls& suc.h change was to re:mve the no-cover bcunsuc measure “This was mﬂ:m]ly

| built into the heunstw measme as an attempt to compensate for the Ioss/gf all. covered' o _' -
. ﬂf’\ } (as viewed from above the mutmncr) Smce the naw algonthm is’ fuﬂy thme‘ L

d:meﬁsmna], oovemd spaOdEJs no,t lost to the. algontﬁk@. Early tast results cleeﬂ-ly mdlcated L

-_'m'

betweenanumber of ties, andnothmg;sleﬁuptothechance ordenng ofthe pomtions A -

Tlib hetmsttc algomhm used is based pnmanly on that devaloped for the Dmp~Search BERT I
It nthgh [Angas 1992] and subsequently ﬂxtended for thc non—d:..crete Drop-»Search B L

1{ EE m:hm (see scctlon 2.2) During . the development of the full three-dlmensmnai .- ._ .- :.;.
o a]gg.‘)mluns, 3 number of changes wers made to the hemsnc followmg obse.rvanon 0f the' 3

o,

I‘he szcond changa was to re.mgve the hmght measure, wim:b, was ongirmlly mcluded to o

o encourage tim’%ttmsatmn of s_ppce closer to the bottom of tlle cantamer, 50 as to Ieswe

Iarge usable spaces higher up, and also fo avmdthe creatmncsfcoveredspace The latter
reason clearly nia longer holds while the former still has some merit. “The question w}nch S

_ { _
| needs to be askcd 1s Why gwe the he!ght of the container, or the_z-dnnensmn, greater :

. prionty than the other two d:mensmns? i’erhaps the dnnensmns shouid be i:norzused, thh '
o

. "

b



W

- B parcels bemg packed tightly in hlgh-prionty d:mansions This observatmn is put to uae in ' -
the u&bmahngmeasums dwcussed later in this section.

_ '_Allthatisleft oftheorigmaihcunsticlsthemde-touchcompunent, whxchmeasures how':_-_:" o
'much of the swface area of the parcel. bemg placed touches elthcr the mde of the'__
-contamcr Oi' other parcels Th:s lwlps create fight, umformpackmgs with larga peable-_ w _
- spaces, and i clearly still a desirable heuristic measure, Since the other hewristic
components have beet removed, the need forawelghtfaﬂsaway, and the hearistic value_ o |
o    usedlsmmplyﬂmsurfaceareaofthcpareelwmchmmcontactmththgcomaineroroﬂler- " s
_ __"-_-parcela L o _

: 'o-fléuris't_i{r,;vaﬁte_#_'tmzchiﬂg area = £

o Reducmg the heutlsnc mﬁasu:e fo th:s smgle compomnt clearly mdmates that the naw-__ '_ o .
- ) _algonthm overcomzs sume of. the unfiecessary comphcatms found in the ongmal'_ o
algumhm, and panmlly compensated for}oytheaddmonal msamres Importantly, thesxd&_.' o
_ touch masure makes usa of local mfonnaﬂqn on:ly, as reqmred for the O(Imlogrt) }
s -compl&mty L i

L Toa
.o

"-Thedrawlﬂ{kofhawngoniyonemasmemahnguptheheunsﬁcxsfhatmanyncswiuf' :
rw'it For example thew may be a number of potential pos':tlons in which the ! same two
surfaces of the pamel are, fully up agamst other parcels or: thamntaimr. As d:scussed- |

o _'above thlSlE'ﬂlldBSli‘ﬁblﬁ L e T I

0 \.ﬂ

0

rF_ W

To act a8 a tm-brcakzr and i an attempt to ynprow the paclung perfomce af the'_ '- o
'algont]:m, ths ides - ‘of encouragmg tnghter packmg in a priority cﬁmensmn has. been
- Introduced. The oontamer dsmensmus are pnoritlsed in inverse ordei- qf size, The idea i is -
that the smallest contamer d;mensmn is the mnst pmclous commodity When two potential B )
‘positions have the same s:de-touch bcuristxc value, the better of the two pOSJIIOnS I
| detemned by how weueach ut:hsestheprzontlsed mmenmen. N

