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SELECTI NG BICYCLE COMM UTI NG ROUTES USING G I S  

Yuan l i n  H uang 

G ordon Ye 

.This study develops a procedure for using a geographic 
information system (GIS) to select bicycle routes in a city. 
The procedure includes: developing the required database, 
finding the most desirable route between each origin
destination pair, and identifying the best bicycle routes in a 
city. The study shows that GIS is a powerful tool for 
developing a database from various readily available 
sources; that it can conveniently integrate quantitative 
analysis, data manipulation, and visualization in one 
operating environment; and that GIS is uniquely capable of 
performing spatial analyses that are critical to the selection 
of bicycle routes. 

Introduction 

Concerns about i ncreas ing traff ic congest ion and deter iorat ing a i r  
qua l ity have l ed  to  a search for a l ternat ives to  automobi l e  use i n  
American cit ies. The  bicycle has  rece ived growing interest a s  one  of 
these a l ternatives because it is em iss ion free, energy effic ient, and 
relatively inexpensive. In response to th i s  interest, many commun it ies 
and local agencies are now i nvolved in p lann ing bicyc le transportat ion 
systems.  Th i s  study grows out of a project to plan such a system for 
the c i ty of Berkeley, Ca l i forn ia .  

The c i ty of Berkeley has designated many bicyc le routes a long its 
streets. However, past b icycle fac i l i ty p lann ing  was mostly geared 
toward prov id ing recreat ional opportun ities th rough cyc l i ng rather 
than promot ing cyc l i ng as an a l ternative to dr iv i ng. In response to the 
i ncreas ing popular ity of bicycle commuti ng, the City decided to take a 
serious look at des ignating bicycle routes to serve the comm ut ing 
needs of res idents. Toward th is  end, our study seeks to prov ide a 
systematic eva l uation of potent ia l  bicycle routes in the city in order to 
determ ine each one's des i rabi l ity and potent ia l  level of use for b icyc le 
comm uting.  Routes can then be selected so as to max im ize the 

· benefits accru ing to bicyc le comm uters wh i le  m i n i m iz ing the costs of 
mai ntenance. With a wel l-defi ned system of routes, l i m ited ava i l able 
fund ing can be used to i mprove s ign i ng, marki ng, and pavements; and 
to i nform cyc l i sts of the route system most efficiently. 
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Discussions regard ing the plann ing of bicycle facil i t ies are not new 
(Ham ill and Wise 1 974; MAU DEP 1 977). And the federal government 
has recently sponsored demonstrat ion projects and passed legislation 
grant ing funds for bicyc le fac i l it ies (N BWS 1 994). 1 Desp ite the general 
attention, however, there have been few systematic stud ies of b icycle 
p lann i ng, whether d i rected at route selection or at design and safety 
criter ia. Among the few, Rep logle ( 1 984) found that bicycles are 
part icular ly efficient for short trips and for access to and from public 
transportat ion.  Several others have shown that cyclists are h ighly 
sens itive to motor traffic, part icu larly truck traffic (Berryhil l ,  et al. 
1 977; Hami l l  and Wise 1 974; Hudson, et al. 1 982) .  An average da i ly 
traffic below 1 200 veh icles is most des i rable. This sensit iv ity i s  at  least 
partia l ly due to the em issions from motor veh icles, which b icyclists are 
forced to breathe in a h ighly concentrated form . 

Dan iel  Sm ith was one of the fi rst to study design and safety criteria 
for bicyc le facil it ies. I n  a Department of Transportation user manual, 
he recommended focusing on grades, stopping s ight d i stance, lane 
width, and horizontal and vertical curvatu re when select ing bicycle 
routes (Smith 1 975) .  The acceptabi l ity of grades was determ i ned by 
cons idering the amount of work of which the typical cycl ist is capable . 
Lane width was divided into two components: a basic width and a 
"shy" d i stance separat ing the lane from adjacent boundary 
obstruct ions. The bas ic width for • A" level serv ice is 50 i nches, for 
example, and the shy d istance with parked veh icles along the road is 
1 4 .5  i nches. Thus, the suggested width for an "A" leve l route is 64.5 
inches, which is comparab le to the 6 feet width recommended by 
today's design manuals (AASHTO Task Force 1 99 1 ; CaiTrans 1 993) .  

