
UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Measuring and modeling the speed of human navigation

Permalink
https://escholarship.org/uc/item/9m37m9hw

Journal
Cartography and Geographic Information Science, 45(2)

ISSN
1523-0406

Authors
Irmischer, Ian J
Clarke, Keith C

Publication Date
2018-03-04

DOI
10.1080/15230406.2017.1292150
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9m37m9hw
https://escholarship.org
http://www.cdlib.org/


Workflow: Annotated pdfs, Tracked changes

PROOF COVER SHEET

Journal acronym: TCAG
Author(s): Ian J. Irmischer and Keith C. Clarke

Article title: Measuring and modeling the speed of human navigation
Article no: 1292150
Enclosures: 1) Query sheet

2) Article proofs

Dear Author,

1. Please check these proofs carefully. It is the responsibility of the corresponding author to check these and
approve or amend them. A second proof is not normally provided. Taylor & Francis cannot be held responsible for
uncorrected errors, even if introduced during the production process. Once your corrections have been added to
the article, it will be considered ready for publication.

Please limit changes at this stage to the correction of errors. You should not make trivial changes, improve prose
style, add new material, or delete existing material at this stage. You may be charged if your corrections are
excessive (we would not expect corrections to exceed 30 changes).

For detailed guidance on how to check your proofs, please paste this address into a new browser window:
http://journalauthors.tandf.co.uk/production/checkingproofs.asp

Your PDF proof file has been enabled so that you can comment on the proof directly using Adobe Acrobat. If you
wish to do this, please save the file to your hard disk first. For further information on marking corrections using
Acrobat, please paste this address into a new browser window:
http://journalauthors.tandf.co.uk/production/acrobat.asp

2. Please review the table of contributors below and confirm that the first and last names are structured
correctly and that the authors are listed in the correct order of contribution. This check is to ensure that your
name will appear correctly online and when the article is indexed.

Sequence Prefix Given name(s) Surname Suffix

1 Ian J. Irmischer

2 Keith C. Clarke



Queries are marked in the margins of the proofs, and you can also click the hyperlinks below.

Content changes made during copy-editing are shown as tracked changes. Inserted text is in red font and revisions
have a red indicator ©. Changes can also be viewed using the list comments function. To correct the proofs, you
should insert or delete text following the instructions below, but do not add comments to the existing tracked
changes.

AUTHOR QUERIES
General points:

1. Permissions: You have warranted that you have secured the necessary written permission from the
appropriate copyright owner for the reproduction of any text, illustration, or other material in your article.
Please see
http://journalauthors.tandf.co.uk/permissions/usingThirdPartyMaterial.asp.

2. Third-party content: If there is third-party content in your article, please check that the rightsholder
details for re-use are shown correctly.

3. Affiliation: The corresponding author is responsible for ensuring that address and email details are correct
for all the co-authors. Affiliations given in the article should be the affiliation at the time the research was
conducted. Please see
http://journalauthors.tandf.co.uk/preparation/writing.asp.

4. Funding: Was your research for this article funded by a funding agency? If so, please insert ‘This work was
supported by <insert the name of the funding agency in full>’, followed by the grant number in square
brackets ‘[grant number xxxx]’.

5. Supplemental data and underlying research materials: Do you wish to include the location of the
underlying research materials (e.g. data, samples or models) for your article? If so, please insert this
sentence before the reference section: ‘The underlying research materials for this article can be accessed at
<full link> / description of location [author to complete]’. If your article includes supplemental data, the
link will also be provided in this paragraph. See
<http://journalauthors.tandf.co.uk/preparation/multimedia.asp> for further explanation of supplemental data
and underlying research materials.

AQ1 Please note that the ORCID for Irmischer Ian J. has been created from information provided through
Manuscript. Please correct if this is inaccurate.

AQ2 Please note that the ORCID for Clarke Keith C. has been created from information provided through
Manuscript. Please correct if this is inaccurate.

AQ3 Abstract must be maximum of 200 words long. Please check.

AQ4 Please check whether the edits made in the sentence “One of the most basic human tasks is to navigate
from. . .” convey the intended meaning.

AQ5 We have used “radio frequency identification” as an expansion for RFID. Please check.

AQ6 Please check the sentence “First, bins were created every 1%. . .” for clarity.

AQ7 Please check the sentence “Additionally, 95% of the observations. . .” for clarity.