o
P

S
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I T

Ithe x—dm:enmon is deemggl to have the mghest ptinnty, ﬂm the posmm which results m_._' o
the parcelhavmg the smalleswpper ementjm the x—dmmsm is consﬁeredtha better of
the two. Ifhothpus;ﬁonsarastﬂlhed,thmthepomtmn whu:h remﬂtsmthelaamelhamg-’.;___-,-ﬂ- RIS

the smal!est lower extmt in the x-dmxensmn, is wnsidsred the better of the two. I a ue . )

still e:usts, then the parcei eximts in the' dmensmn mth second hlghcst pmnty m .
cons:dered Fina]ly the third dnneusxon xs also oonsldered. Note that no twe pasmuns uan'_ -
x‘eSnlt ina tie, smce thxs vﬁouldmean that thr. posmons bemg compamd are ‘the' same. and o

mpeated pnmnnal posmnns are zmt stored

Prwrmsmg the enntamar d:mcnsmns also 'he]ps 10 proimte more. tegulm' paskmg layouts «

since, layermg of the forimation of bloGEs of parcels in the same orientation is promo'ted' L
ﬂue ;o the tandency to push alt parcels B far as pussible in & priont:sed d:mﬁ\nsmn. e

Reguiar packmg layouts ate beneficial in a nzzmber of ways, Firstly, the nu
potmtial packing positmns is reducéﬁ dne 0 euhm regtons baing ﬁlled ‘Se .'ndly,

 regular blogk of parcels makes 100% utisation of the space concemed, pnd the ideats | o
 that this 10931 optimisation should heip the overall opthmswoﬂ. Finally, from & Mﬂ__'__ o
 point of view, rogular lay&k.lts are easier to pack and may be usefui 1‘:’ a:il of a parmular':"f_:;'-, e
I componem@fﬁshipmentmtobeunloaded ﬁrst. o Dl D P

a,} ‘:ﬂ -

Fxgure 3 é’ an exampke 0f a packing thh 5 pmel types, n- which no. dmnsion
| pnannsaxmnhasbcenapphed. Thcmsultxsa;aackmglayuutwh:ch:scleaﬂy ﬁ‘agmented’
;v and oot suitabls for ‘prgetiéal use. Tho"samo tost case, this time using dimension
‘L pnoritxsatmn, is shown m ﬁglire 4, The layout is elearly more ﬁegula: and usabge, wl;,ile the o ..

percentage conta:ner uuhsauoﬁ is increaseci fmm 81, lbfo 344113!03119 S
. "R S e . | -
e e q o ,,__’1:‘ "% '

“‘hl“
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..0.

o

container dimension pﬂgnﬁsation) showing
,rgrouped layout RN

'_'pli'ics generated using_ Dotman's _cdﬁtaihé;_jack_iﬁg graphics m{;i[Dorman 19921

. : o “ e
Ca _ .
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- el

Fagure 3 Examp}e packmg {mthmlt mntaingr dimensinn pmntlsatmn) shnwing
. irregulnr iueﬂ’icient pac!ﬂng 183'01‘*1 '
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- -Testmg showed that the ptwrmsatlon mchmgue dxseussed a’aove performeql better than
.'_"hoth thc put»ﬂatahmmstm and the method of searchmg the i;nmsdmte aren around ﬂw
| _‘_:_ "premously placed parcel used in ti:le non—d:screte dmp-searcli’ algorithm as. ﬁe-breakmg
o nwchamsms (see sac:mzz) For thm reasonboth ofthese tin»brealung mechamsms are“" "7‘
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"_The test clata generancn nmhod is espemally USEﬁ.ﬂ if oompansnn is o be made a
- concermng the pacldng pexformance as the mumber of patcel types is. vaned since tbc 5
- exact number ofparoa! types can be et foreanhtcstdata set. o :

-CHAPTER s TEST]NG ET S ,
.All test:ng was perfarn&bd on a thccm Graphms Indy machme w1th aWS R440ﬁ '_ S

o pmcessor .

