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Transferring the designed centerline of a highway 
location from photogrammetrically compiled topo
graphic maps to the ground can be accurately and 
efficientiy accomplished when a system of plane 
coordinates is used for control of the mapping and 
for preparation of a mathematical description of 
the centerline. Accurate surveys on the ground, 
and/or accurate photogrammetric triangulation, 
through man made or natural objects or features 
which appear as small and easily identifiable 
images on the mapping photography, provide the 
horizontal control and checks on vertical control 
for compilation of the topographic maps. The 
ground position and plane coordinates of each of 
the surveyed Images, and tiie computed plane 
coordinates of points of chaises in curvature on 
the designed centerline, are the basic data from 
which distances and bearings are computed for 
measurement on the ground. Such data are the 
essentials for beginning centerline staking and 
serve as intermediate ties for checking position 
during the process of transfer of the centerline 
from maps to ground when the designed location 
is staked in readiness for construction of the high
way. 

This paper describes the techniques involved 
in the foregoing procedures and gives illustrations 
of their applications in specific cases. 

^SUCCESS, or lack of i t , in getting from maps to the ground is the yardstick by whicl 
the quality of maps, especially those compiled by photogrammetric methods, and thei 
accuracy are judged. The manner in which the maps are used and the way in which 
transfer of position from maps to the ground is accomplished are seldom, and in som 
cases never, considered to be the cause of ei^neers' difficulties. 

This paper gives some facts regarding common difficulties which are encountered 
in getting from map to ground, and methods of eliminating these difficulties. Unless 
these difficulties are removed, their multiplicity arising from improper use of maps 
wi l l continue. 

The procedures and techniques were developed through the employment of varia
tions in and adaptations from work accomplished on numerous highway surveys. The; 
may be new to many users of photogrammetry and aerial surveys for highways. It 
is hoped that they wi l l give stimulus for further research and development to devise 
new and improve old methods and procedures of using photc^rammetry and aerial 
surveys. 

OLD METHODS 
In the past, essential topc^raphic data for highway location and design were ob

tained by surveys on the ground and plotted in map form at a scale of 40, 50, or 100 
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= 1 in. These maps were generally accompanied with a profile of the P-line (pre-
minary traverse) which constituted the base line of the survey. Using such data (often 
mited in detail, scope, and accuracy) the location engineer established the centerline 
: the proposed highway. Because the topographic data were usually restricted to a 
Jlatively narrow band centered approximately by ihe P-line, the position-projected 
interline for the highway could not be very far from i t . Large displacements from 
e P-line could be made only when the field survey crew anticipated the probable de-
rability of a substantial line shift and secured more than the usual band-width of field-
irveyed data, or returned to the field to obtain such data. 
While making a field reconnaissance, the location for the P-llne was flagged on tiie 

rovmd. Then stakes were set at each 100-ft station, at the intermediate major breaks 
ground slope, and at the instrument points where angles in this traverse were mea-

ired with a transit. A profile of the traverse was measured by spirit levels, and 
•OSS-sections were measured for a distance of approximately 100 f t from and as nearly 
trmal to i t as could be readily determined by the cross-sectioning party. After the 
•ound profile of the P-line had been plotted, a tentative grade line (including vertical 
irves) was established for subsequent use in designing the highway. Following all 
ssirable adjustments in tentative locations for the centerline of the highway—as pro-
c ted on the map—so that the entire highway was fitted to the topography horizontally, 
srtically, and cross-sectionally, the location centerline (called the L-line) was staked 
I the ground. 
Because the L-line had been designed in relation to the P-line, which existed on 

e ground, and because some segments of the L-line and P-line were coincident, and 
lere not coincident their points of intersection and points of maximum separation were 
lown, staking of the L-line in its designed position was never considered to be a par-
:ularly difficult problem. Without the P-line to "hold on to," however, the same 
gineers, who successfully staked many miles of L-line from P-line data, seemingly 
came frustrated and "lost" in transferring to and staking on the ground an L-line de
nned and delineated on photogrammetrically compiled topographic maps. They miss-
. the "holding, guiding hand" of the P-llne. Actually though, with a fair understanding 
procedures used to compile maps by photogrammetric methods, i t is easy to rec-
nlze, in essence, that a P-line-llke base line does exist, both on the ground and on 
e maps, and that the designed L-line may be mathematically tied to and staked from 
is 'Tiase line" to accurately position i t on the ground. 