Others have stud ied the actual safety of bicycle travel. P lotk in  and 
Komornick ( 1 984) stud ied motor veh icle-bicyc le acc idents i n  the 
Boston metropol i tan area. They found that the acc idents occurr ing 
with the h ighest frequency were those invo lving a motorist turn il)g 
right or left a t  an intersection and h itt ing a b icycl ist com ing from 
beh ind or from the oppos ite leg of the intersect ion.  Wachtel and 
Lewiston ( 1 994) studied the same subject i n  the city of Palo Alto, 
Californ ia .  They found that bicyclists r id ing on a s idewalk or 
ded icated bicycle path incur greater r isk than those on the roadway, 
most l i kely because of b l i nd confl icts at intersections. Both of these 
studies found that intersections are the least safe locat ions for bicyclists 
due to auto cross traffic. 

The most comprehensive study of the process of b icycle plann ing i s  
one based on experiences i n  Europe, Australia, and the U n ited States, 
in which the authors emphasize the subjective nature of b icycle fac i l i ty 
p lann i ng (H udson, et al. 1 982) .  The a im of plann ing for cyclists is not 
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to provide a physical product, such as a cycletrack, they say, but rather 
to ensure safe and eff icient travel by bicycle .  The process of select ing 
b icycle routes usually beg ins  wi th  the development of a l i s t  of criteria 
(such as safety, cont i nu i ty, d i rectness, and grade) that are to be 
employed in the route selection process. Then, consider ing the trade
offs between these criteria, a planner uses h i s/her best j udgment to 
select b icycle routes. H udson, et al. found no quant itative analyses or 
systematic weight ing of cr iter ia with i n  exist ing b icycle plann ing  
processes. 

Geographic in formation systems (G IS) technology provides an 
excellent opportun ity to computerize the process of bicycle route 
select ion .  B icycle route plann ing  is qu ite d i fferent from trad it ional 
transportat ion plann ing  because of the cr iter ia mentioned above. I n  
particular, b icycli sts are more sensit ive t o  the slope (or grade) a n d  the 
surface q uality of a route than are automobile dr ivers. As noted, they 
are also espec ially sens it ive to the level of automobile traffic on· a 
route. Th us, b icycle route plann ing requ i res more data layers than 
trad it ional transportat ion plann i ng. These data layers can be very 
cost ly to construct by trad it ional  means, but G I S  can easily in tegrate 
d igital i n formation wh ich is already ava i lable from government or 
other inst itut iona l  sources, thus great ly reducing the cost of data 
assembly. Fu rthermore, G I S  can perform un ique spat ia l  operat ions, 
such as terra i n  model ing and network ana lysis, wh ich are crucial to 
bicycle route plann i ng; and its network analys is data model and path
fi nd ing algorithms make it  a stra ight-forward way to imp lement 
soph isticated cycl ing models that i ncorporate cross ing traffic, turn 
penalties, slope, and other more standard transportation factors. 

To date, although there have been many stud ies on transportat ion 
plann ing  and operat ions using G IS, none has appl ied GIS i n  the 
p lann i ng and select ion of b icyc le routes. Current G I S  appl icat ions in 
transportat ion plann ing  focus on its mapping funct ion; and current G I S  
appl icat ions i n  veh icle routi ng focus on implement ing mathematical 
a lgorithms. Crit ical factors to cycli ng - such as grade and cross ing 
traffic - have not been touched upon, nor have the GIS capabil it ies of 
in tegrat ing inexpens ive anci llary data been wel l  explored . 

The purpose of th i s  study is to deve lop a proced ure for selecti ng 
bicycle routes using G I S, and to apply it to the city of Berke ley. Of the 
few previous stud ies mentioned above, those on the process of b icycle 
·route p lann ing serve as a general framework for our study; and the 
design and safety studies provide very usefu l i nformation on the 
importance of specif ic criteria cr it ical to cycli sts. The proced ure we 
have developed considers these specif ic criteria and exploits the 
un ique spat ial analysis  capab il i ty of G I S .  Our experience in the c i ty of 
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Berkeley shows that such a procedure is implementable. We bel i eve 
that th is procedure, and our experience in genera l ,  w i l l  be he lpfu l to 
transportat ion p lann ing profess ionals in select ing bicycle routes and i n  
u s i ng  G IS .  

