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Abstract 
The percentage of low-grade material conqwsitig the a nriual hardwood lumber production in the United States is on the rise. As a 

result, fincling markets fc)r low-grade iud low-value lumber has been identified as a top priority by researchers and industry associa- 
tious. This research used the ROM1-KlP axid RCYM1-CROSS simulatior~ programs to deter~nirle specific couditioris that car1 lead to 
optimal part yield wlvn processing No. 3A C:o1lu11orl(3AC), 4#-thickness. kiln-dried red onk Iurnber in rip-first ;mi crosscut-fist 
rough 11ull opm~tions. Results of  thc simulations indicated that cuttin!: bills with ~larronv part widths and short part lengths al-e the 
most coducive to obtaining optimnl part yield while proccssutg 3AC lu~nbes. Fr~rtlier. the results i1ldic;cted that higher part yields can 
be obtained when processing short-length 3Al'lurnber (between 6 and X fr.)  as opposed tolo~~gerlengtli 3A(.' lumber. Part yieltlsfi-onl 
short. 3A(' lumberwere h n  3 to b percent higher than \xre  the yields ficm loug, 3AC' lumber (berwren I .land I 0  ft.) in three offour 
simulation trials. The lumber length effect was more consistent in the rip-first processing trials than in the crosscut-first trials. 

T h e r e  als  several major cliallenges 
L~cing tlie forest products industry as it 
enters the 2 1st ~enturv. One ofthese chal- 
lenges is inlpnwing eit'icirncy and re- 
source utilizntion. Pcrllaps tlie largest op- 
portunity area relates to impro\wl 
utilizstion of lowgrade 1uinbe1-. More 
specifically. what can l o w - p d e  hiud- 
\vuoJ lumber he used fc)r and how call it 
be produced andinanufxturrdin an eft;- 
cirntand economically feasible mannei! 

In the 1996 Hardwuod Symposium 
I'roceedings. the National Hard\vood 
Lumber Assosciation (NHLA) stated 
that out of 322 identified research needs 
of thc industry "identifying and dot+  
oping new m d  better markets Tor low- 
value. Io~,-gnlde lumber and prcducts. 
including slilaller pieces was their nrmm- 
her one prlor~ty ' (NHL A 10961). L ikr- 
wise. the Research Steering C'onimittet: 
for the Center fbr Forest Products Mar- 
keting and Management (2001) at Vir- 

ginla I'ech identfied finding profitable 
~narkets tirr low-grade lun~hrr ;IS their 
 lumber one priority. Curnho et ill. 
(2001) showed that tlie majority of the 
s:~wmills in the United States agree wilh 
these staternmts. Hardwotrd manul'ac- 
turers need shorig ;111d rcli;~ble miukets 
for their low-gnttle and low-value 111111- 
bcr As thc ;~vail:ibility of' higher grade 
1i:trdwcrod lumber decreases, manufic- 
turers will have to be able to sell their 

low-gnide ninterinl tc~ stay in business 
(Meyer 1996). New harwsting arid 
m:uiut;lcturi~i tecluiiques will he re- 
quired in order for the production of 
low-gntde n~ate~ia l  to be econvrnically 
ktsible. 

Furtliennc.~re, as 1owgr:icie hardwood 
lumher production voluu~m~r rises (C'LI~~I- 
hcr rt al. 2001). consun~ption 11ulnbe1-s 
Lire Iioldiug steady. creating 3 surplus of 
Icn+--g~-adc lumbcr. Finding markets t i ) s  
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low-grittle h:rrd\wod lumber will bene- 
fit both the forestry and limst products 
indi~stries by in1prw:ing efl'iciericy kind 
resource utilizstion and providin~ a 
broader spectru111 of for-est management 
options. The hardwood resource is 
clanging :md it is vital to cc~n~pmies 
pi-ocessing hal-dwood Ii~mbcr that they 
:laapt to these ch:inyes. To facilitate this. 
we seek to provide inhnnation regard- 
ing the currently avaibble raw material 
:md its processing capabilities. 

As a I-esult c ~ t '  rising lutnbsr prices. 
lo~wer log quality (Scrrani) and Cassens 
2000), and environmental constraints 
(Meeks 2001). the hardwood industry is 
being forced to look at nont~xditional 
\wad sources :md processing i n e t h ~ i s  
((iephart e t  al. 1995). There :Ire several 
methods that have been. and are cur- 
rc~itly being studied as possi1,le alterna- 
tives lbr efriciently manuf3chring prod- 
ucts fiwn today's Imv-grade li:ird\iwd 
lumber supply. Soim of these include 
glee11 dimensioning. d~ifercnt con~pus- 
ire materials. modified smlnulling oper- 
ations. fmger-jointmg. and ~ctructuntl 
h:ml~vood lumber (L In et al. 199.1. Wie- 
denbeck and A ~ a n ~ a n  1W5, \rbungquist 
and Hamilton 1999) 

A large portion of the hardwrod lum- 
ber harvested in the United Stittes is pro- 
cessed in ruugh rnills to create wlue- 
added products. In 19%: Wiedenbeck 
and Scheerer (lC)9h) surveyed 3P ditkr- 
ent companies investig:itu~g rough mill 
yields. The majority of respoudents re- 
ported overdl yields from 50 to 59 per- 
cent. Based on these results, it is evident 
that 111any operations !rave room to im- 
prove product recovery efficiency. 

hlany manutkturing systents ciumot 
be physically manipulated without caus- 
ing significant disiuption to the produc- 
tion process. A n~ugll mill is clne 01' 
these. Simulation rnndeling offers a - 
good alternative to running an actus d I es-  
periment in a rough mill (Wiedenbeck 
1902). Nu~nerous computer simulation 
psog~-:~ms ha\e been used to simulate 
various aspects ol'rough mills including 
production impacts; production costs 
sensitivities (Ciazo and Steele 1945): 
luinher length-based processing effkcts 
(Hamner et al. 2002); and the effects of 
equipment (GUO and Steele 1935) :md 
cuttirig bill changes (Bueh11n;inn ct al. 
I O O X )  on yields, productivity, costs. and 
eft'rciency (Wiedenbeck and Araman 
1995) 

The IWMI-RIP 2.0 (Thomas 190%) 
m d  ROMl-('ROSS 1.0 (Thornas 1997) 
rough mill simulation softwme h x  been 
widely used aud receutly upgraded, 
making it the rough mill simulotic~n soft- 
ware of choice. Thomas and Ruehlmmn 
(2002) performed a sti~tly to determine 
the \ d d i t y  of ROMI-RIP results when 
simulating operations using 414 kiln- 
dried rad oak. They compared the over- 
all ripsaw and chopsaw yields derived 
from siinulation-based processing with 
results from actual rough inill cut-up 
and f i ~ ~ u ~ d  that ROMI-RIP 2.0 reason- 
ably simulates actual rouyh mill produc- 
tion: the sirnulation results can be used 
with confidence for analytical purposes. 