AQ8 The year for “Ranacher et al., 2015” has been changed to 2016 to match the entry in the references list.
Please provide revisions if this is incorrect.

AQ9 The disclosure statement has been inserted. Please correct if this is inaccurate.

AQ10 The CrossRef database (www.crossref.org/) has been used to validate the references. Mismatches between
the original manuscript and CrossRef are tracked in red font. Please provide a revision if the change is
incorrect. Do not comment on correct changes.

AQ11 Please provide missing publisher location for reference “Langmuir, 1984”.



AQ12 Please provide missing publisher location for reference “White and Surface-Evans, 2012”.



How to make corrections to your proofs using Adobe Acrobat/Reader

Taylor & Francis offers you a choice of options to help you make corrections to your proofs. Your PDF proof file has
been enabled so that you can mark up the proof directly using Adobe Acrobat/Reader. This is the simplest and best
way for you to ensure that your corrections will be incorporated. If you wish to do this, please follow these
instructions:

1. Save the file to your hard disk.

2. Check which version of Adobe Acrobat/Reader you have on your computer. You can do this by clicking on the
“Help” tab, and then “About”.

If Adobe Reader is not installed, you can get the latest version free from http://get.adobe.com/reader/.

3. If you have Adobe Acrobat/Reader 10 or a later version, click on the “Comment” link at the right-hand side to view
the Comments pane.

4. You can then select any text and mark it up for deletion or replacement, or insert new text as needed. Please note
that these will clearly be displayed in the Comments pane and secondary annotation is not needed to draw
attention to your corrections. If you need to include new sections of text, it is also possible to add a comment to the
proofs. To do this, use the Sticky Note tool in the task bar. Please also see our FAQs here:
http://journalauthors.tandf.co.uk/production/index.asp.

5. Make sure that you save the file when you close the document before uploading it to CATS using the “Upload
File” button on the online correction form. If you have more than one file, please zip them together and then upload
the zip file.

If you prefer, you can make your corrections using the CATS online correction form.

Troubleshooting

Acrobat help: http://helpx.adobe.com/acrobat.html
Reader help: http://helpx.adobe.com/reader.html

Please note that full user guides for earlier versions of these programs are available from the Adobe Help pages by
clicking on the link “Previous versions” under the “Help and tutorials” heading from the relevant link above.
Commenting functionality is available from Adobe Reader 8.0 onwards and from Adobe Acrobat 7.0 onwards.

Firefox users: Firefox’s inbuilt PDF Viewer is set to the default; please see the following for instructions on how to
use this and download the PDF to your hard drive:
http://support.mozilla.org/en-US/kb/view-pdf-files-firefox-without-downloading-them#w_using-a-pdf-reader-plugin



Measuring and modeling the speed of human navigation
Ian J. Irmischer a and Keith C. Clarke b

aDepartment of Geography and Environmental Engineering, United States Military Academy, West Point, NY, USA; bDepartment of
Geography, University of California, Santa Barbara, CA, USA

5
ABSTRACT
Navigation, defined here as goal-related movement through space and time to reach a destina-
tion, is a fundamental human activity. Geographers, physiologists, archaeologists, anthropolo-
gists, and psychologists have long been interested in the spatial and temporal aspects of
navigation speed. Hikers, search and rescue teams, firefighters, the military, and many others

10 often navigate on foot through rugged terrain, and their success depends on understanding how
the dynamics of foot-based navigation affect individual capabilities.

This research project modeled the speed of movement of human beings engaged in foot-based
navigation in wooded environments with varied terrain. Movement models were developed using
spatiotemporal analysis of multiple subjects’movement trajectories. Speed estimates were collected

15 via Global Navigation Satellite Systems from subjects while they engaged in foot-based navigation
through undeveloped, forested landscapes. Trajectory data from 200 subjects were merged with a
land-cover data set to analyze human navigation over varying slopes and terrain. Generalizing these
characteristics provided a model of navigational speed of movement from an origin to a destination
along an unknown route. Tobler’s hiking function and Naismith’s rule were used in an analysis of the

20 trajectory data. The model created from this study was shown to outperform those classic human
movement speed estimators by predicting route completion timewithin 10 %accuracy (M = 11.1min,
95% CI [9.8, 12.4] min). These models help to explain the human dynamics of navigation.AQ3
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Introduction

AQ1
AQ2

One of the most basic human tasksAQ4 is to navigate from
25 an origin to a destination, a task that is accomplished

by each of us many times daily. This research seeks to
define a model of the speed at which humans accom-
plish this basic task. Specifically, we investigate naviga-
tion in a rural setting where the terrain is hilly and

30 wooded; however, the implications hold for all human
navigation on foot.

