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In 1977, the United States Department 
of Agriculture and th,~ Canada 
Department of the Environment agreed 
to cooperate in an expanded and 
accelerated research and development 
effort, the Canada/United States Spruce 
Budworms Program (CANUSA), 
aimed at the spruce budworm in the 
East and the western spruce bud worm 
in the West. The objective of CANUSA 

was to design and evaluate strategies for 
controlling the spruce bud worms and 
managing budworm-susceptible forests, 
to help forest managers attain their 
objectives in an economically and 
environmentally acceptable manner. 
The work reported in this publication 
was wholly or partially funded by the 
Program. This manual is one in a series 
on the spruce budworm. 
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Using Computer Simulation to 

Evaluate Mechanized Harvest 

Systems 
Dennis P. Bradley' 

Introduction 

This handbook summarizes the use of 
simulation to estimate the productivity 
of two different full-tree field chipping 
systems. It serves as an example of the 
kind of complex analyses that 
simulation makes possible for both 
selecting a system and operating it 
efficiently. The study leading to this 
manuscript was a hypothetical yet 
realistic analysis of tree and stand 
factors, machine capabilities, and 
operating rules. It was hypothetical in 
that only a small set of many possible 
variables was examined and this study's 
conclusions were not tested in the real 
world. It was realistic in that the tree 
and stand data reflect real Minnesota 
stands, and the machine data reflect 
real machine c;haracteristics. Several 
key assumptions as to machine speed, 
capacity, and availability had to be 
chosen from a wide range of 
possibilities to make comparions 
feasible. This bulletin emphasizes the 
importance of decisions made by feller
buncher, skidder, and chipper operators 
in their tree-to-tree and bunch-to-bunch 
movements. Productivity can be 
increased and cost reduced if simple 
rules guiding machine movements are 
applied as tree and stand factors 
change. 

, Principal economist, North Central Forest 
Experiment Station, USDA Forest Service, 
Duluth, Minn. 

Scope 

Two different feller-bunchers working 
with the same set of grapple skidders 
and a chipper were examined using 
three computer simulation models 
developed by the North Central Forest 
Experiment Station (NCFES). 

No new machine speed and capacity 
data were collected. Instead, the 
NCFES Forest Engineering Unit in 
Houghton provided its best available 
data. For the tracked feller-buncher, the 
grapple skidders, and the full-tree 
chipper, only one set of speeds and 
capacities was assumed. For the 
rubber-tired feller-buncher, one set of 
speeds but two shear capacities were 
assumed. 

Similarly, no new stand data were 
collected. Instead, the NCFES's most 
recent Minnesota forest inventory data 
base was examined for ail plots with 
significant spruce-fir volumes. From 
these plots, 12 hypothetical stands were 
constructed representing three average 
stand diameters (6, 8, and IO inches) 
and four basal area levels (60, 90, 120 
and 150 ft'). These 12 combinations 
represent about 95 percent of the stands 
in Minnesota with significant fir and 
spruce volumes. Harvest by the two 
feller-bunchers, skidding, and chipping 
were then simulated in each of the 12 
stand combinations. In all, 36 stand and 
machine combinations were examined 
for the relationships between 
productivity and the independent 
variables of diameter and basal area. In 
addition, many other combinations 
were used to ~how the sensitivity of 
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system output to small changes in key 
operating variables. 

Of special interest is a new method of 
mimicking tree-to-tree movements. It is 
as realistic as previous methods and yet 
much simpler. This new procedure also 
led to the development and use in this 
study of decision rules to improve the 
performance of rubber-tired feller
bunchers. 

Methods 

Discrete event simulation models were 
used to derive production estimates for 
various stand conditions. These models 
represent the major features of real 
harvest systems: trees, personnel and 
equipment, and decision ruleG. Three 
items are required: (I) stand data 
provide the specific tree locations, 
diameters, volumes, and stem weights; 
(2) computer programs of harvest 
systems provide symbolic and logical 
representations of the machine-man
forest illteraction. These programs 
portray machine movements as if 
determined by operators' decisions and 
the trees encountered; and (3) machine 
speed and capacity data are needed to 
estimate the time required and the wood 
volumes processed or moved from 
place to place. With this information, 
the computer symbolically sets the 
system to work. Compressing months 
of activity into a few minutes of 
computer time, the model then reports 
system production during the simulated 
time. 

Simulated output, whether in trees, 
cubic feet, or tons per hour, was 
idealized; no allowance was made for 
machine breakdowns or lunch and 
coffee breaks. However, simulator 
results were then adjusted to yield 
"realistic" estimates using assumptions 
about machine availability. These 
availability assumptions have a key 
effect on the comparison. 

Gathered from actual field observation 
or theoretical machine analysis, 
machine speeds and capacities cannot 
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Table I-Distribution of Minnesota inventory sample plots by average stand 
diameter at breast height (d.b.h.) and basal area 

Basal area class in fl'lacre 
TOlal number 

D.b.h. 	 60 90 120 150 of plots 

Inches 	 Number oj plots 
5 0 8 
6 18 34 
7 21 29 
8 16 38 
9 13 13 

10 4 3 
II 3 
12 0 

Total number 
of plots 75 127 

be specified absolutely. Instead the 
simulator take~ random samples from 
probabilistic distributions for each 
specific task. In addition, a technique of 
controlling random sampling 
procedures to avoid confounding was 
also used. Although controlling a 
presumably random sample to achieve a 
more rigorous result may seem 
paradoxical, this procedure is one of 
simulation's most Important 
advantages. For example, when two 
different feller-bunchers each harvested 
10,000 trees from a test stand, this 
technique ensured that the 10,000 trees 
were the same for both machines. In 
effect, after being cut, skidded, and 
chipped by one system, the trees werc 
reassembled and placed back on their 
stumps to be felled by the other. 

Stand Data 
All Minnesota forest inventory plots 

3 3 14 
32 22 106 
28 17 95 
16 9 79 
6 4 36 
3 2 12 
0 0 4 
0 0 

88 57 347 

that met several joint criteria of species 
composition, average diameter, and 
basal area were examined to develop 
data most representative of spruce-fir 
stand conditions. Some 1,300 aspen, 
paper birch, balsam fir, and white 
spruce plots were examined and 347 
plots selected. The distribution of these 
plots by average stand diameter and 
basal area is shown in table I. 

Trees Per Acre--Instead of using raw 
plot summaries by diameter and basal 
area, a relation between average stand 
diameter and trees per acre was 
developed. For ea~h basal area level 
and average stand diameter, 

T = e1a - h hlhhll 

where T = trees per acre 
e 2.11828 ... 

d.b.h. 	= average stand diameter at 
breast height 
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Figure I-Trees per acre by average stand diameter and basal area. 
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Figure 2-Tree diameter frequencies by average stand diameter. 
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a,b 	 regression coefficients, as 
shown below by basal 
area level. 