Objectives 
The goal ol'tliis research was to evnlu- 

ate potentis1 utilization opportunities for 
No. 3A C'vrnnlon (3AC) lumber in order 
to facilitate etyicicnt and profitable in- 
corpoi-ation ofthis lumber gcde  into the 
mis of wood ~naterials processed into 
hiph-value appearance products. In this 
first phase of what p~-o~nises to be a 
nmlti- phase research project. tt\w objec- 
tives were identified and addressed. 

Objective 1 \+as to identifj~ two feas- 
ible lowgrade cutting hills; based on 
yield and sawing efficiency through a 
series of eqhra tory  rip-first and crcm 
cut-first simulation studies, using 
ROh4I-RIP andROM1-CROSS. 

Objective 2 was to compare yields 
and sawing efficiencies for short ( 6  to X 
k). niedium (10 to 12 ft.), m d  long- 
length (14 to 16 ft.) 3AC luniher using 
the hvo most feasible cutting bills to de- 
termine if there is any difference be- 
tween ler~gth groups and. if a dift'erence 
is detected, to determine which length 
group(s) oiTers the nlost firvori~ble re- 
sults. 

Methods 

Befnre conducting the siniulations to 
ddress  these t\vo objectives, approsi- 
m:~tely 1.500 board feet ( R F )  ('125 
hoards) of 3AC, 4.'4 thickness, kiln- 
dried red oak lulnhrr was collected from 
three sawnills and one flooring plant. 
Digital board defect and dimension 
maps were created fils this lunher that 
were then used in combination u~ith the 
3AC lumnl>er in the 1998 Data Hank for 
Kiln-Dried Red 0:lk L.uniber (Ciatchell 
et 31. 1998). In addithn, cutting bills 
were collected itam four rough ~nill op- 
erations for use in the simulations. 

Objective I methodology 

Our first study olyectlve w.~s to ]den- 
tify the tno must p r i du~ t~ve  3AC cut- 
tlng bdls based an h ~ t h  part yield and 
snwlng effic~ency Tor each rough d l  
con f ig idon  (rip- and crosscut-first). 
Part yield is the ratio of the HF of parts 
produced to the NF of dry lumber input 
into the prod~ictio~~ process. Sawing ef- 
ficiency comparisons were c:ilculated 
by dividing the total nurnber of cuts 
(both rip and crusscut) by the BF of pxts 
produced. in this research. sawing clfi- 
ciency was not a ~ne i i s~re  of' ~ n ; ~ c h ~ n e  
utilization but rxther a measure of the 
actual number of sawkerfs (s:~\vlines) re- 
quired to produce the parts specified by 
the cil[tilig hills. P1un:rry parts are those 
that are pmt\uced 111 the first two cuttitilg 
stages (rip or crosscut) that meet cutting 
bill requirenlents. Salvage part-s are pro- 
duced in additional cutting operatic~ns 
beyond the initiiil two st:l,ges. Salvage 
operations are cunibersome arid lead to 
suhshntially higher processing costs. In 
this study. past yield was bxed only on 
primary parts, no snlwge parts pro- 
d~rced fi-orn salvage operations were in- 
cluded. Many rough mill managers are 
focused principally on prinlary yields. 
Similarly, cutting efficiency was based 
only on the number of sawkerf lines 
used to produce the pri~nary parts; sal- 
vage ope12tions were not included. 

For the simulations in this resrarch, 
the clear two-fiice (C2F) part cluality 
tlefinitic~n M':LS :ippliecl to all parts in ill1 
cutting hills. This pan quality tlefulition 
allows no defects on the face or backside 
ofthe parts pn)duced. This is the strict- 
est part quality classification and le;lds 
to lower part yields than do yuality stan- 
dards that allow some defects (or cliar- 
acter) on one or both p u t  faces. There- 
fore, our simul,ited past yields represent 
the nlost conservat~ve estuniites d the 
yields that chould be expected when 
processing 3AC lumber. 

Four "lowgrade" cutting bills were 
collected k o n ~  industry operritions for 
arialysis with ROMI-RIP and ROMI- 
C'ROSS. In addition, the "easy' cutting 
bill used by Gatcbell rt al. (1999) a.ns 
used (Table I ) .  Cutting Rill A was a di- 
mensiori parts cutting bill. Cutting Hill 
B was Oatchell et al's. "easy" cutting 
bill. Cutting Bill C' was a crbinet parts 
cutting bill. Cutting Hill D was a strip 
flooring cuthoy hill (strip lengths in this 
bill were quite long - 3 to h ft.). Cutting 
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D Strip flooring pnt~lucer 2.: t o  2.5 2.4 6 . 0  lo 83.0 60.0 ( 1  0 O of I 0  XP 

E Moulding prtnll1ccr2.1 to 3.0 - 2.5 10.0 to -16.0 >S.O 73 3 S 15 of .:') .?I) ~- - - 
"The part width ranee ;tnd avctage part ~ v i ~ l t h  calcnlntiws do ~ l o t  include rclndom widths cisscmhlcd intt) panels. 
'The part Icugth my. nvelxgc part length, s n ~ l  par t  lcngrh distribution h. VO~UII IL '  do include parlci parts i n  tlwir calci~latior~s 

Table 2. - Part widths and arbor sequences for cutting bills. 
-- 

Cutting bill Kerf' Part widths Arbor spacing ccqucncc . A r b ~  \ { , i ~ J f l ~  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 0 .  i25 2.5 1.5. 3.5, 2.5: 2.5, 2.5. 2.5, 2.5 I S . 3  

ll 0.125 1.5. 1.87. 2.62, 5.S7.3.25 1.87. 1.87. 2.62. 1.87, .4.25. 3.87. 1.5. 2.62 21.37 
(.' 0.125 I.Zl 2.?1,2.31, >..;I, 2..i1.1..<1. 2.31 14.48 

I) 0.125 2.5. 2.15 2.5. 2.5. 2.25. 2.5.1.5. 1.5, 2.15. 225.1.25 22.5  

E 0.125 2.125.2.5. 3.0 2.5.3.1). 2 125. 2.5. 2.125. 3.0. :.5.:..i 
- -- 21.125 

-- 

Hill E was a rnouldin~~nillwork cutting 
hill. 

