


Abstract 
This paper describes four computer programs iteveloped to assist 

logging engineers to plan transportation in a forest. The objective 
of these programs, to be used together, is to find the shortest path 
through a transportation network fram a point of departure to a 
destination. Three of the programs use the digitizing and plotting 
capabilities of a programable desk-top calculator system to conven- 
iently enter and store a numerical description of the network to he 
analyzed. The fourth program solves the problem by an efficient 
optimization algorithm. The BASIC language programs are described 
through an example problem, and complete listings are provided. 

IEYKRlX: Road administration/planning (forest) , transpo~ system 
design (forest) , computer pmgrams/pmgradng, computers 
(desk- top) . 
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publication 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 by Oregon State University of any prod- 
uct or service to the exclusion of others which nay be 
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Introduction 

The determination of the shortest 
route (or path) through a network of 
available routes is  often an important 
s tep i n  planning transportation. 
Although problems i n  finding the 
shortest route frequently a r i se  i n  
other disciplines (Bradley 1975) , 
they are most commonly associated 
with road networks, and t h i s  paper 
w i l l  discuss these problems. 

is any feature that  might be treated 
as  the point of departure o r  destination 
of somg path throGh the network, such 
as  a landing o r  m i l l .  Nodes may also 
be road intersections, viewpoints, 
scaling s tat ions,  and bridges. Nodes 
are also commonly used t o  indicate 
points a t  which road design standards 
change or  there is a marked change i n  
grade o r  curvature. Such changes 
would be expected t o  influence costs 
of hauling logs (Byrne, e t  a l .  1960) 
and may therefore be of in te res t  i n  

Since the mid-1950fs, much the soiution of many forest  transpor- 

attention has been devoted t o  problems t a t  ion problems. 

of finding the shortest route. Recent 
publicat ions have discussed procedures 
for  solving such problems by hand 
(Mandt 1973, 1974) and by large, 
d ig i ta l  computers (Elsner e t  a l .  
1975, Martin 1963, Schnelle 1972). 
The Forest Service has recently 
adopted a network analysis system 
(Sullivan 1974), which is perhaps 
the most f lexible  system i n  existence, 
but it requires the ava i lab i l i ty  of 
a very large computing f ac i l i t y .  

The programs discussed i n  t h i s  
paper f a l l  into the middle ground 
between procedures intended for  hand 
computation and those developed for  
large-scale computers. These programs 
were developed and tested on a 
Hewlett-Packard 9830 programable desk- 
top calculator and were designed t o  
take advantage of the d ig i t izer -  
p lo t t e r  capability of tha t  calculating 
system. The shortest path program 
i t s e l f ,  however, is quite general and 
could be used, without significant 
revision, on any calculator o r  com- 
puter that  uses the standard ASCII 
(American Standard Code for  Information 
Interchange) BASIC programing language. 

Network Analysis 

A transportation system (such as  
a system of forest  roads) may be 
described as  a network, a collection 
of intercomected segments o r  Links. 
Each l ink describes a unique path 
between two adjacent nodes. A node 

Figure 1 is  a map of a small but 
representative road network for  a 
hypothetical forest .  Nodes have been 
superimposed on the network a t  each 
landing, a t  two grade breaks, a t  one 
point a t  which the road standard 
changes, a t  a bridge, a t  each of the 
three road intersections, and a t  the 
destination (the mill) . Numbering 
of these nodes is arbitrary. Each 
l ink,  however, is referenced according 
t o  the adjacent nodes which it inter-  
connects. Furthermore, l inks are 
commonly bidirectional . That is, 
l ink 1-2 is "different" from l ink 
2-1, even though each represents the 
same segment of road. This is a useful 
d is t inc t  ion for  differentiating the 
cost of hauling logs over an adverse 
grade i n  one direction and hauling them 
over a favorable grade i n  the opposite 
direction along the same link. 

SHORTEST-PAM PROBLEMS 

The specif ic  problem addressed i n  
t h i s  paper is that  of finding the 
shortest path through a network from 
a specified point of departure. The 
uni t  of measure selected t o  judge a 
path's length can be almost anything. 
Common units  are hauling costs,  distance, 
o r  time; but other uni ts ,  such as  con- 
struction cost,  maintenance cost,  o r  
even a measure of the scenic or  esthet ic  
value along the link, could be used. 
Although t h i s  problem would normally 
be solved for  the shortest path between 
a specified point of departure and a 
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Figure 1.--Source map for t h e  example problem. 