METHODS WHEN AERIAL SURVEYS ARE USED 
With the advent of us i i^ aerial surveys and photogrammetry in the engineering of 

;hways, a significant change in location and design procedures evolved. Throi^h 
3 use of stereoscopic pairs of aerial photographs, the location engineer accomplishes 
major portion of his reconnaissance surveys and route determinations in the office, 
s theater of operations need no longer be confined to what he can see on the ground 
he trudges from one visibility vantage point to another, but includes aU of the broad 

ea for which he has aerial photc^raphic coverage. A number of route alternatives 
ly be determined and compared, and the best one selected for preliminary survey. 
»longer is such reconnaissance a one-man operation. Now the talents of specialists 
ly be quickly used and the accomplishments of each one of them easily presented for 
view and correlation with the work of all others concerned. 
In using aerial survey meOiods, the route is located on the small-scale photographs 
they are examined stereoscopically while making the reconnaissance survey. Then 

; route is photographed and topographically mapped by photogrammetric methods. 
Is mapping is accomplished as a preliminary survey in ample detail and at large 
ough scale (100 f t = 1 in. or larger) as necessary to design on the topographic maps 
use of a spline line and/or appropriate curve templates the best location for the 
;hway on the ground. Thus, by use of the aerial photographs and maps, the L-line 
lation is fully established so that the highway f i ts the topography and land use, both 
ysically and aesthetlcaUy. Consequently the location engineer may move directly 
>m the photographs and maps to the ground without the intermediate step of P-line 
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staking. Only after mutual agreement on the design of the highway need the location 
survey staking of the L-line on the ground, in readiness for construction, be under
taken. 

Survey Control 
Horizontal and vertical control based on accurate surveys made on the ground and 

an accurate system of plane coordinates mathematically related to that control are of 
utmost importance in compiling maps photogrammetrically. Without accurate ground 
control to insure proper orientation of each stereoscopic model in the photogrammetr 
instruments, i t is impossible to secure maps which meet the necessary accuracy re
quirements for location and design of highways. For plotting the surveyed control 
points and establishing the points of change in curvature on the designed centerline, 
use of the system of plane coordinates assures positioning precision and eliminates 
cumulative errors in using the maps and in doing all subsequent centerline and other 
staking. Having the system of plane coordinates based on a statewide network of 
basic horizontal control that is part of the national network, as established by the U. i 
Coast and Geodetic Survey, is highly advantageous. 

Both horizontal and vertical control points that wi l l be used to control the mapping 
by photogrammetric methods are called supplemental control, and must be within the 
route band of topc^raphy to be photographed and mapped. Before the mapping photo
graphy is taken, a suitable photographic tai^et must have been placed on the ground 
centered over each point to be used for supplemental horizontal control or such point! 
must be natural objects or features appearii^ as small and easily identifiable images 
on the mapping photography which can be easily and accurately tied to basic control 
points in the project ground control surveys. Each basic control point is preserved 
in i ts position as a permanent station marker, which is usually a metal pin or con
crete monument centered by a metal tablet appropriately marked to identify i t . 

The spacii^infeet of points at which photographic targets are placed for constitutii 
the principal supplemental horizontal control along the lengthwise direction of the rot 
zone of photography should be not more than approximately two times the mapping pho 
raphy scale expressed in feet to one inch. They should also be alternately on one si 
and then the other of the approximate center of the route, laterally separated in feet 
not lesb or more, respectively, than one or five times the photography scale in feet t 
one inch. Occasional additional targeted points to serve as basic project control poii 
should be on or near the center of the route at a k- or 1-mi interval, centered by a 
permanent station marker. A l l other tai^eted points should be centered by a semi
permanent station marker, which may be a tack in a wooden stake driven into the 
ground to where its top is flush with the ground surface. 

Bench mark levels measured through the horizontal control points may provide a 
necessary portion of the vertical control near the center of each stereoscopic model. 
In addition to vertical control thus obtained, the elevation of pass points—photographi 
image points easily identified on smooth, preferably level, ground near the comers c 
each stereoscopic model—are also required. 