C'utting Hills A, H, C'. and D required 
only part quantity mcxlificatic~ns (so that 
the size of the cutting bill \vould fit the 
size of the lumher input file! fur use 
with ROMI -KIP and IIOMI-CROSS. 
Cutting Rill E., Ilowever. required the 
~nodification of several random-length 
part descriptions. Another cliallenge 
hced  in simdating Cutting Rill E was 
caused by the presence o r  some very 
long parts in the cutting hill. These long 
parts were nearly impossible to acquire 
with the 3AC hoards used in the siniuh- 
tion. To resolve this problem, thr: lorlg 
random-lengli parts (45 to 96 in.) and 
the long fixed-length part (98 in.) were 
removed from the cutting bill. To bypass 
the random-lengtli limit;itions of the 
KOMl-C:KOSS program, rnndolii- 
length parts were iippraxirn;dcd by de- 
fining discrete lengths at 3-irich inter- 
vals over the range of  nccept:lble 
lengths. This same cutting bill part 
length adjustment was used for Cutting 
Bill E in the rip-first siniulations to sill?- 
plify cutting bill comp:aisons. 

C'ntting Hills T) and E werc from 
roufh null operatmis that ~equued a 
contmti:tl supply of the part s i ~ e b  listed 
in their cutting bills: tlins, no speciiied 
clu:mtities were ;tssigned to the defined 
pnrts. This is the case in an operation 

producing kw ur identical pn)duc.ts 
cc~ritinuously, such it.; flcming npera- 
tions. Cutting Hill D required 10 diffir- 
ent part sizes but had no required quanti- 
ties. hn equal quantity w;is :~ssignrd to 
all 10 pnrts. For Cutting Hill E. one part 
width (2.5 in.) waq defined ns the tar@ 
width w d  the other two widths were de- 
fined as drop sizes. Drop sizes arc piills 
to be cut o111y if the tarset size cannot be 
obtained. Quantities were assigned l i r  
the part requirements such t h ~ t  the target 
width required twice as many parts as 
the drop widths. 

Saw blades ui a circular-lhde sang 
ripsaw like that simulated in ROML-KlP 
(in this case il fixed-blade best feed 
ripsaw) are moutited on an arbor. The 
Gang Ripsaw Optimizer (GRO) arhor 
design program (blitchcll arid Zuo 
2001) w s  used to design efficient ar- 
bors for each of the cutting bills used in 
this reseald~ (Tahle 2). 

For each d t h e  five cutting hills, sim- 
ulations were r u n  wing a 3AC board file 
crrated h;wd on lumber sizes processed 
by indirst~y (Wiedenheck ct nl. 2003). 
Tahle 2 shows a list ofcutting bills. part 
widths. and optimal arbor designs based 
on the GRC) results. Note that all of the 
tot:il arbor widtlis give11 in the rightnlost 
column of Tdhle 2 are less than 24 
inchesl a star~dard-widlt~ arbor used hy 
rough n~ills. 

The specific ROMI-RIP processing 
and coi~trol options ~ w d  throughout t h ~ s  
study were: 

All cuttin&mxessing sizes in inches 
to the nearest 111 h inch; 

Primary strip yield optnnired for best 
priority fit: 

Full strip scanned and opt~mized at 
once; 

Pri~nary operations a u l d  producing 
orphati parts (more p;lrts than a n  need- 
ed); 

Rando~n-width >trip parts iicceptu1)lr. 
nl panel prod~ic tioii: 

Part priorities ccmtinuously updated; 

A h r  (ype: fixed-blade-best-feed: 

Ripsaw kerfsize: 2!16 inch; 

Left 2nd 1-igtit edger kerf sizes: ?:I0 
inch: 

Hoard cutup solution optnnired at rv- 
cry 1116-inch p u s h n  on the arbor; 

End-trim allo\vance for- each board 
end: 1611 6 inch. 

For the ROhlll-CROSS siruulations 
the prc~cessing and control options were 
set up as folIuws: 

All parts and processing rnessure- 
mrnts are in inches; 
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Piut lengths are specified; 

Priniary operations avoid orph,in 
parts: 

('rc)sscuts optiini~ad for best length 
fitting to hoard features; 

Scanner optimized fitr entire hoard 
length; 

Boards will be trimn-red I inch on both 
ends; 

0 C'hopsaw kerfis 2/16 inch: ripsaw kerf 
is 21 16 inch; 

Primary pnrts are C2F. 
An inq>orta~it pal-alueter of the sininla- 

tious is the p:at prioritiz3tion strategy 
(Thomas 1997). Part prioritization bT~at- 
egy refel-s to the priority weighting that is 
placed on the direrent sizes of paits as 
the simulation progresses. For this re- 
search, the Complex T)ynarnic Exponent 
(CDE) stmtegy was r~scd; a detaikd cfe- 
scription of  this strate~y. including equa- 
tions t'or weighting Rctors, is given in a 
previous publication (Tliornas 1996). 
The CDE strategy prioritizes parts based 
on their length, width, and required yuan- 
tity. The number of nttoined pnrts and the 
remaining qunntity requiren~ents ase con- 
stantly analyzed and priorities art: contin- 
ually reassigned based on the proyress up 
to that point. Thus. in three difl'e~elt-nt runs 
using the same cutting bill. the sane  
board may yield ditrerent parts depend- 
ing on  when it is cut and the part priori- 
ties at that time. 

Hefore nmning the simulations In Ob- 
jectl\c: 1, sevenl p r e l~ rn~ns~  y step:, h'rd 
to he cornplded Thomas' Makefile pro- 
gram (Thomas 1997, i;dtchell et nl 
1998, Tho~lms 1990a), was thed to crr- 
ate sever;~l board data files co~~tauiing 
3AC red oak boards. The new board 
f k s  derived froin diyit~ring the 1,500 
BF vf 3AC' red oak lumber that ha s  col- 
lected for this research were u e d  along 
with the pre-existing 3.4C h o d  files 
((idtchell et al. 1998). The4-foot lumber 
(not used in this research) was renloved 
f i o~n  the 3AC data files. As  a result, the 
complete 3AC board source for this re- 
search consisted o f  314  digitally 
mapped boards ( 1.627 BF). 