Models of human walking speed are commonly used
in geospatial analysis. Tobler’s hiking function and
Naismith’s rule are simple algorithms built into geo-

35 graphic information system (GIS) software that estimate
hiking speeds, such as ESRI’s ArcGIS and Geographic
Resources Analysis Support System (GRASS). A goal of
the current research is to build navigation speed models
with improved accuracy, calibrated with measurements

40 of human movement captured in the field.
Hikers, search and rescue, firefighters, the military,

andmany others navigate on foot through the wilderness.
Search and rescue workers have a life-or-death need to
understand the time-based range capabilities of a lost

45 person. Hikers use models of speed to estimate and plan

how long portions of their journey will take. Military
planning often requires estimating how long a patrol
will take when navigating through unfamiliar terrain.
The human dynamics of navigation are critical to under-

50standing individual capabilities, requirements, and risks.
More accurate models of human navigation on foot will
help in better understanding these dynamics.

Navigation

Navigation is defined as coordinated and goal-directed
55movement through an environment (Montello, 2005).

It involves the physical act of movement and the cog-
nitive aspects of deciding upon and following a route.
These two components of navigation are classified as
locomotion and wayfinding.

60Human locomotion during navigation can be
accomplished in many ways, such as assisted by a
vehicle, bicycle, or in an airplane, but this research
focuses on unassisted human locomotion by walking.
Locomotion via walking involves body movements

65governed by muscular contractions. During locomo-
tion, humans make behavioral choices as to where to
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step, how to avoid obstacles, and how much effort to
expend. These choices and the terrain over which a
person is navigating play a large part in determining

70 the speed at which the locomotion is accomplished.
The second component, wayfinding, is a more cog-

nitively centered aspect of navigation. Wayfinding
involves planning movement, route selection, contin-
ued reassessment of location, and constant decision-

75 making to adjust the route. The use of the sensory
processes and the brain require some cost to wayfind-
ing. This component, and the cognition required to
accomplish it, decreases a person’s rate of movement.
There is a difference between someone merely hiking

80 along a known route and someone who is navigating
through unknown terrain. Movement speed of naviga-
tion is reduced proportionate to the amount of way-
finding that is required. Naismith and Tobler focused
predominately on the cost of ordinary locomotion.

85 This research proposes a model of human navigation
speed that includes wayfinding requirements, which
also impose restrictions on the speed of movement.

Naismith’s rule

One of the oldest models for estimating human walk-
90 ing speed over cross-country terrain was devised by

William W. Naismith. On 2 May 1892, Naismith set
out alone for a hike through the hills and mountains
near Crianlarich, Scotland. After completing a 16-km
hike and climbing 1 920 m in altitude, Naismith con-

95 cocted his simple formula. The excursion took
Naismith six and a half hours to complete. He wrote
at the end of his journal entry: “This tallies exactly with
a simple formula, that may be found useful in estimat-
ing what time men in fair condition should allow for

100 easy expeditions, namely, an hour for every three miles
on the map, with an additional hour for every 2 000 feet
of ascent” (Naismith, 1892). Metric equivalent dis-
tances are 4828 m and 610 m. This rule of thumb has
been published many times and is still used today to

105 estimate the time required for a given cross-country
walk (Langmuir 1984; Aitken, 1977; Clarke, 2015).

Since its inception in the nineteenth century, there
have been several efforts to improve Naismith’s model.
Naismith originally focused on the horizontal and ver-

110 tical component of the terrain. Others recognized the
need to include individual fitness, terrain type, and a
downhill slope correction. In 1965, a correction was
created by Scottish Mountaineer Phillip Tranter to
include individual fitness (Langmuir, 1969). In 1977,

115 Aitken refined Tranter’s model to include terrain con-
ditions. He noted that a man can walk at 1.39 m/s
(5 km/h or 3 mph) on paths, tracks, and roads but

that this speed is reduced to 1.1 m/s (4 km/h) for all
other types of terrain. Later, Langmuir offered further

120adjustments: He recommended a downhill adjustment,
such that speed is variable based on the steepness of the
terrain, adjusting Naismith’s rule by subtracting

 10 min /h for descents between 5% and 12% slope.
Finally, he recommended adding 10 min/h when des-

125cending slopes greater than 12° since climbing down
steep slopes is very slow (Langmuir 1984).