Use of the Surveyed Control 
With the plane coordinate grid system constructed on each map manuscript and 

each ground survey control point plotted thereon in its exact coordinate position, the 
stereoscopic model from which each s^ment of the maps is to be compiled is orientc 
to the control. If pre-set targets are not available and survey station markers do noi 
appear as photc^raphic images on the mapping photography, i t is necessary to tie, 
on the ground, the objects or features which appear as small and easily identifiable 
images on the photography to the basic, permanent, station markers set and surveye( 
in the project control surveys. These images—for which coordinates have been com
puted from the control surveys data—are the control points plotted on the map manu
scripts to control the mapping. In addition, the position of each permanent station 
marker is plotted accurately and symbolized on the applicable map, and its plane 
coordinates are also noted thereon for subsequent use. 
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With a plane coordinate grid system existing on the maps, the position of each con-
ol point accurately designated thereby, and each point on the designed centerline 
athematically computed thereto, cumulative error is eliminated. Also, scaling 
>illty is improved. This is achieved by interpolation between the plane coordinate 
•id lines, and, when done, the effects of changes in map scale are eliminated. The 
athematicaUy ascertained position of each surveyed control point is known. An er-
meously scaled position of the highway alignment, as an L-line, is not used. General-
, the spacing interval of plane coordinate grid lines is 5 in . By converting this 
)acing to its ground distance equivalent, the effects of any change in map scale are 
(plied immediately to points in the designed alignment, and to any other points, as 
isired, during engineering use of the maps. Consequentiy, the desiged and computed 
isition of the L-line is exact. 
The coordinate positions determined for horizontal control points on the ground, 

lich appear as photographic images on the mapping photography, constitute a base 
le—a traverse similar to that used in P-line surveys on the ground. This base line 
ists on the groimd and on the maps. The designed alignment is easily tied to the 
introl points on this "traverse" for transfer to the ground. The distance and bearing 
om a control point to the nearest point on the centerline are computed by use of their 
ane coordinates. Then each centerline point is staked on the ground—points of change 
curvature and other points on the centerline, as the nearest P.O. T. and P.O.C. on 

-ests and other essential visibility points (Figs. 1 and 2). This procedure is applied 
iccessively for all centerline points to be staked, which separately lie in reasonable 
•Qximity to a control point, particularly one of the basic control points. In this way, 
.ch basic centerline point for instrument occupancy is staked in its proper position 
an accuracy possibility as good as the groimd survey control on which the plane 
lordinates, mapping, alignment design and computations, and centerline staking are 
.sed. From such centerline instrument points, each 100-ft station and the essential In-
rmediate plus points are line in and measured in their proper position. It is not necessary 
actually stake and occupy each P. I . of the highway tangents. Moreover, this method 
using computed data for numerous centerline points and staking them from nearby 
•oject survey control points, rather than only from preceding points on the L-line, 
iminates the possibilities of cumulative error in taped distances or measured angles. 
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gure 1 . Section of designed and computed highway alignment showing survey t i e s com
puted from the permanent station markers for i t s staking on ground. 
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STATION DIST. BEARING COSINE SINE 
COURSE COORDINATES 

STATION DIST. BEARING COSINE SINE 
NORTH EAST NORTH EAST 

No. S3 473, 911.46 1,442,089.89 

485./0 SI3''24'£ 17277538 23I74790 -471.39 *112.42 

1241*50 oor.s. 473,439 57 1,442,202 31 

N52°02'£ 61520293 78836880 *593 03 f 7S9 96 

474,032.60 1,442,962 27 

963.96 5 71°S3'E 30957024 96087658 - 298 41 f 916.61 

1259*50.00 ST. 473,734.19 1,443,873.88 

280.00 S71°58£ 30957024 9'i0876'i8 - 86 68 f2e6.24 

473,647.51 1262*30.00 rs. 

30957024 9'i0876'i8 - 86 68 f2e6.24 

473,647.51 1,444,145 12 

414 S6 314'26'£ 96843832 24925334 -401 48 *W3 33 

No. 54 473,246.03 1,444,248 43 

414 56 N1'^"26')V .96843832 .24925334 *401 48 -103.33 

1262*30 OOTS 473,647.51 1,444,145.12 

1,2S3.U S 71°S8 E 30957O24 . 950876S8 -388.13 f 1,192.17 

1274*63 7e PI 

N48°02' e 66a6<f8J5 74353398 

473,259.38 1,445,337.29 

1,253.76 N48°02' e 66a6<f8J5 74353398 *838.3^ * 932. 21 

1,446,269.50 12 as *3O.O0 S T. 