Basal area a b r~ 

60 7.8053 - 0.3488 0.798 
90 8.1540 -0.3526 0.779 

120 8.2498 -0.3341 0.727 
150 8.5752 -0.3459 0.707 

This relationship is also shown in 
figure I. 

Tree Diameters--For each basal area 
and average stand diameter, the 
distribution of tree diameters was also 
examined. Due both to small sample 
sizes within basal area classes and to the 
small variation between basal area 
class, only stand diameter was used to 
construct the empirical relations (table 2 
and fig. 2). 

Tree Volume and Weight-Tree 
volumes and weights were developed 
for only two species, aspen and balsam 
fir, and only for odd diameters from 5 to 
21 inches d.b.h. to reduce the number 
of stand characteristics to a manageable 
size. All stands are assumed to contain 
85 percent balsam fir with the 
remainder aspen. Adopting a universal 
tree weight relationship from another 
study permitted the calculation of total 
aboveground weights for aspen and 
balsam fir (Bradley et al. 1980). Tops 
represent 31 percent of the aboveground 
total. Weights were then converted to 
volumes using 46 and 47 Ib/ft' for 
balsam fir and aspen, respectively (table 
3). 

Harvest Models 
The three harvest simulators used in this 
study were programmed in IBM's 

Table 2--Tree diameter (d.b.h.) distributions by average stand diameter of stands 
harvested by simulation 

Average sland d.b.h. 

D.b.h. class 6 inches 8 inches 10 inches 

Inches 	 Percentages 
4-5.9 62.7 24.6 8.6 

6-7.9 23.6 34.7 23.0 

8-9.9 8.4 23.0 26.1 


10-11.9 3.3 10.2 19.4 

12-13.9 1.2 4.6 11.3 

14-15.9 0.4 1.4 7.5 

16-17.9 0.2 0.8 2.7 

18-19.9 0.1 0.4 0.9 

20+ 0.1 0.3 0.5 


Total 	 100.0 100.0 100.0 
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Table 3-Characteristics of stands harvested by simulation by average stand 
diameter and basal area 

Average Stand characteristics 
stand 

diameter Basal area Density 

Inches Ft'/acre Trees/acre 
6 60 305 

90 419 
120 515 
150 667 

8 60 152 
90 207 

120 264 
150 334 

IO 60 75 
90 102 

120 135 
ISO 167 

GPSS V language modified to run on a 
CDC 172 computer (Bradley et al. 
1976, Bradley and Winsauer 1978, 
fntemational Business Machines 1973, 
Winsauer 1980 and 1982, Winsauer and 
Bradley 1982). 

Model of a Tracked Feller-Buncher 
with Boom-Mounted Shear 

General Operation-This model 
mimics th€' operation of a tracked 
feller-buncher with an accumulating 
shear on the end of a rotating boom. A 
specific machine embodying these 
characteristics is the Drott 40.2 This 

, The use of trade, firm. or corporalion names in 

this paper is for the information and convenience of 

the reader. Such use does not constitute an official 

endorsement or approval by the U.S. Department 

of Agriculture or the Forest Service of any product 

or service to the exclusion of others that may be 

suitable. 


Total stem volume Green weight 

Ft'/acre TOils/acre 
2443.0 56.8 
3359.1 78.1 
4124.7 95.9 
5346.2 124.3 
230 I. I 53.5 
3135.5 72.9 
3995.7 92.9 
5058.1 117.6 
1901.1 44.2 
2584.9 60.1 
3419.4 79.5 
4232.3 98.4 

type of machine is often operated in a 
relatively straight path along the edge of 
a stand while cIearcutting, or in a 
straight strip through the stand while 
thinning. As described in more detail 
later, this machine is assumed to move 
ahead on the strip just far enough to 
reach as many trees as possible before 
stopping, without missing any. It then 
cuts all the trees within reach. 

This feller-buncher works far enough 
ahead of skidding so that skidders never 
wait for bunches. This machine 
accumulates one or more trees in its 
shear, up to a specified limit, and drops 
this "bouquet" when full. Attempting to 
make the entire system efficient, this 
machine tries to create full-size bunches 
for skidding by combining two or more 
bouquets. However, while the tracked 
machine does not retrace its steps to 
drop bouquets on partial bunches 
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Figure 3-Tracked feller-buncher with rotating boom, general logic, 
and transaction flow. 

>o 
::0 Determine distance to and 
al number of trees to cut at 

next stopping point 

Did FIB carry trees from 
last stopping point? 

No 

Tree II Shear a tree 

Determine D, S, V, and W:j: 
and add it to the accumulator 

Any more trees at 
stopping point? 

Yes 

Is accumulator full yet? 

SLSt-F/B ready to move! 

Is there a partial bunch at this 
stopping point? 

Yes "'---------'' 

Yes 
tRLS ;:: rcsclloglc 

switch 

SLS =Set logic 
switch 

W =d.b.b. 

S = species 

V = volume 

W = weight 

behind itself, it will carry a bouquet 
forward to the next stopping point if 
necessary. 

The general logic of the tracked 
feller-buncher simulated in this report is 
as follows (fig. 3). First, this machine 
looks ahead to see how far it must travel 
to its next stopping point. Second, it 
moves this distance and stops. Third, 
all trees within reach are sheared. As 
the accumulator becomes full, the 

bouquet is dropped. In the pursuit of 
system efficiency, full-size bunches are 
created for skidding wherever possible. 
Fourth, when all trees at this point have 
been cut (it may only be one tree), the 
tracked feller-buncher moves ahead 
again. 

Machine Speed and Capacity 
Assumptions 

Fixed Assumptions--data or conditions 
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that apply to all tracked simulations. 

• Strip width = 34 ft. A 
mar.imum boom reach of 40 ft is 
assumed. Because some overlap is 
expected, 34 ft is the width that occurs 
when 40-ft circles are packed t~gether 
like cells in a honeycomb. 

• Travel speed-a random normal 
variable averaging I mi/h or 1.136 
centiminutes/ft; std. dev. = 0.25 mi/h. 

• Tree shearing rate-a random 
normal variable averaging 25 
centiminutes/tree; std. dev. = 12 
centiminutes/tree. 

• Bouquet drop rate-a random 

normal variable averaging 15 

centiminutes/drop; std. dev. = 9 

centiminutes/drop. 


• Accumulating shear limit
expressed as a "sum of tree diameters" 

25 inches. 