The "Ciradds~re mix file creation" 
option in Makel'ile was wed to creatc: a 
3AC board file according to the 3AC 
width distribution set forth by Wieden- 
heck et 21. (2003) (17% - 5 in.: 43% be- 
tween 5 ;md 6.75 ill.; 27% betw-cen 7 and 
8.75 ill.: 10% between 9 n1.,4 10.75 in.: 

and 3':;) hetween 11 and 14.75 in. wide). 
Past resenrch hits shown that a i l ~ u i i m ~ ~ ~ n  
of 150 hoards is desirable for 3 ROMI 
sinlulntion - stable yield results :Ire oh- 
taiiied when this mmy boards are used 
( i t . .  adding more boards to the input 
data file does not h;we a ~i~gnificnnt in- 
tluence on the results of the sin~ulation) 
(Huehlmium et al. 19W). As a result, 
sin~~~lations in this rese:rrch were de- 
signed to process at least 150 boards per 
sinlulation to enswe accurate yield re- 
sults. The simulation input file for Oh- 
jective I contained 173 3AC red uak 
bo:~rcls, umdmnly selected by Makefile; 
having a totd volurne of'approsimntely 
954 BE 

The Mix-Master program (Thomas 
IQ99n), which also comes with the 
ROMI siniulatioi~ sofiwnre. was used to 
create two more boaud files cont:inirig 
the same boards in a difkrent ~mdorn or- 
der. Thus, all three files used in address- 
ing Obje~~ive I had the same number of 
boards. the same RF volume. the same 
width aid length distribution. and the 
sarne anwunt and di&bution of crook. 
All mria~bles surn~unding the sininlatro~ls 
were held constant as well. escept for the 
act~131 part sizes r-md quantity require- 
ments of the five cutting bills. This en- 
suced that any differences in part yield or 
ctrttu~y df'iciency between su~iulations 
were ;~ttributed only to the part sizes and 
their required quantities in the cuttitip 
bills. 

Once the hoasd files were created and 
the arhors for each of the cutting bills 
were designed the part quantities fbl the 
cutting hills had to he adjusted so that all 
the requi~rments of the cutting bills could 
be met wit11 the 173 boards contained in 
the 3AC hoard files. In ddition, it was 
ecluiilly important that at least 150 hoards 
be used to meet the requirements in order 
to obtain accurate p x t  yield estimations 
(But:h!nmmi el ai. 1998). This detmnina- 
tion of suitahle part quantity was nccom- 
pl idl~d hy trial 2nd error. Relative part 
q~mt i t y  proportions for the parts in ench 
cutting bill were maintained during this 
iterative process ie.g.. if the initial re- 
quirements sqwcified 100 parts for Part 
A, 50 parts for Rrrt B: and 30 parts for 
Part C. the adjusted quantities would still 
maintain this 10:5:3 ratio). 

Each of the 3AC: board tiles (3 files) 
was p r o ~ s s e d  thr~ugh Cutting Hills A 
through E (5 cutting bills) using both 
ROMI-RIP and RObU-L1-("RC)SS (2 sinlu- 
Intion progmms): thus. 30 simi~lations 

were cunctucted iu atld~ssin;! Objective 
1 ( 3  x 5 x 2). C'uttiny Hills A t l~c~u#  E 
were each run once with eirch of the 
~iewly created 3AC red c,ak Iil~nher Llta 
files. As a result. each cutting bill was run 
three tirnes for ROM1-RIP i111tl three 
tirnes fur ROMI-CROSS. A total of 15 
simtllntions were conducted with 
ROM1-RIP and 15 were conducted with 
ROMI-CROSS for a tt)t?l of 30 simuia- 

Objective 2 methodology 
111 this ol~ject i~e,  part yields and saw- 

ing efficiencies were compared for three 
d i tken t  length gnwps of 3AC lu~nher. 

us were: The lumber length groupin,. 
sliort ((1 to 8 fi.), nlediunl (I0 to 12 it.). 
and l o ~ g  (13 to 16 ft.). These groups 
were evului~teii using ROR.11-UP and 
ROMI-CROSS with tile hvo best cutting 
bills identified in Objective 1. Cutting 
Bills C and E were used for ROMI-RIP 
and Cutting Bills A and E were used for 
RO'MI-CROSS. 111 aridyzing the effects 
of Iunlher lcn@h or1 yield and sawing ef- 
ficiency it was important that the width 
and crock distributioris af the shnrt, me- 
dium, and long 3ACI lumber files be the 
same. The same arbor setups. chopsaw 
setups, salvage spcciricntials. and ~ e r -  
a11 processing and control options listed 
prrviously were used in addressing this 
ubjective. The only differences were in 
thr hoard files used :md the nurnber of 
pasts of each size requued by the cutting 
bills. 

As described previously, the cutting 
bills were modified to ensure at least 
150 boards w o ~ ~ l d  he used in each simu- 
lation. The h w  best rip-first and the ho 
best crosscut-first cutting bills fi.onl C)b- 
jective 1 wel-e modified for eac,h lumber 
Ientqh test level. Ful- e.uample, from rip- 
first Cutting Bill C. Cutting Rills C s  
(short Ienngtli). (h1 (medium length). and 
Cl (loog Iezigth) were created by acliust- 
ing the required part quantities h r  each 
lumber length. 111 all. 12 ~nodified cut- 
ting bills were constructed. The part 
quantities were adjusted so that a11 the 
required part cluantities could be satis- 
fied and at least 150 boards \wuld be 
used wlie~i processing the lumber lel~$h 
ho,trd files Every other aspect of the 
cutting hills remained exactly the same 
;ls in the orig~nal Cutting Bill C 

Because the short-, medium-, and 
long-length 3AC lumber files for Objec- 
tive 2 all coritained substaritially fewer 
th;lrl 150 boards, the input files Tbr the 
Objective 2 simulations utilized boards 
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Table 3. -Average part yields andsawing efficiencies for five low-grade cutting bills based on ROMI-RIP and ROMI-CROSS sirnu- 
lations." 