9327206B .18509492 

474,097.77 1,446,269.50 

491 99 N 10°40'E 9327206B .18509492 *483.49 t 91 06 

NO. 55 

. 77567936 

474,581.26 1,446,360 56 

2,614.10 N50''52'£ 63112719 . 77567936 11,649 83 *2,027. 70 

1,446,360 56 

NO. 56 476,231.09 1,443,388.26 1,443,388.26 

Figure 2. Computation of plane coordinates. 

Subsequently, accu racy i n t r a n s f e r of the designed and computed highway a l ignmer 
f r o m the maps to i t s p r o p e r p o s i t i o n on the g round depends on the i n i t i a l accu racy o f 
the p r o j e c t g round c o n t r o l su rveys , the p r o x i m i t y and a c c e s s i b i l i t y of the t a rge ted 
s ta t ion m a r k e r s of the c o n t r o l su rveys to the intended ground p o s i t i o n of the L - l i n e , 
the accuracy w i t h w h i c h the L - l i n e , d u r i n g des ign , was p r o j e c t e d on the maps , and 
l i i e w o r k i n g accu racy o f the f i e l d su rvey p a r t y i n s t a k i i ^ i t on the g round . Thus , the 
pos i t i on ing and s taking o f the L - l i n e on the g round a r e governed b y , and r e l a t ed i n ac 
c u r a c y to , the bas ic c o n t r o l es tabl ished f o r and used to c o n t r o l the mapping . A c c o r d 
i n g l y , a l l f i e l d w o r k i s r e a d i l y accompl i shed i n a me thod ica l , e f f i c i e n t , and e f f e c t i v e 
manner . Should e r r o r s i n c l o s u r e occu r , t h e i r p o s i t i o n , cause, and magnitude a r e 
eas i ly d e t e r m i n e d . T h e r e f o r e , they can be c o r r e c t e d w i t h c e r t a i n t y . B y such use oi 
a sys t em of plane coord ina tes , accu racy r e q u i r e m e n t s a r e m e t i n each step o f the wo 
The L - l i n e i s a c t u a l l y staked on the g round w h e r e pos i t ion-des igned on the maps . 

Use o f P l a n i m e t r i c Fea tu res a s P o s i t i o n C o n t r o l 

A t t e m p t s have been made b y some engineers to t r a n s f e r a designed L - l i n e f r o m th 
maps to the g round b y r e l a t i n g the p o s i t i o n of the l i n e to p l a n i m e t r i c f ea tu re s w h i c h 
w e r e p lo t t ed on the maps p h o t o g r a m m e t r i c a l l y . M o s t spec i f i ca t ions indica te tha t 90 
p e r c e n t of a l l p l a n i m e t r i c f e a t u r e s , w h i c h w e r e w e l l de f ined on the a e r i a l photograph 
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l a l l be p lo t t ed so that t h e i r p o s i t i o n on the f i n i s h e d maps w i l l be accura te to w i t h i n 
l ea s t /4o i n . o f t h e i r t r u e coord ina te p o s i t i o n , and tha t none of the f ea tu re s tes ted 

l a l l be mi sp l aced on the f i n i s h e d maps by m o r e than %o i n . f r o m t h e i r t r u e coord ina te 
i s i t l o n . I t i s evident f r o m these spec i f i ca t ions tha t the p r o b a b i l i t y i s r e m o t e indeed 
at a p l a n i m e t r i c f e a t u r e w i l l be p lo t t ed p r e c i s e l y i n i t s c o r r e c t coord ina te p o s i t i o n , 
o r eove r , when the L - l i n e i s t r a n s f e r r e d f r o m the maps to the g round b y r e l a t i n g i t 
such f ea tu r e s , even i f they w e r e p r e c i s e l y i n t h e i r t r u e coord ina te p o s i t i o n , there i s 

e p o s s i b i l i t y t ha t the o f f s e t m e a s u r e m e n t f r o m the f e a t u r e t o the neares t l i n e p o i n t 
ay be i n e r r o r as much as 2 f t when the map scale i s 100 f t = 1 i n . T h i s i s because 
i l i t y to measure w i t h g r e a t e r accu racy on a map a t t h i s scale i s l i m i t e d . 
W o r s e s t i l l i s the f a c t t h a t any m i s p l a c e m e n t o f f e a t u r e s used as o r i g i n f o r o f f s e t 