• Desired bunch-size limit for the 
skidder-expressed as a "sum of tree 
diameters" = 50 inches. 

Variable Assumptiolls-data or 

conditions that change for different 

stand diameters and basal areas. 


• Move distance between 
stopping points-This distance is a 
random variable with an exponential 
distribution, and depends on the 
average stand diameter and basal area in 
a way described later. 

• Trees to be cut at each stopping 

point-This is also a random variable 
but with a Poisson distribution. Its 
mean and standard deviation depend on 
a specific stand diameter and basal area, 
but at least one tree must be cut at each 
stopping point. 

Model of Rubber-Tired Feller
Buncher with Fixed Shear 

General Operation-This model 
mimics the operation of a rubber-tired 
frame-steered machine with an 
accumulating shear fixed in front. 
Specific machines embodying these 
characteristics are the John Deere 544 
and the Franklin 170. This machine also 
works far enough ahead of skidding so 
that skidders never wait for bunches. 

Because this machine must travel to 
each tree to cut it, it must zigzag back 
and forth across an arbitrary strip. 
When its accumulator is full, the 
bouquet is either dropped immediately, 
carried back to an incomplete bunch, or 
carried forward to the next tree to be 

cut. 

Because strip width for the rubber-tired 
machine is not limited by a boom reach 
as for the tracked machine, a width can 
be chosen, as described later, which 
reduces the total distance traveled. 

In addition, because this rubber-tired 
machine is modeled to retrace its steps 
to add a bouquet on unfinished bunches, 
a new question arises: How far should it 
go back to complete a bunch for the 
skidder? That is, at what distance will 
the net effect on system output and 
profit be largest? This model allows 
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this decision to be optimized for each 
different stand condition. The general 
logic of the rubber-tired feller-buncher 
is shown in figure 4. 

Machine Speed and Capacity 
Assumptiolls 

Fixed Ass!lmptiolls-data or conditions 
that apply to aJl rubber-tired feller
bunch,~r simulations: 

• Travel speed-a random 
normal variable averaging 3 mi/h or 
0.337 centiminutes/ft; std. dev. 
0.75 mi/h. 

• Tree shearing rate--a random 
normal variable averaging 25 
centimmutes/tree: std. dev. '" 12 
centiminutes/trce. 

• Bouquet drop rate-a random 

Figure 4-Rubber-tired feller-buncher, general logic, and transaction 

TDIST 

Yes 
No 

Will this tree be too far to 
carry accumulator to it? 

No 

Travel to tree 

Shear tree 

X. 	 :::' X coord 
} Irec location in strip 

y = Y coord 

s ;:= species 

D = o. b h 

[4 

No 

Carry accumulator to 
partial bunch 

Drop 
Il=:====;======:lr---

Add accumulator to partial bunch 

Is the partial bunch complete? 
NO''-----~--~~r------------/ 

Bunch 



Figure 5-Grapple skidder, general logic, and transaction flow. 

Read JOBTAPE of 
bunches from FIB model , 

Place a set of bunches on 
user chains: one chain for 

each skidder creatt:d 

No. Wait 
Yes 

Skid Skidder travels from 
landing to bunch in woods 

Aline 

Any bunches left in woods? 
Yes 

Is current bunch big enough? 

Does chipper have No. 
Land Wailroom for bunch? 

normal variable averaging 15 
centiminutcsfdrop: std. dev. 9 
centiminutcs/drop. 

• Accumulating shear limit
expressed as a "sum of diameters" 
25 inches or 15 inches. 

• Desired bunch size limit for the 
skidder--expressed as a "sum of 

Would this bunch plus 
the next bunch be too 

big for one trip? 

No 

Skidder travels from oneL bunch to the next bunch 

diameters" = 50 inches. 

Variable Assumptiolls-data or 
conditions that change for different 
stand diameters and basal areas . 

• Strip width-Because the 
rubber-tired feller-buncher must drive 
to each tree. strip width can take any 
value. The method for choosing strip 
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Figure 6--Chipper, general logic, and transaction flow . 

.( NXBN2 
~~--~------~~ ~~~------------~ 

Complete work on old bunch t-..---..... 

TOBIG _---..--_ 

Yes 

More than one 
tree in loader? No 

Y~'-------~~----------~ 

'-------~~----~ y~ 

No 

Chipper qlli~ 
.......-----------. 


tD =d. b. h. SLS = set logic switch 

S := species RLS = n:scllogicswhch 

wIdth wi\! be described later. 	 Model of Two Grapple Skidders and 
a Whole-Tree Field Chipper 

• Bunching distance limit-The 
rubber-tired feller-buncher is allowed to General Operation-Bunches, 
travel back to incomplete bunches in prepared by either fellcr-buncher, are 
this study. These distance limits were skidded to the landing and chipped into 
set arbitrarily and !in optimum waiting vans. As each bunch was 
determined by trial and error as a result completed by either fcller-buncher, its 
of its effect on system output and cost. distance from the landing was 
This procedure is also described later. determined and recorded along with 
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other bunch information such as tree 
diameters and volume. As the skidder 
nnds each bunch, it either drags the 
bunch to the landing if already large 
enough, or attempts to add the next 
bunch on the strip to its grapple. Again, 
even tholl~h a feller-buncher has tried 
to create capacity bunches for skidding, 
some bunches are still smaller than 
desired. Once a full grapple is obtained, 
the skidder goes to the landing, where 
the bunch is dropped next to the 
chipper. If another skidder is dropping 
its bunch or if there are too many trees 
already waiting to be chipped from 
earlier bunches, the skidder waits for 
room. Stockpiling bunches elsewhere 
on the landing was not examined in this 
simulation. 

The chipper with its own loader chips 
trees as fast as it can or as fast as 
skidders bring wood. Trucking is 
assumed to be perfectly coordinated, so 
another empty van is ready as soon as 
one is filled and hauled away. Moving 
the chute to another empty van is 
assumed to cause insignificant delay. 
The general logic of the skidding and 
chipping models is shown in figures 5 
and 6. 

Machine Speed and Capacity 
Assumptions 

Fixed Assumptiolls-{jata or conditions 
that apply to all simulations: 

CI> Skidder travel speed-a random 
normal variable averaging 5.0 mi/h or 
0.227 centiminutes/ft: std. dev. = 1.25 
mith. 

• Bunch grappling rate-a 
random normal variable averaging 75 
centiminutes/grapple; std. dev. = 15 
centiminutestgrapple. 

• Bunch realinement rate-a 
random normal variable averaging 109 
centiminutes/alinement; std. dev. = 36 
centiminutesfalinement. 