Procedure 
Tak ing the resu l ts of previous stud ies into considerat ion, we chose 

the fol lowing criteria to determ ine the des i rabi l ity of a b icycle route: 

• Trave l T ime 

• Auto Traffic 
• Grade 

• Road Surface Cond it ions 

Trave l T ime accounts for many factors, inc lud ing d i stance and 
intersection delay. Auto Traffic accounts for both traff ic confl icts and 
air po l l ut ion, because roads with heavy auto traff ic are heav i ly 
po l l uted . Grade is a d i rect measure of the steepness of a road . Road 
Surface Cond it ions inc l udes both the smoothness of the pavement and 
the width of the road . 

Figure 1 

Flow Chart of the Procedure 

contour  m a p s  

stre-et ne tw o rk 

c e n s u s  popu la t ion  

e- m p lo y m e n t  

au to  traffic 

road c o n d i t i o n s  

Employing the above criteria, we developed a procedure for 
select ing bicycle routes us ing G IS  (see F igure 1 ) .  The procedure can 
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be d ivided into two stages: ( 1 )  the development of a spatially 
referenced database; and (2) spatial analyses of bicycle routes . The 
spatial analyses stage can be d ivided i nto th ree components: tr ip 
rout ing using a path-fi nd ing algorithm, model ing tr ip generation with a 
gravity model, and summar iz ing tr ip frequency by network l ink .  

Database Development 
As with any G I S  applicat ion, a database m ust be developed before 

any spatial analysis  can be done. The data included in our database 
are terra in ,  street network, populat ion, employment, auto traffic, and 
road surface cond it ions. Populat ion and employment data will be 
used for gravity-model based tr ip generat ion, whi le the other data 
layers will be used for tr ip routi ng. Most of the data were already i n  
electron ic format prior t o  th i s  project, s o  w e  were able t o  s imp ly 
retrieve and convert them i nto our  Ardlnfo system .2 

Street network data were ava ilable from the U .S .  Census T IG E R  file. 
Streets and other l i near features are represented as arc segments in tlie 
T IGER file. Non-street arc segments (such as border l i nes) were 
removed, leaving  the street network of Berkeley i n  a spat ial data file. 
Each arc in that file i s  associated with a specif ic street block by census 
cod i ng; and it  i s  attached to i nformation i nclud i ng, among other 
th i ngs, street name, address ranges, and census tract number. 

Figure 2 

Topographic relief of the city of Berkeley 

NOTE: Vertical scale exaggerated by a factor of 2 
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Terra in  data were obta i ned from U .S .G.S .  7.5 m i nute quad sheets 
of the Berkeley area. Although we d igit ized contour l i nes from the 
quad sheets, terra i n  data are a lso avai lable i n  d igital form d i rectly from 
U .S .G.S . 3 As seen from the perspective view in F igu re 2, the elevation 
of Berke ley increases from the west and south to the east and north .  
Specifical ly, the west s ide of the city, which borders the San F rancisco 
Bay, is at sea level ,  and the east and north s ides of the city are very 
h i l ly. 

Figure 3 
Daily Auto Traffic Volume 

1000 - 4000 
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Data on auto traffic volume for major streets were ava i lable from 
the city of Berkeley in map form (24 hour traffic counts taken in 1 987) .  
The data were associated with correspond ing streets by  manual edit ing 
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us ing Arced it.4 F igu re 3 shows auto traffic . on h ighways and major  
streets i n  Berke ley. The north-south bound roadway with  the heaviest 
auto traff ic i s  1-80. The east-west bound roadway with the heaviest 
auto traffic is U n ivers i ty Avenue, which connects the freeway 
in terchange and the U n ivers i ty of Ca l i forn ia campus. 

Figure 4 

Census tract population density 
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Data on road surface condit ions were provided by the c i ty of 
Berkeley in a Lotus format database fi le .  The Lotus fi le  was converted 
and read i nto the Ardlnfo system. The city's data identify street 
segments by the names of the cross streets at the ends of the block. I n  
contrast, o u r  street network data identify street segments by address 
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ranges. Therefore, a specia l  computer program was written to match 
Berkeley's road surface cond it ions data with our street network. 