R -'_;5 1 Test Data Generatmn R .
. The test data generatlon téchmque used is based o that found in [Bischoﬂ" et al 19951,
' 'The basic parameters used are the container size (c: by 40y 3y the number ofparcel
S types (p,m,), and the range in wlnch the parcel type dmnmons must ]m (x-dnnenmoﬂ m o
S '. .[x;a..,xmg;,], y-d:menmon in [ViomPnignl and z—dlmenmon in [mm»zmsh]) Thﬁ ﬁl‘St StBP is t°
-generate the,actual d!mmmns fm: each pamel type choosmg random numbers in the

“I}‘ . ] i,_..l' .

. Next the taumber ofparcels of each type 1s detemnned usmg an mmva approach The :
- number of ca.ch parosl type 1s imnally set to zaro At each step a papea typa is chmex; .

A
)

!_'

f".:'_'_Theﬁnalresultlsahstofparcﬁs whnse summed vnlummslessthanthe volumcpgthef:” o
'contamer by Iess thau the volume of the largcst parcel type. This. means that a result o
o showmg what percentage of the container has beenpaclned shouldba d fmr seflection of
_thepcrfonnance ofthc algonthm, aud 1fanything gwes the a]gontlnn sﬁghﬁy lesscredit o
R thanitdeserves o | - o -

- -addmon ofthe new pameiwouldresultmthetotalvolume mfaﬂpame]s bemg gt‘eatermm | .
.. 'the volatne ofthz contamer. “This mgnals the end of the pmwss, aud the counter for that )
L pameltypezsnotmcrememed . - _

o



| | Thn ﬁrst teqt data sat is dwgned to teﬁt the pe,rfomﬁnca of ths ﬂlgﬂriﬁnn W1th  wide - -
o vrity of paml h"ts and container sizes. For this purpose, 2 separate test data gt was. i
’ o _gcnerated foreachofthe fo]lsomng values ﬁfpum 1 5, 19 15, 2@;25 30 35 4[}’ 45 and -
- 50, Each test sat (one for each value of p,,w) consists: of 1000 1est cases. The container
L :s*lzes used were randbmly regenerated for each test case, usm§ ‘the (Tanges [900,1300} for - )

-

i
I
'\I)'
a0

o,

o

[~}

%

O

o

o %, [1300 1700] for'y, and [9eo, 1700} for 4& The pamel dmmns wer a’m‘“‘d“qﬂy- :

- ;'regeneraxed for eanh fest sase, using the rauges 2 350] for S [250 450} for » and_

| ._..pmmtham“m ofthe gensral’ testset e

q" . . ,}

o The result éié a 566& 'véi'iéta‘“df' 'ccmiainer'and parcel sizes, .'hnd'zi'sizeabk munber '6f'.'t'est' . | '_

: “cases per | seL ’I'he range ofsraluesforpm is a]so broad. Tak.mg the average container size R
. and average parcel sizey the average ‘nuimber of parcels per test case is 1;’-6 With 50
o parcels types, the: average number of parcels per pameli tyi)e is tbus less thm 3.'The rcsul_t

_ 'i-:s an- average number uf parcels per parcel typa which. I‘anges frmn 136 to less than 3, |

 providing  broad test range, and testing the algorithmunder extreme condxtwns Flgume 5
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It B “gmﬂcaﬂt thi‘-t the hlgh percmtage utihsatmn achieved fm;
parcel type is noticeably lowﬁ‘, but stil sfgwa usefu‘l camamar ut:hsatmn of Si)%

o 'Ovenrall the utlhsatmn rasu]ts are n‘am”*i f\ﬁ fViconsxsten:nt &ver a wxdn range of values fo& | L ‘.