• Bunch dropping rate-a random 
normal variable averaging 25 
centiminutes/drop; std. dev. = 10 
centiminutes/drop. 

• Skidder grapple limit
expressed as a "sum of diameters" 
50 inches. 

e Room at chipper for bunches
the limit on the number of trees is 
seven. 

• Chipping rate-a random 
normal variable averaging 100 
centiminuteslload; std. dev. = 20 
centiminuteslload. 

• Van closing rate-a random 
normal variable averaging 50 
centiminutes/van; std. dev. = 30 
centiminutes/van. 

• Chipper loader limit
expressed as a "sum of diameters" 
25 inches. 

• Van capacity---670 ft'. solid 
wood equivalent. 

Simulating Feller-Buncher 
Movements from Tree to Tree--As 
stated earlier, both the tracked and 
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rubber-tired feller-bunchers conducted follows that when this sample area is a 
simulated strip harvests on each of the strip, the distance along the strip to the 
12 stand combinations. While next tree is an exponential random 
developing both models, we devised a variable inversely proportIonal to trees 
new procedure that allows the simulator per acre and strip width. That is, the 
to randomly locate successive trees in mean or expected V-coordinate distance 
these strips. In addition, this procedure up the strip to the next tree is: 
led to the development of a way for 
rubber-tired feller-buncher5 to reduce I-I-D ~ 43560/T X W 
the travel distance and cost by the where I-I-D ~ mean or expected Y
choice of an optimum strip width that coordinate distance 
depends on stand density. For a detailed between trees 

explanation of the technique, see T = trees per acre 
Bradley et al. 1982. W = strip width in feet 

43560 = fe/acre. 
Rubber-Tired Feller-Bune/ler 

On the other hand. the X-coordinate 

Between-Tree Distances-It can be distance of the next tree as measured 

shown that if trees arc randomly from the left side of the strip is a 
scattered, then the expected number of uniform random variable with mean 

trees in any sample area is a Poisson W12. 
random variable proportional to trees 
per acre. From this result, it necessarily Thus. given two items, strip width and 

Table 4-Machine movement and tree location parameters for the rubber-tired and 
tracked feller-bunchers 

Average Rubber-tired feller-bunch"r Tracked fcller-bullchet 

stand 
d.b.h. Basal arca Treeslacre flo \V'lptrnllllll fll) fl, 

filches Fffacre Number Feel Feel Feel Nlimber 

6 60 305 6.900 20.699 23.977 5.8717 
90 419 5.887 17.660 22.311 7.3988 

120 515 5.310 15.929 21.414 8.6848 
150 667 4.666 13.997 20.456 10.7209 

8 60 152 9.774 29.321 29.412 3.8222 
90 207 8.375 25.126 26.628 4.5590 

120 264 7.416 22.249 24.873 5.3225 
150 334 6.593 19.780 23.466 6.2602 

10 60 75 13.914 41.742 39.477 2.7908 
90 102 11.931 35.794 34.287 3.1524 

120 135 10.371 31.)13 30.687 3.5945 
150 167 9.324 27.973 28.487 4.0232 
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trees per acre, the simulator takes 
random samples from the appropriate 
random exponential and uniform 
distributions to determine the locations 
of successive trees in the strip. The 
distance between any two trees is then 
the square root of the sum of the sq uares 
of their X and Y coordinate differences. 

That is, 

Distance 
between = Y(XI-XO)' + (YI-YO)' 
two trees 

Optimum Strip Width-While the 
procedure to determine tree-to-tree 
movements was being developed, it 
became clear that a strip width might 
exist that minimized travel. This 
optimum strip width turns out to be 
inversely proportional to the square root 
of trees per acre: 

Woptimum = Y3(43560/T) 

During each simulated harvest by the 
rubber-tired feller-buncher, the 
optimum strip width (W) and the 
corresponding mean Y -coordinate 
distance between trees (f.LD) for each of 
the 12 stands was calculated in this 
fashion (table 4). 

Optimum Bunch Distance Limit
Because this rubber-tired machine was 
allowed to retrace its steps to create full 
bunches, thereby increasing overall 
system output, the question arose: How 
far back should the feller-buncher go? 
The farther it is willing to retrace its 
steps, the less its own productivity but 
the greater the skidder productivity 
because bunches are more likely full 
size. But at some distance, costs will 

outweigh benefits. The optimum 
distance back depends on the relative 
costs of the feller-bunchers v. the 
skidders and chipper, but precisely how 
this relationship works was not clear. 
However, empirical experiments were 
conducted using the simulator to 
estimate an optimum distance limit 
(BDLIM) for the rubber-tired machine 
given the speeds and capacities 
assumed in this analysis. The results are 
reported below. 

Tracked Feller-Buncher-This 
machine moves and cuts trees in a strip 
width somewhat less than its maximum 
practical boom reach. (Moving and 
cutting were treated separately.) First, 
the machine moves forward until either 
trees in front block its path or a tree on 
the side is going to pass out of reach. 
Whichever happens first determines a 
"stopping point." All the trees within 
reach are then cut before further 
forward movement. Thus, two 
questions are answered: How far is it to 
the next stopping point? And once 
stopped, how many trees are within 
reach? 

As explained earlier, when a known 
number of trees per acre are randomly 
scattered, the number of trees in any 
sample area is Poisson distributed and 
proportional to trees per acre. If this 
question was merely one of looking 
down a rectangular strip for the next 
tree, as it is for the rubber-tired 
machine, the question would not be so 
difficult. However, the shape of the 
tracked machine's felling area is not a 
rectangle. Both the front and leading 
edges are assumed to be curved, and 
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Figure 7-Tracked feller-buncher harvest pattern. 
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eOOthere is also the area occupied by the f.i.D = 14.68130 X )8l3(5) 

machine itself (fig. 7). where: e = 2.71828 
S = equilateral tree spacing 

To resolve this difficulty, random V 43560/0. 866T 
distributions of trees were prepared on a T = trees per acre. 
computer-driven plotter and a template 
of the tracked feller-buncher's felling Second, the number of trees found at 
area was moved down each plotted each stopping point followed a Poisson 
strip. When a tree either blocked the distribution with the mean number of 
machine or was about to pass out of trees: 
reach, the template was stopped, the 
distance traveled measured, a::ld the f.i.N = 1.786\0 + O.01340T 
trees within reach counted. From a 
series of these experiments, we where: T = trees per acre. 
developed two equations. First, the 
distance between stopping points 
followed an exponential distribution At least one tree must be cut at each 
with the mean distance: stopping point (table 4). 
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Harvest Experiments 

Given the 12 stand combinations and 
the three harvesting model we then 
carried out a series of exp .nents. For 
all feller-buncher simulations, 10,000 
trees were cut, and tree diameters, tree 
volumes, tree weights, travel distances, 
travel times, cutting times, and bouquet 
and bunch sizes were recorded in a set 
of frequency tables, These tables were 
then subjected to the various 
calculations and adjustments for the 
machine and system comparisons. 