~ ~ . . ~  . -. -. - . .- pp - -- 

- -- R O M - K I P  resrt1t.i - Kc )MI-('ROSS rzsul t~  

- Rip-first I ~ i l l  Yield Efficicrrcy L.rtt.swt-first !>ill Yield EtTicicnq 
.- - 

( I % )  ( 'Y , )  

J\ 363  6.X A 31.4 7.6 

I* 18.2 8.') N 18.8 h. t l  

c . MA 7.8 c 37.1 9.3 

I) 14.0 7.7 r )  1.1.; 3 , 7  

-- E 37.2 6.1 E 36.4 6.4 
.- -. --- 

"Etfic~cncy isdcfinccl LIS rhc rota1 nr~iuhrrofsnwkcrflincs pcr HFofpcrrtsprt~~luccd: higllligJ~tcdin bold ;Ire h c  hwt cur1ir12 hills i n  tcrtIi\ ofyicld ~nrl~.m~r,lng 

repeatedly. For example, board file short 
32, containing 26 bomis, was pl-ocessed 
seven times per simulation (26 7 - 182 
bvards). Using the s ane  buat-d more 
than one time ill a1t1 illput file is ftmible 
because of  the contul~~al  adjustments 
that are made to the Iumhcr ctlt-~lp :~Igo- 
rithm when the CDE prioritization strat- 
egy is used (Thomas 10%). 

Recent research conducted by Zuo 
and Huzhl~narin (2002) looked at the 
variability of y~eld results from ROMI- 
RIP simulations acluevcd when using 
thc same boards more thnn once Yields 
were obtained for input b o d  data sets 
made up of 1.000 HF of lu~i-rber, 500 HF 
of lumber with each bual-d used twice 
(fhr a total of  1.000 RF), 250 R F  of-lunl- 
her w~th  each board used four t~mes. 
62 5 BF (approxitnately 10 boards) of 
lumber w ~ t h  each b o d  used I6 times. 
and 31 25 NF of lumber (appnmimately 
5 boards) with each board used 32 times 
to once ;]gain construct an input file 
comprised of 1,000 RE Statistical analy- 
sis f o ~ ~ n d  that the part yield results were 
not statisticnlly different until the nuni- 
her of No. 1 Conunon ( 1 C:) honrds used 
dropped to five (31.25 BF). Since 
greater between-board v;lrinbility is ex- 
pected for 3AC' lunlber than for 1C lum- 
Iwr. the minimum numhcr of hoards that 
could be used inn repentmg sequence in 
a sunuk~tinn input f i k  was p~cqectect 10 

he 10. 
For Objective 2, each of the 12 cutting 

hills (short/mediunl'lo~ig length x rip! 
crosscut-first x Cutting Hills (:' and E or 
A and E) was run 3 tunes (3 replications 
using difkrent board files). Therefim, n 
total of 36 siniulr~tions were ccmd~~cted. 

Statistical methodology 
111 addressing the objectives. itnitlysis 

of variance (ANOVA) tests were con- 
ducted on the part yield ;~nd sawing cffi- 

cieilcy results h r  both the ROh41-RIP 
and ROMI-CROSS sim~latioris (cr == 

0.05). In adriressitg both Objectives 1 
and 3, thzre were two sets of statisticid 
tests ccmiucteci, one set address in^ the 
clrpendent wri:lble yield m d  the other 
addressing the dependent v:iriahle saw- 
ing etficiency. S o .  one null hypothesis 
under each objective was that there was 
no detectable yield dilkrencc bet\vcen 
classes and the second null hypothesis 
was that there was no dctectahle 
diftrence in s;iwing efficiency between 
clusses. 

Tukey's Honestly Significant Differ- 
ence (HSD) nlultiple comparison tests 
(tr. = 0.05) were conducted in cases 
where difkencas were i~~tliciited by the 
ANCIVAs. The T d e y  HSD testwas cho- 
sell over other methods because it is less 
likely to detect horderlirle significance 
bt!tween factom that may, in fact, not br. 
significant. Three repli~ttions were per- 
firmed in each coll ibr each trial. The 
Statistical Package fix the Social Sci- 
cnces (SPSS'") was used h r  the statisti- 
cal analyses. 

For Ot jec t i~e  1. a one-way fixed ef- 
fects ANOVA was conducted for each of 
the dependent variables: yield and 
efficienc:~~. 'The classification variable in 
these nwdels \vas cutting bill. Separate 
statistical tests were conducted on the 
crosscut and rip-first rrallts. Thus. f h r  
null hypotheses were tcsted under this 
objective. 

For Objective 2 ,  a two-way Sixed ef- 
kcts ANOVA \ms cimclucted for the de- 
pendent variahles: yield and efficiency. 
The clflss vxiahles in these ~nodels were 
cutting bill w d  lutnher lengtb There 
were six basic null hypotl~cses tested un- 
der this ob,jective: I j there is no effect nf 
cutting bill on mnenn p x t  yield: 2)  there 
is no effect of 1111nher le@h on mc;~n 
p:trt yield; 3) there is no intersction 01 
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cutting bill and lumber length on rne:m 
part yield: 4) there is no eftect of cutting 
bill on ninul ~utting etTiciency; 5 )  thtxe 
is 11o efkct of 111nlber Irngth on me:m 
cutting etficizncy: arld 6) there is no in- 
teraction of wtting hill and lumber 
length on me:w c~~ t t i ng  e Eicitncy. Eitch 
null hypothesi.; \v:~siested using first tllc 
rip-Sirst siinulation  results and then the 
crosscu- first rrsults ( 12 null hypotheses 
in total). 

L.umbci- length class wns the p~.incip;il 
main efiPct of interest. However. by con- 
ducting the two-way ANOL'A., the sig- 
nificance of the interaction efkct be- 
tween c~~t t ing  bill and lumber length 
class could he examined. 

Results and discussion 

Objective I : Assessing 
3AC's performance 
with five cutting bills 

t % ~ r  the ripfirst simulations. the one- 
way ANOVA test for diffrences in yield 
between cutting bills was signific:~nt (tr - 0.05). therefore we rejected the null 
hypothesis that yields obtained in rip- 
first processing are the same for all five 
cutting bills. T~1Etey.s HSD indicated that 
the part yields were differeut for all cut- 
ting bills except A and E. Cutting Hill C' 
hnd the highest part yield at 38.4 percent 
(Table 3). A and F, were tieti for the sec- 
ond best part yield at 36.8 and 37.2 per- 
cent. Cuttirlg Hills H and D had much 
lower part yields at approximately 18.2 
and 14.0 percent. respectively. 