Tract-level populat ion data were avai lable from U .S .  Census data 
f i les .  A popu lation density map of Berke ley is shown in F igure 4, from 
which we see that south Berke ley is more densely popu lated than west 
and north Berkeley. 

• 

10 
30 

• 100 

6 
300 
1000 

Figure 5 

Location of Employment 

Scola: D 112 1 mio  
w w---1 

� 
I 
N 

Employment data by street address were a lso ava i lable from the city 
of Berkeley.' The address information was matched with TIGER 
address ranges using the address geocod ing capabi l it ies of ArcView,6 

i n  order to locate the employment centers on the street network. 
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F i gure 5 maps the s ize and location of employment centers on the 
street network. It  shows that most of the employment is  located i n  the 
west and the center of the c i ty. 

Spatial Analyses 
The most des i rable b icycle routes can be found by a series of 

spat ia l  analyses, us ing the database created . Th is  process involves 
path f ind i ng, trip generation, and summariz ing trip freq uency. To 
prepare for path fi nd i ng, roadway i m pedance m ust be defined, and 
origi n-dest i nation pa i rs m ust be generated . 

major traffic Sinlelll 
3 - 6 %  

,.., & - 12 1M!  
I'V ::0 1 2 'MI  

Figure 6 
Street Slope 
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Characteristics of Roadways 

1 .  Link Slope 
Cycl i sts are m uch more sensit ive to s lope than are motorists. 

Conventional s lope calcu lat ions in  Ardlnfo, however, give only 
surface s lope calcu lated for the d i rection of the steepest descent; they 
do not take into account the d i rection of streets. Therefore, we 
calculated the s lope of each street block us ing the e levat ions of the 
street b lock ends. 

F i rst, we converted the contour  map i nto a Triangu lar  I rregular 
Network (TI N) surface. Then we i nterpo lated the elevat ion of a l l  street 
intersections in Berkeley from the T IN surface. L ink  s lope was then 
ca lcu lated from the elevation of the start ing and end ing intersect ions of 
each block: 

hh - ha 
sah = -�-ah 

Where Sab is the s lope between start ing point a and end ing point b, 
ha i s  the elevation at point a, hb i s  the elevat ion at point b, and lab i s  
the d istance between point a and point b .  F igure 6 shows the s lope of 
a l l  streets in  Berkeley. 

2. Link Impedance 

For auto travel ,  impedance is usua l ly  treated as the t ime it  takes to 
traverse the length of a roadway segment. For bicycle trave l ,  we take 
into account th ree other factors, namely auto traffic, l i nk  s lope, and 
su rface condit ions. 

For each street segment or l i nk, we define a "forward impedance" 
and a "backward impedance, " i nd icat ing the impedance of trave l i ng 
from point a to point b and from point b to point a, respectively: 

/ = lab * J' * /,:' * J.c ah V ab ab ab 

/ = lab * J' * // * J/ 
"" v  ��a ha ha 

Where: 

lab - the impedance of a l i nk from point a to point b.  The 
subscripts a and b ind icate d i rection (e.g., lab i nd icates the impedance 
from a to b and Iba i nd icates the impedance from b to a.) For a one
way street, a negat ive va l ue is assigned to proh ib i t  mode l i ng travel i n  
the wrong d i rect ion. 

lab - the length of the l i nk .  
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v - the speed of b icyc les under ideal condit ions; we chose 1 5  
mph .  

J:b - the  auto traffic factor. Auto traffic genera l l y  i ncreases 

the impedance of cyc l i ng. For very l ight auto traffic, the value of J:b 
i s  1 ;  as auto traffic approaches the roadway capac ity, the va l ue of J:b 
i ncreases rapid ly. Consider ing f ind i ngs i n  Berryh i l l , et a l .  ( 1 977) ,  we 

set the va l ue of t,:b at 2 when auto traffic reaches the roadway's  
capac i ty. 