Tracked Feller-Buncher 
Sirnulations--For each of the 12 
stands, the tracked feller-buncher 
simulator required three kinds of stand 
data: the mean distance to the stopping 
point (table 4), the mean number of 
trees to cut once stopped (table 4), and 
the distribution of tree diameters (table 
3). 

Rubber-Tired Feller-Buncher 
Simulations--The rubber-tired 
simulator also required three kinds of 
stand data: optimum strip width (table 
4), mean Y-coordinate distance to the 
next tree (table 4), and the distribution 
of tree diameters. (table 3). 

Because the rubber-tired machine was 
given more options than the tracked 
machine, we conducted several 
additional experiments. First, because 
this machine type exists in a wider 
range of sizes than the tracked machine, 
two different shear accumulator 
capacities were examined: 25 inches as 
a sum of diameter limit (same as the 
tracked limit) and 15 inches. Second, 
because strip width is arbitrarily set and 

a so-called optimum strip width was 
identified for each stand, harvests with 
nonoptimum strip widths were carried 
out for comparison. Third, because the 
rubber-tired machine was allowed to 
retrace its steps, and an optimum 
travel-back distance identified for each 
average stand diameter, harvests with 
nonoptimum bunch distance limits 
(BDLlM) were carried out. 

Skidding and Chipping 
Simulations--After each stand was 
felled and bunched, the record of 
bunches was fed to this segment. This 
record included the locations and 
content of each bunch and contained 
10,000 trees. Because bunch distances 
from the landing varied from 0 to 660 
ft, and one skidder was usually too slow 
for the chipper, two grapple skidders 
were created to operate simultaneously 
on their own set of 10,000 trees. Each 
set of trees was in precisely the same 
order as felled. While the two skidders 
interacted with each other and the 
chipper at the landing, no skidder 
interactions in the woods were allowed. 

Machine A vailability and 
Productivity Calculations 
Although each simulated harvest 
resulted in a large amount of data, most 
of it is of minor interest compared to the 
production and time requirements to 
either fell and bunch or skid and chip. 
Many frequency tables were used only 
to check system input and output for 
conformity from one run to the next. 

For each stand, machine, and system 
combination, two items were collected 
from the simulator reports: production 
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in tons and time in hours. Their ratio, periods, these maximums were adjusted 
tons per hour, is a so-called ideal by the following factors. 
productivity and is the major statistic Tracked feller-buncher 60 percent
used in comparisons between stands, Rubber-tired feller
machines, and systems. buneher 65 percent 

Grapple skidders 67 percent
Ideal productivity in this report is Full-tree chipper 80 percent
defined as the maximum potential 
output given the operator skill levels The ideal productivity of each machine 
implied by the machine speed data was mUltiplied by these factors to yield 
listed earlier. (However, this data, a so-called realistic productivity. Thus, 
which resulted from actual field if the ideal productivity of the grapple 
experience, should not be considered skiddcr for a specific stand was 37.28 
the maximum skill level possible.) Yet tonsfhcur, the realistic productivity 
because the simulator did not account equals 37.28 times 0.67, or 24.98 
for mechanical breakdowns or rest tons/hour. 

Table 5-Machinc and system productivity, ideal and realistic. average stand 
diameter 6.0 inches 

Feller-buncher Machine and system productivity 
Feller-huncher Two skiddcrs Chipper systemBasal Ground- Shear 


area System speed capacity tdeal Real Ideal Real Ideal Real 


Ff Milh filches 	 TOllsfh 

60 	 Tracked 1.0 25 31.02 18.61 37.28 24.98 35.45 28.36 
Rubber- 3.0 25 31.06 20.19 37.35 25.02 35.67 28.54 
tired 3.0 15 27.79 18.06 37.33 25,01 35.72 28.58 

90 	 Tracked 1.0 25 32.54 19.52 37.52 25.14 35.59 28.31 
Rubber- 3.0 25 31.86 20.71 37.57 25.17 35.15 28.12 
tired 3.0 15 '(28.33) (18.41) 

120 	 Tracked 1.0 25 33.40 20.04 37.58 25.18 35.62 28.50 
Rubber- 3.0 25 32.34 21.02 37.65 25.23 35.74 28.59 
tired 3.0 15 (28.87) (18.77) 

150 	 Tracked 1.0 25 34.35 20.61 37.84 25.35 35.62 28.50 
Rubber- 3.0 25 32.84 21.35 37.61 25.20 35.49 28.39 
tired 3.0 15 29.40 19.11 37.65 25.23 36.00 28.80 

(I) (2) (3) (4) (5) (6) (7) (8) (9) 

Availabilities used Tracked feller-buncher = 0.60 
to calculate "real" Rubber-tired = 0.65 
productivity Grapple skidders = 0.67 

Chipper system = 0.80 
, Values in parentheses were interpolated. 
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Table 6-Machine and system productivity, ideal and realistic, average stand 
diameter 8.0 inches 

Feller-buneller Machine and syslem productivity 

Feller-buncher Two skidders Chipper ,ystem Basal Ground- Shear 

area System speed capacity Ideal Real Ideal Real Ideal Real 


Fr' Milh fnches 	 Tons/h 
60 	 Tracked 1.0 25 49.83 29.90 52.75 35.34 48.28 38.62 


Rubber- 3.0 25 54.25 35.26 53.03 35.53 46.50 37.20 

tired 3.0 15 48.79 31.71 53.18 35.63 48.07 38.46 


90 	 Tracked 1.0 25 53.42 32.05 53.02 35.52 47.47 37.98 

Rubber- 3.0 25 55.64 36.17 53.16 35.62 46.81 37.45 

tired 3.0 15 '(49.79) (32.36) 


120 	 Tracked 1.0 25 55.91 33.55 52.91 35.42 47.78 38.22 
Rubber- 3.0 25 56.38 36.65 53.16 35.62 46.89 37.51 
tired 3.0 15 (50.79) (33.01) 

150 	 Tracked 1.0 25 58.23 34.94 53.02 35.52 47.35 37.88 
Rubber- 3,0 25 57.61 37.45 53.08 35.56 46.58 37.26 
tired 3.0 15 51.79 33.66 53.43 35.80 48.14 39.51 

( I) (2) (3) (4) (5) (6) (7) (8) (9) 

, Values in parentheses were interpolated. 