The ANOVA test for differcnccs in 
ma~~ufacti~ring eff'iciency betwean cut- 
ting hills also was si_gnificant h r  t l ~  
rip-first si~nulations lendiilg LL? to I-eject 
the null hypotlirsis that cuttins cfl'icicn- 
cics realired i r~  rip-Sint pncessing nro 
the samc [CIS :dl cutting bills. Tul\cy's 
t1SD indiciltetl that 311 the sawing cffi- 



Table 4. - The impact of lumber length on average part yield and saw~ng efficiency when cutting 3AC lumber (Objective 2) in 
rip-first and crosscut first simulations. 
-- ~- 

( 'utting bill - N o x d  Irng11 ['art yidd i~nd 42 .  gn~up" --- Saving ctficirncyh and sir. youp"  

(ti.) (".) 

Rip-first with ROMI-RIP 

6 to S 41.97 A 8 . h  (' 

C- 10 to 12 41.79 H 7.56 N 
I4 to I(, 11 .97 13 7.05 A 

6 t r ~  H 41.18 A 7.09 C 

E 10 to  I2 .?').SO A 5.U IJ 

I 4  to I h  37.18 li 5.11 A 

11  11) 16 
-- 

32.70 A 6.57 A -- 
"Statistically dissimiior siinul;iticm group means h a w  diRereilt letters asrigned to rl~crn with A ~<signed to the ~ r o u p  having thc riiost f:~so~.;~hlc rcsult. 
"~cd1inc.s  per BF of p1.15 pn )d~ced .  

ciencies were different except for D and 
C. Cutting Hill E was the most efficient 
in proce ssing 3AC luri~ber~ folloxved by 
A. C. I) and H. C~ittinp Hill E required 
approximately 0.2 cuts per BF of parts 
pruduced; A required 6.X> C required 
7.8. D required 7.7, and B required 8.9 
(Table 3). Although Cutting Rills A and 
E exhibited no difference in part yields. 
E was a more efficient cutting hill to 
process. As a result. Cutting Rills C and 
E were selected as the two best rip-first 
cutting bills in terms of yield and sawing 
efficiency. Cutting Bill C' origit~ated 
from a rough mill producing c:~binet 
parts :lad Cutting Bill E originated from 
it rough mill producing parts for mould- 
ing and in i l l~ork .  

For the ROM1-CItOSS simulittions, 
thc null hypotl~csis of no difrel-ence be- 
tween mean part yields for the five cut- 
ting bills also was ~xjected. Tukey's HSD 
indicated that all the pult yields were dif- 
ferent except for those of Cutting Hills C 
and E. The highest part yield w:rs shared 
by Cutting Hills C and E. follo~ved luy A? 
5: and D. Their part yields were 37.1 and 
30.4, 31.4. 18.8. and 14.3 percent. re- 
spectively (Table 3). 

Finally. the null hypothesis of no dif- 
ference between mean salving efficieo- 
cies for the five cutting bills in cross- 
cut-first processing was rejected. 
Tukey's HSD indicated that the s:wing 
efticieucies associ;~ted with the five cut- 
tin? bills were d l  different. Thc most ef- 

ficient-to-cut crosscut-first cutting bill 
was D, followed by E, R, A. and C. Cut- 
ting Hill !3 required -3.7 cuts per HF of 
p a ~ s  produced, E required 6.3, H re- 
quired 6.6. A required 7.6. and CC: re- 
quired 9.3 (Table 3). Cutting Hills Ci and 
E exhibited no difference in their part 
yields, however E was niuch more effi- 
ciently processed. As a result. Cutting 
Bills A and E were selected as the two 
best crosscut-first cutting bills. Cutting 
Rill A originated from a rough mill pro- 
ducing dimensio~l pxts. 

There was a fairly distiuct division of 
part yields in both the rip-first and cross- 
cut-first sinxtlaticms. Cultinp RiHs A. (.:, 
and E had niuch Iuglier part yields than 
R and D (Tahle 3). Looking for differ- 
ences between these cutting bills. Cut- 
ting Bill R had several medium to long 
parts between 40 and 80 inches and the 
required quantities for these parts were 
higher than those ii1r the shorter parts 
(Table 1). Cuttins Hill B had sev- 
eral parts over 3 inches widc. Cutting 
Hill D only had five diftkrent part 
leugths and they were all 3 feet in lerigth 
or longer. Cutting Hills A, C'. and E had 
the shortest average part lengths wit11 
very few part requirements longer than 
40 incl~es (Table 1). Narrow part widths. 
3 inches or less. an abundance of short 
part lenL$hs. 23 inches or less, and a 
scarcity of part -ten@s longer tlran 40 
iuches were characteristic of the I~est 
cutting bills in ternms of p:irt yields aud  

to a lesser extent. hawing effic~enc~es 
(espeolally for I-ip-f ~ r s t  procewng) 

One of the best ripfirst cutting bills 
selected in this objective originuted 
from a rough mill producing cabinet 
parts(C'utting Hill ('). Both the cabinet 
and the fitrniture industries require 
many parts 3 inches wide or  narrower 
; ~ n d  many parts less than 10 inches in 
len@h. Accol-ding to '4nman (1 9X2),83 
percent of the parts used in the nmuufac- 
ture orkitchen caliinets are 36 inches in 
length or shorter and 48 percent are 24 
inches or shorter! Furthennore, 51 per- 
cent of the palts used in the rnanuficture 
of kitchen cabinets are 3 inches wide or 
narrower. Looking at furniture, 75 per- 
cent of the parts that go into the produc- 
tion of upholstered furniture and 93 per- 
cent of the parts that go into recliners are 
36 il~ches long or shorter (Arau~an 
1982). In fact, 3.5 and 65 percent of the 
parts ueedcd fix upholstered f~~rniture 
m d  recliners. respectively, are 24 inches 
or shorter in l eu th .  Since 3AC lumber 
rwst have a minimu~n of 33 percent o i  
its surfxce area contained in clear-face 
ct~ttings that nre at lexst 2 feet hy -3 
inches in size (NHLA 1Y98), it seems 
p1;uisible that significnnt portions of the 
p a ~ t s  required for cabinets. recliners, 
and upliolstered fnrniti~re c m  be oh- 
tained from .>A<:. 
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Objective 2: The effects of 
lumber length on 3AC part yields 

Tahle 4 contains a summary of the av- 
erase pat yields and sawing eit'iciencies 
resulting from simulntions cc)nductrd in 
Objective 2. The lumber length class 
~ari:tble was the principal main etkct of 
interest. However. by running the twa- 
way ANOVA. the significance of the in- 
teractio~l effect between cutting bill and 
luniber length class could be deter- 
mined. It should be noted tIi;~t there were 
three minor inconsistencies while run- 
ning the ROMI-CROSS simulations. It 
is possiblc that the fxilure to fulfill all 
part recpireinents (2 of 6 slic~rt lutnber 
si~nulations) and using less thnn 1150 
boards (1 of  6 short lurnber simulations) 
created minor irinccur:icies in the pre- 
diction of y ield and sawing efficiency in 
the crosscut-first simulations. In d l  
three cases, ttiese were very small devia- 
tions, thus tlieir effect on the results ale 
assunled to be uninlport:mt. 