specified destination, it may occasion- 
ally be of interest to solve the prob- 
lem for all the shortest paths from the 
departure node to all other nodes. As 
an example, we might use this capability 
to solve for the best network of back- 
haul routes (i . e . , when a truck is trav- 
eling empty) from the mill to all 
landings. The problem of finding all 
the shortest paths from a departure 
node to all other nodes is called the 
"n-shortest-paths problem. l' It seems 
that this problem would be much harder 
to solve than the simple shortest path 
problem, and several of the faster 
algorithms for solving the shortest 
path problem also find the n shortest 
paths at the same time (Bradley 1975) . 
The solution procedure we have selected 
belongs to this class of algorithms. 
It is called the 'Moore algorithm" 
and has been described fully by Martin 
(1963) . Although it always determines 
the n shortest paths from a specified 
point of departure, our program per- 
mits the user to decide whether all 
n paths or only the single shortest 
path to a specified destination should 
be printed out. 

Network Analysis Programs 

The program (to be used together) 
are of two types: three programs are 
of the first type; they essentially set 
up the problem by generating the network. 
The second type (the fourth program, 
"Optimization Program") solves the 
problem. The network generator programs 
are machine dependent ; that is, they 
were developed specifically for the 
digitizing, plotting, and computing 
capabilities of the Hewlett-Packard 
9830 system. Numerous other systems, 
however, have similar capabilities ; 
the description in this paper is 
intended to be general enough that 
the programs can be converted to other 
systems . 
PROGRAM LlMlTATl ONS 

In their present form the programs 
can accommodate a maximum of 60 nodes 
and 255 links, with no more than 8 links 
(i.e., eight bidirectional paths) 
meeting at a single node. These 



l imitations are a function of the the source map is  correctly alined on 
calculator memory and could be increased the d ig i t izer .  After the network has 
i f  memory capacity were expanded. The 
calculator systems on which the pro- 
grams have been developed and tested 
have the following configuration : 

HP-9830 calculator with 15,808 
bytes (7,904 words) of read-write 
memory 

Additional read-only memories: 
p lo t t e r  control 
extended input/output 
s t r ing  variable 

Flatbed p lo t te r  (9862A) 
Digitizer C9864A) 
Thermal page pr in ter  (9866A) 

NRWORK GENERATOR 

The most burdensome phase i n  
network analysis by computer i s  
usually data entry. Nodes and links 
must be identified and l ink values 
must be assigned before the analysis 
can begin. A primary advantage of 
the approach reported here is that  
the network definition task has been 
automated by the use of the HP-9830 
d ig i t izer .  

Three network generator programs 
are provided for  entering problem 
data into the calculator: one i s  
loaded into the main memory of the 
calculator,  and the other two are 
loaded into special function keys 
f o  and f . Table 1 summarizes the 
input pr&cedure for  the data required 
when these programs are executed. 
Note tha t  a f t e r  a l l  three programs 
have been loaded into the calculator,  
the program i n  main memory is 
executed f i r s t .  This provides the 
user with some preliminary instruc- 
t ions and in i t i a l i ze s  cer tain 
internal memory locations. The pro- 
gram on special function key f 
which enters the network v ia  8k 
dig i t izer  and reproduces it on the 
p lo t te r ,  is  executed next. This 
program also computes and applies a 
"rotation factor" so that  the user 
need not be concerned about whether 

been c6mpletely digitized, the program 
on special function key f l  is  executed. 
This program establishes a "link matrix" 
which ident if ies  individual l inks by 
the i r  "from" and "to" nodes. I t  also 
prints  a l ink summary and permits the 
user t o  s tore the l ink matrix on a 
cassette tape i f  desired. 

Figures 2 ,  3, and 4 summarize the 
printed output resulting from running 
the three programs l i s t e d  above. This 
output is  for  the example program i n  
figure 1, entered as  shown i n  table  1. 
I t  is  important t o  note tha t  these 
tables contain printed output only. 
Numerous requests for  data and certain 
instructions t o  the user are  displayed 
( in the calculator display window) while 
these programs are running but are  not 
printed. This convention produces a 
"clean" printout. A complete track 
of a l l  printed and displayed messages, 
as well as a record of a l l  inputs, can 
be obtained i f  desired by putting the 
calculator into "PRT ALL" mode before 
running the program. 

In addition t o  the printed output, 
the program on key f o  also plots  the 
digitized network on the flatbed 
p lo t te r  ( f ig .  5). This plot  is useful 
as a visual check t o  insure tha t  the 
network has been correctly entered into 
the calculator. 