Results 	 Feller-Buncher Productivity 

Comparisons 


Before realistic comparisons are 

possible. several key system Equal Shear Capacities-Both feller

characteristics must be specified, such bunchers have a 25-inch limit. With an 

as: average tree diameter of 6 inches, 


• Feller-buncher type, travel differences in ideal production rates 

speed, and shear capacity. between the two machines were very 


• Average stand diameter and small, although the tracked machine 

basal area. seems to have a slight (5-percent) 


• Strip width. 	 advantage as basal area reaches 150 
• Bunch distance limit (rubber ft'/acre. But after adjusting ideal output 

tired only). for the availabilities assumed in this 
• Machine availability. study, the rubber-tired machine seems 
• Relative machine costs. to have a consistent advantage, 

Tables 5, 6, and 7 show simulated ideal although again differences were very 
and realistic productivities in tons/hour small at any basal area (table 5). 
for each system, basal area level, and 
average stand diameter. With an average tree diameter of 8 
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inches, differences in ideal production inches, differences in ideal production 
rates between the two machines were rates were the largest. With a basal area 
much larger. With a basal area of 60 of 60 ft'lacre, the rubber-tired machine 
ft'lacre, the rubber-tired machine had had a 28-percent advantage. And with a 
about a 9-percent advantage. Yet with a basal area of 150 ft'/acre, although the 
basal area of 160 ft'lacre, the tracked differences were smaller, the rubber
machine's ideal productivity exceeded tired machine was still 11 percent more 
the ideal productivity of the rubber-tired productive. 
machine very slightly. 

After adjusting ideal productivity to 
After adjusting ideal to realistic output realistic levels given the assumed 
for the availabilities assumed in this differences in availabilities. we found 
study, the rubber-tired feller-buncher the rubber-tired machine was 
was consistently more productive. consistently more productive. It has a 
However, the margin declined 39-percent advantage over the tracked 
continuously from 18 percent with a machine when basal area is 60 ft'/acre. 
basal area of 60 ft'lacre to 7 percent But when basal area reaches 150 
with a basal area of 150 ft'/acre. ft'lacre, the rubber-tired machine's 

advantage drops to 20 percent. 

With an average tree diameter of 10 


Table 7-Machine and system productivity, ideal and realistic, average stand 
diameter 10.0 im:hes 

Feller·buncher Machine and syslem produclivily 

Feller-buncher Two skidders Chipper syslem Basal Ground· Shear 

area Syslem speed capacily Ideal Real Ideal Real Ideal Real 


Ff Milh Inches 	 Tonslh 
60 	 Tracked 1.0 25 68.49 41.09 67.59 45.28 60.76 48.61 

Rubber- 3.0 25 87.55 56.91 65.75 44.05 60.11 48.09 
tired 3.0 15 80.75 52.49 57.26 38.36 54.65 43.72 

90 	 Trac)ced 1.0 25 74.65 44.79 67.61 45.30 60.10 48.08 
Rubber- 3.0 25 89.66 58.28 66.65 44,66 59,72 47.78 
tired 3.0 15 (82.18) (53.42) 

120 	 Tracked 1.0 25 79.82 47.89 67.73 45.38 60.72 48.58 
Rubber- 3.0 25 91.76 59.64 67.09 44.95 59.82 47.86 
tired 3.0 15 (83,61) (54.35) 

150 	 Tracked 1.0 25 84.02 50.41 67.77 45.41 60.82 48.66 
Rubber- 3.0 25 93.19 60.57 67.31 45.10 60.86 48.69 
tired 3.0 15 85.05 55.28 65.89 44.15 60.92 48.74 

(I) (2) (3) (4) (5) (6) (7) (8) (9) 

J Values in parenlheses were inlerpolaled. 
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Figure S-Relative feller-buncher advantage by shear capacity and availability. 
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Unequal Shear Capacity-The 
rubber-tired limit has been reduced to 
15 inches. With an average diameter of 
6 inches and when ideal production 
rates are compared, the tracked 
machine is consistently more 
productive. The margin is 10 percent 
with a basal area of 60 ft'lacre and 
increases to 17 percent with a basal area 
of ISO ft'lacre. 

After adjusting for the availabilities 
assumed in this study, the tracked 
machine is still more productive, but 
the differences are less than 8 percent. 

Four matrices are shown that indicate 
the "better" machine on the basis of 
feller-buncher productivity alone and 
not by overall system effectiveness (fig. 
8). These four matrices indicate relative 
machine advantage as average stand 
diameter and basal area change, but one 
must emphasize that differences were 
sometimes small and in these cases 
probably do not represent either a real 
productive or economic advantage. The 
point of this figure is to illustrate 
general conclusions about one feller
buncher or the other as stand conditions 
change. 

When shear capacities as well as 
machine availabilities are equal, the 
tracked feller-buncher seems more 
productive at the smaller diameters and 
higher stand densities (fig. 8, column 
a). 

When shear capacities are equal but the 
rubber-tired machine is slightly more 
available (0.65 compared to 0.60), the 
rubber-tired machine seems more 

productive for all stand diameters and 
basal areas (fig. 8, column b). 

When the tracked feller-buncher has a 
larger shear capacity (25 v. 15 inches) 
and machine availabilities are equal, the 
tracked feller-buncher seems more 
productive for all 6- and 8-inch
diameter stands (fig. 8, column c). 

When the tracked feller-buncher has a 
larger shear capacity but the rubber
tired machine is more available (0.65 
compared to 0.60), the tracked machine 
seems more productive for all 6-inch
diameter stands and for the 8-inch
diameter stands with basal areas greater 
than 120 ft'lacre (fig. 8, column d). 

For a graphic look at the advantages of 
one machine over the other, note that 
the productivity of the trar-ked machine, 
whether idealistic or realistic, is 
affected much more by basal area than 
is the rubber-tired machine (figs. 9 and 
10). This is a reasonable result 
considering the assumption that the 
tracked machine has a fixed boom reach 
and therefore fixed strip width for all 
stands, while the rubber-tired feller
buncher operator was allowed to 
optimize strip width as stand density 
changed and was also allowed to choose 
an optimum bunch distance limit, 
BDLIM. 

System Productivity 

The following discussion compares the 
output of the entire system of feller
bunchers, skidders and chippers 
(columns 8 and 9 of tables 5, 6, and 7). 