L Pt.wes .

| mhereﬂttynwradlfﬁculttopackfewerpameltypes

Do

mmntamed amd iﬁ facifilﬂpmved upon a]I thie way up tp SQ,pamei t&’,@c& T_ __/’msult ?or ohe SRS R

Ln}. . . P

: hThe algomhm is clearly weil smtcd to prob]ﬂms ran.gmg from a Je@a;c,e},@pes to a very & “ :
 nurber. Ditferent heuristxc paranmetats of 8 dlﬁ'erem heunstm appmach mhay be hetter '_ .
' -“’wqblems w:th a low mm:ber of parc‘{(;ypes amoe it seeps unhkely that ?ns

ol

N E

I8

- JRF CRT N T

" Average time per festcuse {seconds) .

ot R NUWMWWW’ e T

Figureﬁ Generaltestrbsu]ts time perfurmance '

: e“.!_ :-._r;_'J Cod

o

-:." e

=

T '- tr
o

: -Figure 6 shows the: average execution tune per test cas’é for the generai test rﬁsults iu {)u
-_-Figure5 Clearly.themorepameltypesthcre amthbhngereachpachng takes I‘herea:‘é P

two factors which contnbute towards this phenomcnon Firsﬂy, 2 higher stnber of

e pote.xmal positions can result from ahigﬁer number of parcel types due io a mors m'egular '
//packmg }ayout. Regular layonts teng.l g generaiae fexv?iv positions. AR exau@fe cof this.i sa

block of parcels all ih the sam urientatmn - 10 potennal pos:tmns occur within the block

_ The other, and mi)re szgmﬁcant cause s the mnia]:satlon ofthf: potenﬁal pns:uon hsts and

= . . -f’f

o

[ - . . FO L



heunst:c tice each hme 2 new paroel typzs is encnuntered. In sectmn 33 P the inmalisaxmn' _: - B
- ¢mp was shown 1o be Oimlogn), and the mcrease in tnne shoyﬂ ha lmcar in & (aSSmMg w

Lo “volume qftl;e contamar dmdedbythemhnneafthc stallest pa.rcef lerano ofthe sxdes .
" of“l:he wmtmner ware kept constant at 4: 2:3 (x‘y.z) For each vali;le of 2 the rcq i”

-
. _c

tﬁaﬁ'ammnsconstant).asvenﬂedbyﬁgureﬁ. L : I DRI * ;

T - a o . 3

5, 3 Tnm Performance e \

a o« - .
e

The seconﬁ data set is demgned to demnstrate the 6{:116@) pékfot;mauce of the algonthm ' N
_ thh 9%mtant number of parcel types For this purpose, g set af five parce] 1ypes wag '

ge:gzrawd usmg the same dimension range as before. To stow the unus Eerformams of the"_ T

algorxﬂnn as the valoe of n changm size of the containes must be vmed since n is the

e T

contamer dmen§10ns wem calculatcd in . thw ratio ba“sed on 2 cgm amer volume cf n o :_' .

nfnlﬁplicd by the volu:m of the mﬂﬁlest pa:pel

._ﬁ

P i R . “f)(,..

Flguiﬂ 7 demonstrates the time performan&e of the algontpm as tha value of nis .-
increased “and fis pmmty to the fraph of (nlogn /'890). The dewations in the’ Eraph

resultfﬁom ﬁhe Lhangmg resultant packmg layouts. "Diffcrent Iayouts gename differaﬁt'_'_ o
numfars of potential pos:txom and mffemm heunsuc tree s:zes Importanﬁy* ﬁm conxainer' -

] furthe highervalues ofn. : wﬂ T L IO

. '-__}= - R o . I., ‘ . , : ‘ . "

oA

q{nﬁ]isauon achieved starts at 81 by % and &limhs above 90% it n-BSﬂO wﬁmﬁg it remains" t
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Y Figare Tlmeperi’orman cewithhmmasi sing contaipersize =

o provxdes comparatwe perfonnance i11fom1ation. Two problem types are used, both usinga- |

_ " parameters gave perf'ormnnce results dﬂi’ermg by 3 ,few percentage pm.pts‘ To reduce th:s
- pmblem, data setg of 1000 cases were used instead ' :

LLEs

'0-1'1'.--. e ety A
1000 2000 snuh\ AG00 5000 60 W00 2000 sauo 1own SEEERT
0 ¥ nmmumiwcmlmm] o S e