��� - the l i n k  s lope factor. U ph i l l  s lope i ncreases the 
impedance. Moderate down h i l l  s lope decreases the impedance, but 
overly steep downh i l l  s lope w i l l  adverse ly impact cyc l i ng. We d ivide 
the s lope range i nto r id ing range and bicyc le-walk ing range. With i n  
the r id ing range, cyc l i sts can r ide either uph i l l  or down h i l l , a l be i t  at 
d i fferent speeds .  I f  the s lope i s  beyond the r id ing range, cycl i sts rin.ist 
walk the i r  b icyc les. The basic criteria for determ i n i ng the r id ing range 
are: ( 1 )  the amount of work a cycl ist is capable of do ing, and (2) the 
power of a b icyc le 's  brakes. Consider ing the fi nd i ngs i n  Sm ith ( 1 9 75), 

we chose val ues for ��� ranging from 5 to 0.4 for r iding speeds 
between 3 to 35 m ph, and equal to 7.5 for walk ing speed (2 mph) .  

fu� - the road surface cond it ions factor. Here, we reference 
on ly usable street width because in format ion on pavement qua l ity was 
not ava i lab le for a l l  streets. Streets with b icyc le lanes are assigned 
va l ues of 0.5 or less. I f  a street with no b icyc le lanes i s  nevertheless 
wide enough for a b icycle to share the lane with autos, i t  i s  assigned a 
va l ue of 1 ;  otherwise, it is assigned a va l ue greater than 1 .  

3. Turn Impedance 

Turn impedance is defined as the extra t ime it takes to trave l 
th rough an i ntersection in the desi red turn d i rect ion .  Th i s  t ime varies 
with the d i rect ion of the turn and the auto traffic, part icu larly cross ing  
auto traffic, a t  the  intersect ion .  We express the  tu rn  impedance as :  

I� = ln(tub + t,.J ) * J;; 
Where: 

I� - the impedance of a turn from leg i to legj 

lab, led - auto traffic on the para l le l  street and auto traff ic on 
the cross street 
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J;; - cross factor. Th is  is the rat io of cross traffic to tota l 

traffic at an in tersect ion.  Right turns take the m i n imum va l ue <fJ -
0), because no auto traffic is crossed . Left turns take the max imum 

va l ue <JJ = 1 ), because a l l  auto traffic i s  crossed . For  stra ight 

movements (no turns) the va l ue of JJ i s  between 0 and 1 ,  because 
on ly the cross street auto traffic i s  crossed . 

For s impl ic ity of ca lcu lat ion, a l l  U-turns are proh ibited . 

Trip Origins and Destinations 
We assume that the origins and dest i nations of b icycle comm ut ing 

tr ips are popu lation and employment centers, respect ively. To 
represent popu lat ion centers, we use census tract centroids and 
associate with each the aggregate popu lation of the tract. We 
represent employment centers as point locations and associate with 
each the tota l employment at al l  workplaces c lustered with i n  a 1 -2 
b lock rad ius .  Th is  reduces the number of dest inations, and therefore 
reduces the computat ional i ntens i ty of the path-fi nd ing analys is  
conducted later. Both populat ion and employment centers were 
associated with nodes in the street network with i n  Ardlnfo. The 36 
population centers and 29 employment centers combine for a tota l of 
1 044 origi n-desti nation (0-D) pa i rs .  

Most Desirable Routes for Individual 0-D Pairs 
S ince impedance is undes i rable, the m i n i m um impedance path 

between each 0-D pa i r  represents the most des i rable route for cyc l i sts 
r id ing from the or ig in to the dest inat ion. The m i n imum impedance 
paths are found by the network ana lys is  functions with i n  Ardlnfo. I n  
order t o  s imu late both home-to-work tr ips a n d  work-to-home tr ips, 
m i n imum impedance paths going in both d i rect ions were generated . 
Often the forward and return paths for an 0-D pa i r  trace d i fferent 
routes; the i r  d i fference can be substant ia l  when the popu lation center 
i s  located i n  the h i l ls, so that work-bound trips are down h i l l  wh i le  
home-bound trips are uph i l l .  