Analysis of the rip-first (ROMI-RIP) 
si~nulation results indicated that both 
maul effects and the inter:~cthn efkct in 
the yield rnodzl were significant. The 
difference in yields when processing 
different lumber lengths was highly s i p  
nifir:ant [p  < 0.0001). whilt: the interac- 
tion betwceri cutting bill and lumber- 
length had a p-value of 0.035. Tukey's 
HSD indicated that the medium and 
long length lumber h:td statistically sim- 
ilar mean part yields. while the short 
lumber produced a signi fkcntly di tTer- 
ent (higher) mean part yield. The vari- 
able influence of luniber length on part 
yields for the t w  cutting hills (indicated 
by the sipnifkant interaction term) is 
readily observed. For rip-f-irst Cutting 
Hill C:: the mean part yield cut from the 
niedium-len$h lumber was only 0.2 
percent higher than the yield cut. fro111 
the long-length lumber. The mean yield 
tiom the short lumber was -3.0 percent 
higher t l ~ n  the yield from the niediurn- 
length lumber. However, for Cutting Bill 
E, the medium-byth lumber's liiean 
yield was consitlerably higher than the 
long-leu~<h Iumnber's - 2.6 percent. The 
difference in the lnean yields between 
the short- and medi~un-length lumber 
groups was not as significant for this 
cutting bill -only 1.4 percent. 

Two of the three Ol+xtive 2 hypothe- 
ses conceruing sawin? efticiencies (kerf 
lines per 13F of parts pmduceti) in rip- 
first processing were rejected. Only the 
hypothesis of no interactiou 01' cutting 

bill and luniber length on rnenn part 
yield w:.~.; acepted. Tukey's HSI) indl- 
cated that sawing efficiency w:~\ differ- 
elit for all tlll-ee lumber let~cths 1 1 e  best 

c 

sawing efficiency wits espericriced 
while ruruiing the long-lenytb l u n ~ b r  
fdlowed by the medium- and short- 
length lun~ber. The long, uiedium, iuid 
short lu~iiber required an average of  np- 
proximately h.2, 6.7. and 7.9 s;lwlines 
per HF of parts produced. respecti\vlv. 
h r  the two cutting bills combined. 
Using the mean effiiciency measure h r  
long-length lumber as our index, the ef- 
ficiency ratio for rip-first processing 
u a s  l:1.1:1.3. 

Analys i s  o f  the  c rosscu t - f i r s t  
(ROMI-CROSS) simulation results in- 
dicated that both maul effects and the in- 
teraction effect in the yield model were 
si@icnnt. The p-value for the test on 
lumher length's influence on yield was 
0.013. while the test on the interaction 
between cutting bill iu~tl lulnber length 
l~adap-value of O.CC3. TGxy's HSD in- 
dicated that the short-. medium-, iuid 
long-lrngtli luniber pmduced statisti- 
cally Jissi~nilar mean part yields. 'The 
variable influence of luniber length on 
pa11 yields for the two cutting bills (indi- 
cated by the significant interaction 
tenn) is readily observed. For cnxscut- 
first Cutting Rill A the mean part yield 
cut from the medium-length lu~nber was 
3.3 pescent higher than the yield cut 
fr<un the long-length lumber. The mean 
yield from the short lumber was anothcr 
3.3 percent higher than the yield f~.oni 
the niediun-length lumber. In contrast. 
fo r  Cutting Bill E, the mnetliu111-lengtl1 
lumber's mean yield was only slightly 
higher thm thc long-length lumber's - 
0.6 percent. In contrast to the other yield 
niodels examined under this ubjedive, 
the short I~~riiher group's mem yield for 
Cutting Rill E was actually slightly low 
er (0.2'!41 less) than the medium lumber 
group's mean yield. 

For the sa\ving etiicie~~cy model, the 
outcomes of the two-factor ANOVA test 
conducted on the 3AC crosscut-first 
s im~~lat ion results indicated that the 
main rft'ects w r e  significant but the in- 
teract ion effect was not (cutting 
bill*luniber length). Wlieii the sawins 
efficiency (average sawlines required 
per. HF of parts produced) results of the 
two cutting bills are combined the rela- 
tionship between the medium-. 
nnd short-length lumber ivns 7.1, 7.3, 
and 7.4. respectively - a statistically sig- 
nificant but relati\:ely sm;~ll difl'crciice. 

A feasible expl:lnation fur the yield 
and s w i n g  efficiency clifTerences be- 
tween I~lmber len$Ii groups c.m be d+ 
tluced from the NHLAk grade rules 
(1 993). Althoitgli tliere are no limita- 
tions to the number of grading cuttings 
tl~dt cnn be used to meet the mininium 
required clear area in 3AC lumber (33- 
1.:'3'%), these are lhitntiuns on the num- 
her of cutting thiit call he used when 
trying to meet the clear area requirelnent 
1i)r No. 2A C'omnnm (2AC) lumber. As 
is true for all grades above 3AC, fewer 
grading cuttings are permissible for 
sinaller hoards. For esample, a board 
with a surface measure uf 2 or  3 (e.g., a 
board that is h in. by 6 ft.) can have a cut- 
ting yield as high as 66-113 percent and 
still only qualify to be a 3AC board if tlie 
clear area yield is contained in more thlct 
one square cutting (NHL.4 1998). Since 
any board that will not qualify fbr LAC 
because its clear a r e x  nre cout;~ined in 
too ~nany cuttings will qualify as a 3AC 
hoard. more of the smaller (narrower 
and shorter) 3 . K  boarcis h w e  a luglier 
pel-cen[ngt: oiclear cuttings. This analy- 
sis appears to be supported by yield per- 
centages that al-e given in the I ?9X Data 
Rank t k  Kiln-Dried Red Oak Lumber 
(Ciatohell et al. Ic)?X). For the L4C 
boards in the data bank. the average 
clcar area contained in grading cuttings 
for 6- to 8-foot-long 3,4C hoards was 46 
percent. For 10- to i 2-hot-long 3AC 
boards. the avenge clear area a lw was 
40 pel-cent. However. for the 13- to I h- 
foot-long boards, the average clear area 
\vas only 4 1 percent. 