easurement a r e l i k e l y to be add i t ive to the inaccuracy i n measurements made on the 
i p s . A t the scale of 100 f t = 1 i n . , the on - the -g round magnitude of e r r o r s r e s u l t i n g 
om the a l l o w e d m i s p l a c e m e n t o f VM i n . on the map r ep resen t s 2% f t and %o i n . r e p r e -
n t s 5 f t . Such d i sp lacements en ter d i r e c t l y in to the d i sp lacement of any d e s ^ n e d l i n e 
it is staked on the g round b y use of o f f s e t s measured f r o m p l a n i m e t r i c f e a t u r e s equa l -
d isp laced ( F i g . 3 ) . The s o l i d l i n e i n F i g u r e 3 i s the c e n t e r l i n e i n i t s designed and 
mputed p o s i t i o n . The d is tances o f 80, 104, 84, and 58 f t , r e spec t ive ly , w e r e m e a -
r e d on the map to the designed l i n e f r o m p l a n i m e t r i c f e a t u r e s . The r e spec t ive d i s -
aces w e r e then measured on the g round f r o m the ob jec t s , f o r w h i c h the t r u e g round 
s i t i o n of each of the f e a t u r e s i s as shown b y t h e i r dot ted represen ta t ions , to es tab l i sh 
s i t i o n i n g p o i n t s f o r s tak ing the m a p - p r o j e c t e d a l i g n m e n t on the g round . Inasmuch as 
9 map p o s i t i o n of the f e a t u r e s used w e r e i n e r r o r , the dis tances I h e r e f r o m p laced 
3 a l ignment , as shown i n the dashed p o s i t i o n , w h e r e i t i s d i sp laced h o r i z o n t a l l y f r o m 
s igned p o s i t i o n , and the c e n t r a l angle a t the i n t e r s e c t i o n o f the tangents and leng th 
the semitangents a r e l a r g e r than computed . 

Thus , w h e r e v e r the p o s i t i o n of an L - l i n e p o i n t i s es tabl ished on the g round f r o m an 
j e c t s y m b o l i z e d as a p l a n i m e t r i c f e a t u r e , w h i c h conta ins e r r o r i n p o s i t i o n on the 
i p , i t i s evident that , r ega rd l e s s of the accuracy w i t h w h i c h a m a t h e m a t i c a l d e s c r i p -
in of the designed L - l i n e has been computed , i t w i l l be i m p o s s i b l e by th i s method to 
ike i t on the g round i n i t s designed p o s i t i o n . B y r e l a t i n g numerous po in t s on the 
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Figure 3. Comparison of staked positions of designed centerline. 
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designed L - l i n e to nea rby p l a n i m e t r i c f e a t u r e s . I t w i l l be p o s s i b l e to achieve on ly a n 
average pos i t i on ing r e l a t ed s t a t i s t i c a l l y to the average e r r o r i n p o s i t i o n of f e a t u r e s 
used as po in t s of p o s i t i o n o r i g i n , b u t the p r e - c o m p u t e d c u r v e data, bea r ings , and 
dis tances cou ld not be used. Consequently, the ac tua l pos i t i on ing o f the L - l i n e on the 
g round w o u l d be i n v a r i a n c e w i t h the topographic data used, as c o m p i l e d on the maps . 

On the o ther hand, w i t h the designed L - l i n e t i e d to c o n t r o l po in t s o f known plane 
coord ina tes and ground pos i t i ons , the p r e - c o m p u t e d c u r v e data, bea r ings , and d i s 
tances a r e used w i t h o u t a l t e r a t i o n , and any e r r o r i n f i e l d su rvey w o r k w h i l e s tak ing 
the l i n e i s q u i c k l y d e t e r m i n e d and c o r r e c t e d b y checking in to succeeding c o n t r o l point 
A t the same t i m e , f r u s t r a t i o n s and de lays i n su rvey p a r t y w o r k , and engineer ing d e 
f i c i e n c i e s w h i c h w o u l d o the rwise o c c u r , a r e p reven ted b y e l i m i n a t i n g c u m u l a t i v e errc 
Dis tances on the g round f r o m an L - l i n e staked i n tha t manner to ob jec t s represen ted 
b y p l a n i m e t r i c f ea tu re s on the maps w i l l s e ldom be the same as d is tances de te rmined 
f r o m the map . D i f f e r e n c e s between such separa te ly d e t e r m i n e d dis tances r ep re sen t 
the ac tua l e r r o r i n p l o t t i n g these f ea tu re s on the maps . H the maps f u l f i l l t h e i r a c 
c u r a c y r e q u i r e m e n t s , however , 90 p e r c e n t o f such d i f f e r e n c e s w i l l n o t exceed the 
g round dis tance represen ted b y %a I n . a t map scale , and the r e m a i n i n g 10 p e r c e n t no 
m o r e than the dis tance represen ted b y /4o i n . 