Gravity Model-Based Trip Generation 

The potentia l b icycle trip vo l ume between each 0-D pa i r  is 
s imu lated by a doubly-constra i ned gravity model . Accord ing to the 
model, the number of tr ips is: ( 1 ) i nversely proportional to the total 
impedance between the origi n (the popu lation center) and the 
dest inat ion (the employment center); and (2) d i rectly proportional to 
the popu lation in the origin and the number of employees at the 
desti nation .  The relationsh ip  can be expressed as: 
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Where: 
T;; - number of trips from location i to location i 
P; - population at location i 
E; - employment at location i 
1;; - impedance between location i and location i 

y - a parameter with its value between 1 and 2 
A; - a sca l ing parameter to keep the total number of b icycle trips from 
location i equal to the number of cycl ists l iving in i 
B; - a sca l ing parameter to keep the total number of bicycle trips to 
location i equal to the number of cycl i sts working in  location i 

Figure 7 
Simulated bicycle trip frequency, assuming 3,000 bicycle commuting 

trips within Berkeley 
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The network analysis mod u le of Ardl nfo has the capabi l i ty to 
calculate TiJ accord ing to the foregoing gravity model .  

Aggregation 

I f  we assume that each cycl ist has an equal voting power, the most 
desirable bicycle routes for a l l  cycl ists i n  Berkeley should be the most 
heavi ly traveled routes. These can be identified by aggregating the 
m i n imum impedance paths for a l l  0-0 pai rs .  The output of th is  
analysis is presented i n  Figure 7, a map of m i n i mum impedance routes 
with trip frequency indicated by l i ne thickness, assum i ng there are 
3,000 dai ly bicycle commuting trips in Berkeley (2 trips for each 
cyc l i st) . B i cycle routes with less than 45 com m uting trips per day are 
not shown.  A l l  routes shown in F igure 7 are among the more 
des i rable bicycle routes for Berkeley; tl, icker l i nes represent more 
des i rable routes. 

Conclusions 

This study develops a procedure for using G I S  to select bicycle 
routes i n  a city. The procedure incl udes developing a database, 
f ind ing the most desi rab le route between each origi n-<lest i nation pai r, 
and aggregating those resu lts to identify the most des i rable routes i n  
t h e  city. 

Implementation of th is  procedure for the city of Berkeley shows 
that G I S  is  a very effective tool for selection of bicycle routes. G I S  is 
powerful at integrating data from various read i ly ava i lable sources. It 
is  a lso effective i n  capturing spec ific spatial  features crucial  to 
cycl ing - a task that is  d i fficult without G IS .  I n  add ition, the mapping 
and dynamic visual ization functions of G I S  are extremely effective . at 
both communicating intermed iate resu lts to ana lysts, and at 
commun icating final resu lts to cit izens or c l ients. 

There are several caveats to the resu lts reported above. F i rst, th is  
study considered only commuting tr ips.  To develop a general purpose 
bicycle route system, one would need to incl ude trips for other 
purposes, such as recreation and shopping, in the analyses. Second, 
th is  study considered only trips whose origin and dest ination poi nts 
are both with i n  the city boundaries of Berkeley. I t  does not, therefore, 
serve the needs of inter-city bicycle commuters, inc luding Berkeley 
residents who work elsewhere or Berkeley employees who l ive 
elsewhere. Third, the resu lts from th is study should be uSed with 
caution because of the lack of employment data from the U n i versity of 
Ca l iforn ia campus. Nevertheless, the procedure developed here 
should be helpful to other transportation profess ionals considering the 
use of GIS tech nology for bicycle route planning. 
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NOTES 

1 lntermodal Surface Transportation Effic iency Act of 1991 . 
2 Ardlnfo is a G I S  software package created by Environmental Systems 

Research Inst i tute. 
Digital Line G raph (DLG) hypsography layer, or Digital E l evation Model 
(DEM). 

4 A component of Ardlnfo, primari ly for the purpose of edit ing l ine features of 
spat ia l ly  referenced data. 

5 Unfortunately, the employment of the U n ivers i ty of Cal iforn ia campus was 
not ava i lable; the U n ivers i ty of Cal iforn i a  i s  the biggest employer in 
Berkeley. 
GIS software developed by Environmental Systems Research Insti tute, 
primari ly for managing and d isplaying spat ia l ly  referenced data. 
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