In addition, differences in pa-t yields 
and s w i n g  efficiencies between cutting 
bills could have been due to tlie percent- 
age of sn~aller pnrts co~nposing the C L I ~ -  
tiug hill. In rip-first Cutting Bill C, ap- 
prosi~nately 92 percent o f  the part 
lengths were less than 30 inches com- 
pared to approximately 53 percent for 
Cidting Rill E. The hi$ perrentage of 
s d l c r  parts could hme allo\ved Cut- 
ting Bill C to better utilize certain clear 
areas in a board. For example. if [here 
was a clear face section in a board that 
arrw 12 inches long, more of this wood 
could be used cutting two 15.5-inch 
parts from it than one 30-inch part. 1-his 
could have helped Cutting Hill C' to 
achievc: better part yields than Cutting 
Hill E in some sih~atit~ns. Further, this 
W O L I I ~  also have decreased tlie sawing 
dficiency of a cutting bill since it may 
take scvtlrd small p:urts to producc the 
same ;isea as one lalge part. 
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Summary and conclusions length lurnber. For rip-first ('uttiug Hill 

The goal c f  this resem-ch was to evalu- 
ate potential utilization opportunities fix 
3AC lunlben In a series ofthree studies. 
the impacts of cutting bill and lumber 
length on the yield and processing etli- 
ciency of the rough mill when process- 
ing 3AC lumber wrre explored. Both 
rip-first and crosscut-first rough mills 
were studied. Optimum processing con- 
ditions were assumed. Red oak lumber 
was processed intv C'2F parts. The two 
best (out of  five) rip-first cutting hills 
wrre (3 and E. Their part yields when 
processing mixed lumber lerigths were 
approximately 38 and 37 percent. re- 
spectively. (:utting Hill C requised 7.8 
cuts fsawkerfs) per RF of parts psvduccd 
and Cuttirig Bill E required 6.2. The two 
hest (out of five) crosscut-filxt cutting 
bills were A m d  E. Their part yields 
when processing mixed lumber lengths 
\\.el-e approsimately 3 1 and 36 percent. 
respectively. Cutting Bill ,4 required 7.6 
cuts per BF of p a t s  produced and ('ut- 
ting Hill E required 6.4. 

Characteristics shared by the best cut- 
ting bills were narrow part widths and 
short part lengths. More specifically. 
cutting bills that call for the manufach~re 
of  3-inch-wide or mrrtwer part widths 
to at least 10 diEerent lengths less than 
40 inches long will ad ieve  optimal part 
yield when processing 3 K  luniber into 
CZF parts. As n result. operations that 
have a good opportunity for achieving 
optimttl part yield while processing 3AC' 
hmber  are those rough mills that pro- 
duce dime~isioii pasts. parts for c~binets, 
pasts for snx~ller tlimension case goods, 
upholstered furnitul-e pasts. and pu ts  
that will allow finger-jointing. Finger- 
joinlrng operations provide a great op- 
portun~ty fbr 3AC lumber since fin- 
ger-jointers tl7~ically can utilize woid 
hlocks as short as 5 inches. 

The results of ()bjectivr ? indicated 
that ~\h;hrt~ processing 3AC' lumber in 
rip-first and crosscut-first rough mills, 
the highest yields will be experienced 
when running shot-t I~u~nher between 6 
and X feet in length. for rip-first Cutting 
Rill C, the part yield for the sl~i~rt-length 
lumber was approximately 3 percent 
higher than that of the medium- and 
long-length Ittniber. The short-length 
lunlher requ~red 1.1 additional sawlines 
per HF of parts produced compared to 
the medium-length lun~her  and the me- 
dium-length lurnber required 0.5 nddi- 
tional swl lnes  compared to the long- 

E. the part yield for the short- atid rne- 
dium-length luniber was approsim:~tely 
-3 percent higher th,m that of the Ions- 
length lunibcr. However, the shost- 
length lurnber required 1.2 additional 
sawlines per board f w t  of parts prc)- 
duced cc~rnpared to t11r niediun1-length 
lumber and the medium-length lunlbcr 
r e q u i d  0.5 additional sawlines ram- 
pared to the long-lengh lumber. 

For the crosscut-first Cutting Rill A, 
the part yicld for the short-lensth 3AC 
lumber was approximately 6.6 percent 
hipher than the yield fr.on~ long-length 
lumber. Depending on the cutting bill. 
part yields similar to that experienced 
when running short-lensth lumher may 
be experienced while ~unniug niediun- 
length lumber ( 10 tu 12 fi.). Unhrtu- 
nately, rip-first rough mills running 
shorter 3AC lumber should expect a de- 
crease in s:lwUlg ef-l'iciesicy and more 
wear and tear on their cquip~nent. 0 1 1  thc 
other hand, sawing efficiericy In n cross- 
cut-first rwgh nlill can be expected to 
stay relatively the s;me regmiless of the 
length of lumber bring processed 

Overall. for three of the four simula- 
tions conducted to e.uamine the effect of 
lumber length on yields and processing 
eit'iciency when cutting 3AC lumber, 
higher yields were obtained from the 
shortest lumba- group. However. for two 
of the bur simulations: lower etlicialcy 
was obtxined wl~en cutting the shwt 
lumber. 

The rl~fvrnmattou derived from t h ~ s  re- 
search on potential utilization opportu- 
n ~ t ~ e s  fiir 3AC lumber caul help value- 
added solid wood products n~anufactur- 
ing companies better identify part sizes 
and cutting hills that can be prditably 
out from this portion of the luinber re- 
source, which heretofore has been 
poorly utilized. Altho~gh a liniited null- 
ber of cutting hills were examined in this 
study (five). the wide range o f  part 
yields ( 14y4 to 3S%) :md cutting &Ti- 
ciencies obtained from 3AC luniber 
demonstrates how imnortant it is ior 
rough niills to carefidly consider 1 1 0 ~  to 
incvrpor:ttr a higher percentage of t h ~ s  
g r d e  into their lumber tnlx. 
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