In contrast to the previous comparisons 
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Figure 9-Ideal and real productivity, equal shear capacity (25-inch). 
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~ l<1gure to-Ideal and real productivity, unequal shear capacity (tracked 25-inch, rubber-tired 15-inch). 
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Figure II-Effect of average stand diameter on system productivity, either 

feller-buncher. 
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of feller-buncher productivity. both 
skidder output and overall system 
output are almost unaffected by basal 
area regardless of feller-buncher type ur 
shear capacity. In almost every case 
(one exception noted below), system 
output was constrained only by tree 
diameter: larger trees mean higher 
system output, as one would expect. An 
indication of overall system output is 
shown by the simple arithmetic means 
of both feller-bunchers from columns 8 
and 9 of tables, 5. 6, and 7 for all 
machines and shear capacities (fig. II). 

However, an interesting anomaly 
occurred in skidder and chipper output 
for the rubber-tired feller-buncher with 
a shear capacity of 15 inches. which 
illustrates one of the major advantages 
of discrete event simulation. Because 
every significant process can usually be 
modeled and "black boxes" arc usually 
unnecessary, curious departures from 
expected results can Qften be IQgically 
and rigQrously explained. Whereas 
there was little if any difference in 
skidder Qutput fQr rubber-tired feller
bunchers with different capacities when 
the stands averaged 6 and 8 inches 
d.b.h .. there was a large drop in skidder 
and chipper output Qnly when average 
diameter was 10 inches and basal area 
was 60 ft'/acre. The reasons fQIIQw. 

FQr the stands averaging 6 and 8 inches 
in diameter. skidder or chipper output 
achieved its potential regardless Qf the 
smaller rubber-tired shear capacity of 
15 inches. The bunch distance limit of 
50 ft was still large enQugh so lhat the 
"smaller" rubber-tired feller-buncher 
CQuld prepare bunches very ncar tile 

desired size for skidding. But when 
stand diameter increased to 10 inches 
with a basal area Qf Qnly 60 ft'. the 
optimum bunch distance limit was 
dropped to 25 ft as a result Qf a separate 
investigation repQrted below. At this 
much shQrter limiting distance. the 
feller-buncher could nQ IQnger create 
capacity hunches and skidder 
productivity declined dramatically. 
Then, with stand diameter still at 10 
inches. as basal area increased tQ 90 
ft'lacre and mQre. trees were again 
close enough together that the lower 
bunch distance limit Qf 25 ft was no 
longer a constraint on system output. 

The drop in the optimum bunch 
distance limit frQm 50 ft tQ 25 ft was 
established onl)' fQr the rubber-tired 
feller-buncher with a shear capacity of 
25 inches. Presumi'.bly. an Qptimum 
bunch distance limit for this smaller 
machine would be different. but this 
study did nQt pursue that questiQIl. 

Time Requirements and Equipment 
Balancing 
Equipment balance is Qne Qf the key 
ways to control costs. And because 
mQst systems cQnsist of machines 
whose output dQesn't match precisely. 
Qne must decide which machine to 
underutilize if one is allQwed tQ 
maximize revenue. 

From the simulated harvest!> of stands 
averaging 6 inches in diameter. one 
chipper and its two skidders would need 
about IV1 to IV2 feller-bunchers 
regardless Qf type or shear capacity to 
keep it supplied over the long rUIl. For 
stands averaging 8 inche~ in diameter. 
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Figure 12-Realistic time requirements. e<,ual shear capacities. 
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about I V2 to IY. feller-bunchers would system balance existed. Again, these 
be needed. For stands averaging 10 balancing recommendations apply only 
inches in diameter, about 2 feller- if one can maximize revenue and only if 
bunchers would be needed (fig. 12. the simulated results represent actual 
table 8). conditions. 

Because one underutilized feller- Effects of Nonoptimum Conditions 
buncher is probably less costly than a on Rubber-Tired Feller-Buncher 
chipper and its two skidders. two Productivity 
feller-bunchers would be required for 
the 6- and 8-inch-diameter stands. In Nonoptimum Strip Widths-Previous 
these cases, because fixed costs must be results showed system outputs for the 
covered first. actual feller-buneher costs rubber-tired machine when strip width 
would be from 10 to 50 percent higher (W) was three times the mean Y
than those shown in the tables and coordinate difference between trees up 
figures. which assumed that perfect the strip. To show the effect of 

Table 8-ldeal and realistic time required per acre by stand factors and machine 
type 

Time requirements 
Trees 

I Fdler·buncher 2 Skidders I Chipper Average Uasal per !\lachin~ Shear 
diameter area ticre type' capacil) Ideal Real Ideal Real Ideal Real 

filches Frlacre filches Hlacre 
6 60 305 	 T 25 1.75 2.92 2.92 4.36 3.08 3.85 

R 25 I.76 2.70 2.92 4.36 3.06 3.83 
R 15 1.96 3.02 2.92 4.36 3.05 3.81 

6 150 667 	 T 25 3A7 5.78 6.31 9.42 6.70 8.38 
R 25 3.64 5.60 6.35 9.48 6.72 8AO 
R 15 4.06 6.25 6.34 9A6 6.63 8.29 

8 60 152 	 T 25 1.03 1.72 1.95 2.91 2.13 2.66 
R 25 .95 1.46 1.94 2.90 2.21 2.76 
R 15 1.06 1.63 1.94 2.90 2.14 2.68 

8 150 334 	 T 25 1.94 3.23 4.27 6.37 4.78 5.98 
R 25 1.96 3.02 4.27 6.37 4,85 6.06 
R 15 2.19 3.37 4.24 6.33 4.69 5.86 

10 60 75 	 T 25 .62 1.03 1.26 1.88 lAO 1.75 
R 25 A9 .75 1.30 1.94 IAI 1.76 
R 15 .53 .82 IA9 2.22 1.55 1.94 

10 150 167 	 T 25 1.13 1.86 2.80 4.18 3.12 3.90 
R 25 1.02 1.57 2.82 4.21 3.11 3.89 
R 15 I. II 1.71 2.88 4.30 3.10 3.88 

, T ~ Iracked fcllcr·buncher. R = rubber-lired feller-buncher. 
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Figure 13-Effect o/" nonoptimum strip widths on rubber-tired feller-buncher 
productivity (stand d.b.h. is 10 inches). 
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Figure 14-The effect of nonoptimum bunch distance limits on rubber-tired 

feller-buncher productivity. 
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nonoptimum strip width on 
productivity. four simulated harvests 
were conducted with strip width equal 
to the mean Y-coordinate difference. 
Thus, because: 

Wf!.o = 43560tT 
and if. as now assumed, 

W = f!.o 
then 
Wnonopljmu", V 43560rr 

The four stands used in this 
nonoptimum comparison all averaged 
10 inches in diameter and basal areas 
ranged from 60 to 150 ft'/acre. Shear 
capacities were 25 inches and the bunch 
distance limit (BDLlM) was set to the 
previously established optimum of 25 ft 
for all. 