SPECIAL CONSIDERATIONS 

I t  should be evident from the 
example (f ig.  1) that  it is often 
necessary t o  re-digi t ize nodes which 
have already been digi t ized i n  order 
t o  correctly describe a l l  routes of 
the network. As an example, consider 
nodes 4 and 5. Node 5 must be digitized 
a f t e r  node 4, and then node 4 must be 
redigitized i n  order t o  continue the 
network. When t h i s  happens, the 
calculator i s  programed t o  sense tha t  
the node has already been digitized, 
and a message t o  tha t  e f fec t  is printed 
(f ig.  3). 



Table I - -Input explanation for network generator programs 

DOCUMENT HORIZ. DIM. (INCHES)? 
DOCUMENT VERT. DIM. ( INCHES) ? 

SELECT FUNCTION KEY (FO) 

Exp lanat ion  
V isua l  prompt on d i s p l a y  o r  p r i n t e r  

( o r a l  prompt by d i g i t i z e r )  

SET THE ORIGIN AT POINT 0,O ON THE 
NETWORK SOURCE DOCUMENT 
( d i g i t i z e r  "beep") 

Keyboard o r  
d i g i t i z e r  response 

DIGITIZE POINT 8,5 
("beep") 

START DIGIT I Z I NG NODE LOCATIONS 
BEGINNING WITH YOUR CHOICE FOR 
NODE #1 
("beep" ) 
("beep") 
("beep") 
("beep" ) 
("beep") 
( ' I  beep1' ) 
("beep" ) 
("beep") 
( " beep" ) 
("beep") 
("beep") 

SCRATCH A. 
LOAD 5. 
LOADKEY 4. 
RUN. 

Depress red  "0" 
bu t t on  on cursor .  

D i g i t i z e  upper 
r igh t -hand corner 
o f  map. 

D i g i t i z e  node 1. 
D i g i t i z e  node 2. 
D i g i t i z e  node 3. 
D i g i t i z e  node 4. 
D i g i t i z e  node 5. 
R e d i g i t i z e  node 4. 
D i g i t i z e  node 6. 
R e d i g i t i z e  node 2. 
R e d i g i t i z e  node 6. 
D i g i t i z e  node 7. 
D i g i t i z e  map o r i g i n .  

I' beep" ) R e d i g i t i z e  node 4. 
"beep" ) D i g i t i z e  node 8. 
'I beep'' ) . D i g i t i z e  node 9. 
" beep" ) D i g i t i z e  node 10. 
"beep" ) D i g i t i z e  node 11. 
" beep" ) STOP. 

f 1. 

. . . ( l i n k  m a t r i x  summary i s  p r i n ted )  . 
LINK MATRIX COMPLETE. STORE? YES. 

FILE # (MINIMUM SIZE =768)? 0. 

Clear c a l c u l a t o r  memory. 
Load programs from tape. 

Begin program execut ion.  

Enter  map dimensions. 

Depress speci  a1 f u n c t i o n  
key fo  t o  d i g i t i z e  network. 

Set p o i n t  t o  which nodes w i l l  
be referenced . 

Use "S" bu t t on  on cursor .  

Use "S"  bu t ton  on cursor  
t o  en ter  node locations.. 

Def ine  l i n k  between node 
2 and node 6. 

Use "S" but ton,  not ' 0 ' ;  t h i s  
informs t he  c a l c u l a t o r  t h a t  
a new r o u t e  i s  t o  be entered.  

Enter  new route ,  
s t a r t i n g  a t  node 4. 

H a l t  d i g i t i z e r  program. 
Depress spec ia l  f u n c t i o n  key 

f, t o  p r i n t  a l i n k  assignment 
summary. 

. . . 
Ind i ca te  t h a t  the  l i n k  m a t r i x  

i s  t o  be s tored on tape. 

S tore  1 i n k  m a t r i x  on tape 
f i l e  0. 

. . . (program terminates) . . . . 
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Figure .'.--Printed o u t p u t  from the program on s p e c i a l  f u n c t i o n  k e y  f o  
( loaded from t a p e  f i l e  4 )  f o r  the example problem, 
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Figure  5. - -P lo t t ed  f a c s i m i l e  o f  the ne twork  e n t e r e d  v i a  the program 
o n  s p e c i a l  f u n c t i o n  k e y  fo .  