Use o f Maps W i t h o u t Plane Coord ina tes 

A t t e m p t s to p r o j e c t a l i g n m e n t designed on a map not conta in ing plane coord ina tes 
have p r o v e n hazardous . Gene ra l ly , i n such a t t empts a p r o t r a c t o r o r tangent o f f s e t 
method i s used to d e t e r m i n e the ang les and an eng inee r ' s sca le to measu re the tanger 
d is tances . On any map a t a scale o f 100 f t = 1 i n . , accu racy I n measu r ing and p l o t t i r 
to the equivalent of 1 f t on the g round i s d i f f i c u l t to achieve . A n d i t i s v l r u t a l l y i m 
poss ib le to d e t e r m i n e an angle to an accuracy b e t t e r than seve ra l minu tes o f a r c b y 
such methods, and bea r ings cannot be es tabl i shed f o r check ing b y p o l a r i s o r s o l a r 
obse rva t ion . In add i t ion , i t i s apparent tha t r ega rd l e s s of the accuracy achieved i n 
the I n i t i a l p l o t t i n g , l a r g e c u m u l a t i v e e r r o r s w i l l r e s u l t f r o m changes i n map scale, 
due to shr inkage o r expansion of the m a t e r i a l on w h i c h the maps a r e c o m p i l e d , the 
f i n i s h e d maps d r a f t e d , and, f i n a l l y , map copies p roduced f o r engineer ing use. 

W i t h o u t plane coord ina te g r i d l i n e s hav ing been placed on the map m a n u s c r i p t s 
and a c c u r a t e l y t r a n s f e r r e d to the f i n i s h e d maps a t an I n t e r v a l equivalent to a p r e 
de t e rmined g round d is tance , i t i s I m p o s s i b l e , f r o m map data on ly , to become aware 
s p e c i f i c a l l y o f , and to d e t e r m i n e the d i r e c t i o n and magni tude o f e r r o r s r e s u l t i n g f r o n 
any c h a i s e s i n the map scale caused b y the shr inkage a n d / o r e}Q>ansion o f the m a t e r l ' 
a l on w h i c h map de ta i l s ex i s t . M o r e o v e r , i t i s u n l i k e l y tha t any e r r o r s m a y be i so la ' 
ted, o r even d i s cove red , u n t i l an a t t emp t i s made to s take the L - l i n e on the g r o u n d . 
Then f r u s t r a t i o n s and b l a m i n g of tiie maps beg in . Seldom i s the r e a l cause—impropei 
use of the maps—iden t i f i ed . 

CONCLUSION 

The p rocedures and techniques advocated i n t h i s paper f o r t r a n s f e r r i n g a designed 
L - l i n e f r o m a p h o t o g r a m m e t r i c a l l y c o m p i l e d map to the g round have been used succe 
f u l l y f o r many y e a r s on thousands o f m i l e s o f h ighway l o c a t i o n . Never the less , a c h i f f 
r e s u l t s , as f o r any s i m i l a r su rvey , a r e dependent on the accuracy w i t h w h i c h the d e 
signed a l i gnmen t i s p r o j e c t e d and i t s plane coord ina te pos i t i ons a r e computed on the 
maps , and the accuracy of the f i e l d su rvey p a r t y i n s taking thfe L - l i n e on the g round . 
I n no way a r e i naccu rac i e s i n bas ic c o n t r o l e l i m i n a t e d , b u t they a r e ea s i l y l o c a l i z e d 
and c o r r e c t e d where they o c c u r r e d because the e f f ec t s of c u m u l a t i v e e r r o r have been 
e l i m i n a t e d . 