..\‘J'_\_ a_.. » . 0_ ._Q_

54 Comparatwe TEStlie sults | e “ / L

The final test data sot uses the samie data set pavameters used in [Bischoff et ol 1995, and

fixed contamer gize of 1200 by 1000 by 1500, Pmblem typc 1 uses parcel dxmenmon _'
ranges ok 'tzoo 400] for , 150, 350] for y and [100,300] for 2, while n;obzem typa Muses .o

 the wider ranges of[150,450} for x, {100«4901 for y and £50,350] for . For each problem
~ type, ‘the following values for pm are used : 3,5, 8 10, 12, 15 4md 20. The test results

presented in [Bischoff et al 1995] are. based on a test set of 100 test cases pér vanatiog._ -
Tests ‘showed that’ differert randomly generated sets of 100 cases using the same

Ly
ST

\

= .‘_/. . . R



L

. agor:mm which rangas from 2 0 seconds up to 90 semnds, an. mcrease n t:meby 4 factor | f. L

. Bnth graphs cleﬁrly show that“the presanted algonthm outperforms th.e Bischoff et al |

o aigomﬁmmallﬁut one case. Itxsxmponantto notethattheBischbﬂ"et alrgszﬂts becoma o
. : worsa as tha mmaber of pa.xcel types mcreases, whéreas the pmamwd a!gomhm § results .
beconw better. This i is a tlear mm&mn that the presented a]gnrithm is better sunted to

...-.

- -_ShOanFlgures 8 and? maybe shghtlymmcu:ate, ?mt shoulgibe accurateto withm one -
B pmenmge point. For further compamson, tha [B;schuﬂ’ et al 1995) results show that thexr
e algonﬂlm outperforms the Georgﬁ and Rohanson algumhm in all cases. L

oo

-'._caseswhmalargenumberofpai'celtypcsmbemgused Th:lsmas Mpectbd, smeethe

-~ pving ﬁ'om tvpe I to 1

. Bischoffet. al algorxthm emplays a hyermg technique in which layers consisting of up to
“two parcel types are fnrmad A er valety of parcel types makes it dlfﬁcult 8 ‘form
o " large blackslwa]ls of ong' smgle \’ type’ [B:schoff &t al 1995] Alsa nme parcei types
B : mcrease tﬂe erlihood ofthe packl surfacesbecommg fxagmented RS

i

of)

techniqa, since a greater Vark

' Iayers, and also resmrs i packing burﬁace fragnwntatmn The - p;esentetx algorithm

Thts average run tirme per zast case ranged from 0’8 &econds for, Ae=2 up t055 seconds for

- results, however, arch..tteerdrtypeIImoblcms. Thxsis an,r. ‘.cat:on thatthea]gonthmm..“" o
| 'usmg thepotenualwhlchag:ca‘m vﬁmw ofparce]s hasfowhlmng awkwa.tdremmmng

n n-20 an mcrease by a faf:tur of 1ess than ’7 Th:s is conpared to the [Bxschoﬂ’ et al 1995]

of 45 This demonstrates the i 1mportancc ofa luw order of complemty .

Ton
. \1.0'.

'Another unportant ohscrs-auon i tha:, the. B:schoﬁ et al results beoome worse whgn __
" II probl&ms Once more "this., is’ a result of the l.ayemg o
1y of pardgl types pakes it more difficilt to build efficioat



Percentage
C wGldme
_ ulillsation

‘Percentage

volume
utlilsation

" Figure 8 : Comparative test rgsults - probl}

w3

R O mescotpeeitps o
' Figure9 : Compariitive test results « problem type IT

£.5

B

MINew Algorithn g
MBlschoft etal algorithin

Igorthmn

-~ New Algorithin
MBlactidl evata
¢ S

e

s
T



ryusageandnm ; .