Occasionally it may be desirable 
t o  enter an ent irely new route t o  
avoid redigitizing several points. 
As an example, re fer  t o  the dead-end 
route leading from node 4 t o  node 11 
(f ig.  1 )  Rather than digi t iz ing 
nodes 4, 8, 9, 10, and 11 and then 
retracing the route back t o  node 4,  
it is convenient t o  enter those nodes 
as  a new route. This is done a f t e r  
a l l  other nodes have been digitized. 
For example, the l a s t  node t o  be 
entered is  node 7 (figs.  1 and 3) . 
Then, the fac t  tha t  a new route is  
t o  be entered is signaled by redigi t -  
izing the map origin (lower left-hand 
corner) , followed by the nodes of 
the new route (4, 8 ,  9, 10, and 11) . 
Any number of new routes can be 
entered i n  t h i s  manner. 

OPTIMIZATION PROGRAM 

After the network has been fu l ly  
described, the calculator memory is 
cleared and the optimization program 
is loaded into main memory t o  solve 
the problem. The l ink matrix created 
with the network generator may then 
be loaded from a tape ( i f  it was 
stored as  indicated a t  the bottom of 
table  1 ) .  Otherwise, it can be entered 
a t  the keyboard. Although the l a t t e r  
capability may appear unnecessary, it 
has been included t o  permit users 
without d ig i t izers  t o  use the optimiza- 
t ion  program. Such users would simply 
enter the l ink  matrix a t  the keyboard 
without having previously run the 
network generator programs. 

Once the l ink  matrix has been 
entered (either from a tape o r  through 
the keyboard), values must be associated 
with each link. These values can also 
be entered from a tape o r  through the 
keyboard. Link values might have 
been stored on tape a f t e r  a previous 
run of the optimization program; 
normally, they w i l l  be entered a t  
the keyboard. As shown i n  table  2 ,  
the calculator prompts the user by 
requesting each l ink value. After 
a l l  values have been entered, the 

user i s  given the opportunity t o  change 
any of the l ink values, t o  add l inks,  
or  t o  delete l inks. Either the l ink 
matrix o r  the value array or  both may 
then be stored on tape i f  desired 
(see table  2 ) .  

The optimization routine begins 
a f t e r  the user ident if ies  the i n i t i a l  
node, o r  point of departure (table 2). 
As discussed ea r l i e r ,  t h i s  routine 
finds the shortest paths from the 
i n i t i a l  node t o  a l l  other nodes. The 
method used for  the optimization is 
not discussed i n  th i s  paper; interested 
readers are  referred t o  a complete 
discussion of the Moore algorithm 
(Martin 1963). 

When the optimization is complete, 
the calculator requests the number 
of the terminal node (see table  2). 
The user may then indicate a specif ic  
node, i n  which case the shortest path 
from the i n i t i a l  node t o  that  terminal 
node w i l l  be printed; o r  he may request 
that  the shortest paths t o  a l l  nodes 
be printed. 

After these resul ts  have been 
summarized, the user is  permitted t o  
run a new optimization from a new 
i n i t i a l  node. He may also enter a 
new s e t  of values, e i ther  from a tape 
o r  through the keyboard. 

Figure 6 is a l i s t i n g  of the 
printed output from the optimization 
program fo r  the example problem. For 
the minimum path analysis, node 7 
(a landing) was selected as the point 
of departure and node 1 (the mill) as  
the destination. The "optimum path" 
from node 7 t o  node 1 is  via  nodes 
6, 4, 3, and 2 (see f ig .  7 ) .  The 
t o t a l  estimated tlcostw of following 
t h i s  path is  19. 



Table 2 --Input explanation for the shortest path program 

SCRATCH A 
LOAD 6 
RUN 

Visua l  prompt on d i s p l a y  o r  p r i n t e r  

LOAD LINK MATRIX OFF TAPE? YES 

FILE # OF LINK MATRIX STORAGE? 0 

LOAD VALUES OFF TAPE? NO 

Keyboard 
response 

VALUE FOR LINK # l ?  
VALUE FOR LINK #2? 

Explanat ion 

VALUE FOR LINK #3? 
VALUE FOR LINK #4? 
VALUE FOR LINK #5? 
VALUE FOR LINK #6? 
VALUE FOR LINK #7? 
VALUE FOR LINK #8? 

C lear  c a l c u l a t o r  memory. 
Load program from tape. 
Begin program execut ion.  

The l i n k  m a t r i x  was p rev ious l y  s to red 
on tape; prepare t o  r e t r i e v e  it. 

I d e n t i f y  tape f i l e  number. 

The 1 i n k  values have no t  p rev ious l y  
been s tored.  

Enter  values corresponding t o  t he  l i n k s  
as numbered i n  f i g u r e  4. 

Although t he  l i n k  values used i n  t h i s  
example are  who1 e numbers, decimal 
numbers may a l so  be entered. 