Strip widths for the four stands differed 
from the optimum strip widths as in the 
following tabulation: 

Strip Width 
Basal area Optimum Nonoptimum 

-Feet
60 41.74 24.10 
90 35.79 20.67 

120 3 I. II 17.96 
150 27.97 16.15 

Nonoptimum strip widths in this brief 
example reduced the rubber-tired feller
buncher's ideal output from 87.6 to 
83.8 tonsth when basal area was 60 
ft'/acre, and from 93.2 to 91.0 when 
basal area was 150 ft'/acre. This 
reduction therefore ranged from 4.2 to 
2.4 percent, respectively. Similar 
relative reductions occurred in trees 
felled per hour (fig. 13). 

The impact on system costs would be 
less because feller-bunchers represent 
only a portion of total costs. 

Nonoptimum Bunch Distance 
Limits-Previous comparisons were 
made with bunch distance limits 
(BDLlM) that balanced declines in 
feller-buncher output against increased 
overall system production. BDLlM's 
were established by a series of 
experiments. The relationships 
uncovered during the search for 
optimum bunch distance limits for 
stands 6 inches in diameter with bas<ll 
area of 60 ft'/acre are now shown for 
shear capacities of both 15 and 25 
inches. Optimum strip widths were 
used in all cases, however (fig. 14). 

Considering ideal productivity first, 
although rubber-tired feller-buncher 
output declined dramatically and then 
more gradually as the bunch distance 
limit was increased, system output 
leveled off after a very rapid increase. 
Note also that while shear capacity 
obviously has a large impact on feller
buncher output and cost, it has almost 
no effect on system productivity. 
System output was almost identical 
once the optimum bunch distance limit 
was achieved or exceeded, regardless of 
shear capacity. This occurred only 
because no skidder-feller-buncher 
interactions were allowed. 

In any event, it seemed worthwhile to 
determine the optimum distance that a 
rubber-tired feller-buncher should 
retrace its steps to increase overall 
system output and reduce costs. 
Traveling at least 50 ft back in these 
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examples increased system output about 
13 percent compared to a limit of 25 ft 
(from 32 to 35.5 tons/h) when shear 
capacity is 25 inches. For a J5-inch 
shear capacity, system output increased 
almost 17 percent (from 30 to 36 tons/h) 
(fig. 14). The effect on system costs 
depends on the number and relative 
costs of each machine but would 
probably be somewhat less than the 
effect on productivity. 

Summary 

Using computer simulation, machine 
and system productivity of two feller
bunchers. each operating with two 
identical grapple skidders and a whole
tree chipper. were compared for several 
diameter and basal area conditions, 
machine availabilities, shear capacities, 
and decision rules. While we reached 
various conclusions, we make no 
absolute choices between the two. As 
outlined earlier. making a specific 
choice depends on a specific set of 
conditions. And there are too many 
alternatives even in this limited 
examination to permit a discussion of 
each one. 

This report also shows how operators of 
rubber-tired fixed-shear feller-bunchcrs 
can increase system productivity and 
lower cost by choosing optimum 
harvest strip widths as well as optimum 
bunching distance limits. These two 
opportunities accrued only to the 
rubber-tired machint: in this study, 
which assumed that only this machine 
could vary strip width or could travel 
back if necessary to drop bouquets on 
incomplete bunches. Tracked feller
bunehers with rotating boom are not 
usually operated this way and were not 
permitted to do so here. 

Assuming optimum strip widths, 
rubber-tired feller-buncher productivity 
increases of 2.4 to 4.2 percent were 
achieved. While these are only modest 
gains, they are free! However, finding 
an optimum bunch distance limit had an 
even more dramatic effect on 
productivity and cost. For the larger 
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shear capacity, traveling back to create 
a capacity bunch increased system 
productivity as much as 13 percent. For 
the smaller shear capacity, the 
corresponding improvement in system 
productivity and system cost was 17 
percent. These optimizing rules for the 
rubber-tired machine were followed for 
all system comparisons. 

Equal and unequal feller-buncher shear 
capacities, and equal and uoequal 
feller-buncher availabilities were 
compared. When both shear capacity 
(25-inch sum-of-tree-diameters in the 
bouquet) and availability were equal, 
the rubber-tired machine was more 
productive in stands with low basal area 
or large trees. This result seemed 
intuitively correct because, although the 
rubber-tired machine was allowed to 
adjust strip width to compensate for 
sparsely stocked stands, the tracked 
machine, as modeled here, could not. 
Under these conditions, the tracked 
machine spent too much time traveling 
and not felling. When stocking was 
higher, the tracked machine could 
harvest many trees at one stopping point 
and thereby was able to sUrpass the 
rubber-tired machine. 

When shear capacity was equal but the 
rubber-tired machine had greater 
availability (as it often does due to, 
among other things, a softer, easier 
ride), the rubber-tired machine was 
more productive at all basal areas and 
diameters. 

When the tracked machine had a larger 
shear capacity (25 inches v. the rubber
tired machine's IS inches) and both 

were equally available, the tracked 
machine was more productive for all 
stands averaging 6 and 8 inches in 
diameter. The rubber-tired machine was 
more productive for all stands 
averaging 10 inches. 

When the tracked machine had a larger 
shear capacity but was less available, it 
was more productive for all 6-inch and 
8-inch stands with basal areas equal to 
or greater than 120 ft'/acre. The 
rubber-tired machine was more 
productive for all other diameter and 
basal area combinations. This last 
comparison is probably more pertinent 
to equipment presently on the market. 

System productivity, however, is 
another matter. It must be emphasized 
that for the range of stand conditions 
and operating assumptions examined 
here, neither feller-buncher 
significantly affected system output per 
hour. Only stand diameter affected 
system productivity. Diameter had the 
only effect on productivity for two 
reasons. First, chipper output is almost 
exclusively a function of the rate at 
which trees or bouquets are fed to the 
chipper. Thus, large trees mean high 
output per hour. Second, while skidders 
were not permitted to interact with 
feller-bunchers in the woods, both 
feller-bunchers and skidders attempted 
to build capacity bunches to ensure that 
the chipper didn't wait for wood. 
Again, the main point is that final 
choice of a system based on one or the 
other feller-buncher, as modeled in this 
report, depends primarily on relative 
machine costs. 
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Regarding equipment balancing. felling 
and bunching or skidding and chipping 
outputs did not match when stand 
diameters averaged 6 or 8 inches. 
Under these diameter conditions, one 
must then determine which machines to 
underutilize. And generally, assuming 
one is allowed to maximize revenue, 
two underused feller-bunchers are less 
costly than two underused grapple 
skidders plus their chipper. 
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