W

| This chapter uutlmas l.deas for ﬁ;ture mscarch msu]ting from the Wol‘k pe’i-fomd m-' L
| dGVBIOng ﬁle éigonthm presented, andthesubseque.nt discussion above: - AR

6 1 More efficlent balanced tree nnplementation

’I"he ted-blick belanced-ree mtplementat:on used deals with deletions by smlply markmg" e
thﬁ relavant llﬂde A8, dﬂleted ThJS creates Iﬂally useless n()deB m thﬁ tree, aﬂd a ﬂlﬂm. .

sopblsncated dek-;tmn method woulcl mpmve the eﬂcl.ency of the a]gonthm i texms of .

B
it

6 2 Morte readabl } stowage plans

=

’I’he stowage plans genera:ed

same type Another appmac.h is ﬁ:scussed in the ne.xt secuon. -

o

e

' The second stage of the nor-discrete drop-search algorithm discussed in Section 2.2 can
be adapted and applmd to the new algorithm, Tlrus would mqmre many delctmns fomthe
" heuristic tree at rcgu]ar intervals during the opexat:on of the algonthm. With reference I

the- d:scussxon m section 6.1, a more sophisticated balanced tree dealing w;th deletmns na
more efﬁcmt way shouldbenmp!e.mented beforemis stageismampﬁed '

L'

hy the algonthm am not always smtable for pract:cal use,' - :
smee they iy be ton comphcﬁted or untldwr’ ta be understood or senoﬂsiy eons;dered It R Lo
thcsesﬁuatmns xtmaybeprel‘el'ablam sacnﬁcevolumutﬂmahanforamoreregular: S
_ neater result One possible apprbach i to give higher heurisﬂe vallwa to posmions in which L -
the parcel shd&es comer pusxtioqk with and has the sama orientat:on as otherpm’be]s of the .




;,_Perﬁmnanceoftheﬂgon‘tbmferfewerpmltym k

A numﬁer of mediﬂcanons to r.he algomhm have been bneﬂy aexpenmentea wuh. Qm_..-._.
-, suchmodification is to always includs the positions muned:ately arourid a placud predles
| potenual pomtiens, regardless ef whether suppert is found in Ethe x andsy mmns = ..
o (s\t;npport toust stillﬁe present in the % dm‘lensmn) The idea here ik to pmmgta t]ghg blncks B ..
o f eels, wlnch should m!prove thp Pel'fonnance ofthe algom:hm for fewer pamel typcs, . PR

" pos ion amun:l the moat reeently plaeed parcel, as long ee the h.euﬁst:c value assec:ated

The second stage of the nen-d:serete deep-semh algonthm auns 0 p]aee parcels of the -
Same type in large biocks to proﬂuce“tlght efﬁc:ent packmgs, ﬁd readable sta!wage plans ) '_ o
tl';at are more praetwal in veal situations, Due to this block fommuon approach, the second K |

© stage is more lkely o performm a similar manner 0 the layering approaches of B:schoff e

-ﬂ o et al and Gehring ot ol dxscussed aBove. Thus, this stage would prnbably perform better R

foz' iewer pawel types, siics the spaces generated tend to be Iese fragmenIed and mure o
su:table for hrge bleeks ofpercels In thls way, the secend stage may bﬁng the ms_ s for__ S

.....

e

. o R
o] : R N
. g !

SR

. o : C)Q.".OI_

o

help promote more readable stowage plaua A suni[u iden 1s to aIWaye choose af w

U .“.

.:Clearly tl:;ere are & numbee of medlﬁnatione _that muld be nmde whxch shoq]d nnprevet;he L

’ o . b : C =
. . . =

L .:(f"'...-
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' 'I‘he he-breaklng methods used‘vﬂy the ,a‘]gonthm are open to vanatlon, and a: number of

- addﬂmnal measure& have been dxscussed ahove. Ttmre was. somc md:.catmn that d:tferent LR

" 'combinatwns 0f theée measures pmduced slgmﬁoantly dlﬂ"ereut results for individﬁal test © E
B - cases. Tlns suggests that apm'cel list be packed two or th':ee timss usmg dlﬂ"erent hsunstm _ . _. .

o vanatwns w1th the best result bemg chosen Anothei possxbihty mare snxtable wheu B " ,'_-;___:

- responsa time is important. is to choose suitabls * vrlstic paramsters mﬂfdmg to the .
"parcellist(eg usethebhc}nng aPFfﬂachd:scusseux a&cﬂonﬁBifthmarefawerpmﬁf )

“Hummomputer -cqédperéiﬁve .mkz .