Note t h a t  t he  values used here 
correspond t o  those i n  f i g u r e  1. 

VALUE FOR LINK #9? 8 
VALUE FOR LINK # lo?  7 
VALUE FOR LINK # l l ?  2 
VALUE FOR LINK #12? 1 
VALUE FOR LINK #13? 6 
VALUE FOR LINK #14? 5 
VALUE FOR LINK #15? 5 
VALUE FOR LINK #16? 4 
VALUE FOR LINK #17? 3 
VALUE FOR LINK #18? 3 
VALUE FOR LINK #19? 2 
VALUE FOR LINK #20? 4 
VALUE FOR LINK #21? 1 
VALUE FOR LINK #22? 2 

WANT TO CHANGE ANY LINK VALUES? NO Th is  o p t i o n  i s  provided f o r  c o r r e c t i n g  
wrong en t r i es ;  i n  t h i s  example, no 
co r rec t i ons  are  necessary. 

WANT TO ADD A LINK? NO 
WANT TO ERASE A LINK? NO These opt ions  a re  provided f o r  making 

co r rec t i ons  o r  r e v i s i n g  t h e  network; 
here, no co r rec t i ons  o r  r ev i s i ons  a re  
necessary. 

STORE LINK MATRIX? NO The l i n k  m a t r i x  has no t  been changed, 
and i t  i s  a l ready s tored on f i l e  0. 

STORE VALUES? YES I n d i c a t e  t h a t  t he  l i n k  values are  t o  
be s tored.  

FILE # (NOTE: SIZE MUST BE >512)? 1 Store  l i n k  values on f i l e  1. 

*******MINIMUM PATH ANALYSIS 
INITIAL NODE IN PATH? 7 Node 7 (a  land ing)  i s  se lec ted  as t he  

p o i n t  o f  departure.  

TERMINAL NODE (999=ALL NODES)? 1 Node 1 ( t h e  m i l l )  i s  se lec ted  as t h e  
des t i na t i on ;  i f  999 had been entered, 
t he  minimum paths from node 7 t o  a l l  
nodes would have been p r i n t e d  . 

. . . ( t h e  minimum path  summary i s  p r i n t e d  here).  . . . 
ANOTHER TERMINAL NODE? NO These opt ions  a re  provided f o r  runn ing  
OTHER PATHS FROM ANOTHER NODE? NO a d d i t i o n a l  analyses. 
TRY DIFFERENT SET OF VALUES? NO 

. . . (program terminates) . . . . 
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Figure 6.--Printed o u t p u t  from t h e  s h o r t e s t  path program ( loaded from 
t a p e  f i l e  6 )  f o r  the example problem. 

Figure 7 .  --The minimum path from node 7 t o  node 1 ,  w i t h  l i n k  
v a l u e s  f o r  the s e l e c t e d  l i n k s ,  



Concluding Remarks 

The network analysis package 
described in this paper is intended 
for use with the small- to intermediate 
size networks commonly encountered in 
planning transportation in forests. 
It is not suited to the analysis of 
large networks. Probably the most 
attractive feature of this package 
is the network generation capability 
which permits rapid, dependable entry 
of the network via a digitizer/plotter 
system. Also attractive is the 
interactive, problem-solving feature 
of the programs, made possible by the 
stand-alone capability of the desk-top 
programable calculator system. 
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The mission of Pke PAClFICiNORTHWEST FOREST 
AND W C E  EXPBRIktEhfT STATION is to provide tbe 
LmowMp, technoiogy, and aicmwives for present and 
futove m a t ,  d use of furcst, range, smJ 
*tiad 

WiMn this o d  mission, the Stcrtion ieonducts qRQ 
stimuhta rrre~eb to faditate d to &te polpa. 
mtvd the folf~wing goatst 

a. Providing eafc Md efficient technology for inventory, 
protection, and use of rcsowces. 

2. W p @  and e v h t i n g  dtemative m c & d  and 
1 ~ 0 f ~ u r c c  mtnt. 

3. Achieviry optimum msaiasd rnwra poduetivity 
caasis#m wieh HuinmhiRg a b e  qtuiity fw 
~lvirunment 

of research c n c o n t ~  Oregon, Wnsh'ion, 

pmpdy .  Rejccr kdpmcr~ are a: 
Porclmd, Orcgon 
urn*, W I I s h i n g t ~  
!hwk, Washington 
wt~~tdrse, W ~ o n  

ct*bs: Ba* N m d  FOIQS~ o d  Roqfe 
E j c @ - S W s r  

P.0. Bron St41 
P u d b d ,  Oragua 97208 