-

S

o The algonthm of Gehnng of al zehes on the; paddng werseer to pack parcels mto spaces - _' - N
resulmg from the combination of ad‘acexrt spaﬂ" spaces {Gehrmg et al 1990], Tn this way " o
Cthe overseer and the algonthm work together to pmvide the final squtmn Dowsland and

N | " Dﬁwsiand conclude that any good soluhon te.chmque for packmg must iucorporm 2 '. [

decision support system adss) [Dowsland and Dowsland 1992]. This wﬂl allow individoal ~
" users to tung the parforrmn:e of tha algontbm accordmg to speciﬁc rcqmrementa and o
specxwases R R T o o
 The work of ASpoas and Doma‘n chrpQrates huﬁan mtervenuon and a decxsnon suppur: o el
~ system m the form ofa heunstm value reporled to the user when at::emptmg to plaoe a” _ | N
paroal thianualiy, and shows how the nser and”the heuristic gan vmrk tc;gether to prowde gt’ o "
-better solutions than ezt‘ > can, by itself [Dorman 19321 [Aspoas 1992}, A fuxther aspect of LR,
this sysﬁem i« 4 vxsualisatxon tool whxch mcorporates graphcal representauons of the'_ ) i
cutrent packing, parcels bemg moved around the contamr hy tha user, and of empty e |
. space whmhmaybe difﬁcultfor rwci{ _.m [Dormah 1992] S

=

'\‘.}. . '.
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'I‘ha new algonthm can bc cxtended aad miegl'ﬂied Wlth thc ex{stmg SYStem discussed i
ve. The fact that{he aigomhm places one parcelat 2 tims xsans that the human would S
be ahle to mfervene at any time, ‘with the algorithm continving after mod:ﬁcatzons@aw T
been made 'I‘he state tﬂ*‘the p-scube,s and heuristic&ree woulﬂ have tp be mamtamed durmg
' the huma:u mtewent;on phase, s0 that the algortthm cou!d contnme at any t:me ’Ihe e
algonthms dﬁveloped ahove contain tke required iimcf:onahty to Perform this task, A Q
fmlger e:stensnon ofthe decmmn support system cou!d allow the user to search, thmugh aIl_if-' | .
© the possiblc posmons sto;'ed iy the !Ielmsuc tree, in nrdef of preference, an.d to. make the o j:' s
desm:«d chcucc. o A '

(KR a




 ‘The new paclung algomhm prasenbed o sclaarly met its objecuve of being an eﬁcient,
o Tully three*dnnensmual algonthm smted to ‘many parcel type” prablems 'I‘hg remlts for *y
i‘ew parcals types are a!so very favaurable and the algonthm can be considercd as smtable B : | o
far any nmnbel cf ;!aroei typcé The eomparatma test resuits; using recenﬂy ptlbhﬂled___’f PR
: ram:lts. show thatthe al,gont}unﬂpmwdes sxcellent contaluar ut:hsauon R

CMTER 7 CONCLUSION | e

'..-ﬁ-' ..

S

) -'g T - "

e

bgan greatly rcduce? making the algorithm suitable for Iatga packmg prablems

.".

Probahbrﬂw greatest drawbaqk of the algorithm/ﬁ that 'untldy’ packmg .[aycmts may;-eﬂm' -
. fm; pmb]senu wrth many pm'oel types To What axtent ttus is mherent i the probiem, m;__: . _

Q

e

B {“ e .

'I'he complexity ofthe algont!ma ha,s been reduced to O(Imiogn), and actual run tnnes have”_ _-__.i:';

o ough swtablc asa stand—alone systea, the atgomhm has maiitaved it swtab:hty for R
o haman mteracﬁon, dut: ? the sequcnﬁal placemant of parcels and the abﬂlty to co ntmue;
fmm anY giveﬁ pﬂmt urthg _ R _

@ : e
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