Langmuir’s model of human movement speeds is com-
monly used in GRASS with the r.walk function. The appli-
cation uses the above mentioned movement dynamics by

130organizing them into the discontinuous formula:

T ¼ a � ΔS þ bΔH Slopes > 0 degrees Uphillð Þ

a � ΔS � 5 < Slope < 0 degrees

Slightdownhillð Þ

a � ΔS þ cΔH � 12 < Slope <

� 5 degrees Moderate downhillð Þ

a � ΔS þ dΔH Slope <

� 12 degrees Steep downhillð Þ
where T is time in seconds

135ΔH is the elevation difference in meters (end eleva-
tion–start elevation)

ΔS is the distance traveled
a is the on-road/off-road correction factor (0.72 for

on-road, 0.9 for off-road)
140b is the correction for uphill movement (6)

c is the correction for moderate downhill (1.9998)
d is the correction for steep downhill (−1.9998)
Speed can then be found using the equation velocity

(m/s) = ΔS/ΔT.

145Tobler’s hiking function

A second model of hiking was described by Waldo
Tobler. Using empirical data provided by Eduard
Imhof in 1950, Tobler formulated an equation for
walking speed based on terrain slope. The equation

150yields walking velocity, W (m/s), approximated by:

W ¼ 1:67e�3:5 S þ :05j j;where S ¼ Δ elevation
Δ distance

¼ Tanθ;when θ is degrees slope: (1)

Tobler used a correction factor of 0.6 to describe
velocity when walking off-road. Despite the equation’s

155simplicity, it remains commonly used in GIS travel
time computations (Pingel, 2010; Richards-Rissetto &
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Landau, 2014; Sherrill, Frakes, & Schupbach, 2010;
White & Barber, 2012; White & Surface-Evans, 2012).
The QGIS software’s walking time function uses

160 Tobler’s hiking function as its base theoretical move-
ment model. Remarkably, the walking speed along flat
terrain matches Naismith’s original rule – 1.39 m/s
(5 km/h). The function shows a maximum hiking
speed of approximately 1.67 m/s. This speed occurs at

165 a slight downhill slope of 5 % (approximately 3° ).
Figure 1 further illustrates the comparison of walking
speed as a measure of slope, based on Tobler’s Hiking
function (Tobler, 1993).

Naismith’s rule and Tobler’s hiking function are
similar in concept: both consider human movement

170 over space (distance), time, and slope; and both con-
sider downhill movement slightly differently than
uphill. Tobler’s function is not symmetric around  0° 
slope, but rather 5 % downhill. Naismith’s rule was
modified by Langmuir to include a downhill correc-

175 tion. Further, the models recognize that movement is
different based on terrain type. Each categorize path vs.
non-path movement and adjust accordingly (recogniz-
ing the Aitken adjustment for Naismith’s rule). The
variables considered by Naismith and Tobler act as a

180 starting point for the further development of human
dismounted navigation models.

Experimental methods

This research collected speed estimates of United States
Military Academy (USMA) cadets while they navigated

185 on foot over hilly, wooded terrain as part of their
summer training in map and compass navigation.

The estimates provide an opportunity to quantitatively
model the contribution of terrain factors to speed dur-
ing dismounted navigation. The study collected move-

190ment, location, and time data using wearable Global
Navigation Satellite Systems (GNSS) devices.

Approximately 1000 cadets attend Cadet Basic
Training (CBT) each summer at USMA in West
Point, NY. Data  were collected from 200 volunteer

195cadets (subjects) who participated in land navigation
testing during CBT in July and August 2015. The
sample consisted of both sexes at an approximate
ratio of 80.5 % male to 19.5 % female. Subjects wore
military field uniforms with a pistol belt and a camel-

200back hydration system. Subjects who volunteered had
varying heights, weights, and fitness levels and were
between 17 and 23 years of age.

The primary device used in data collection was a
GNSS receiver. The Qstarz BT-1300ST Sports Recorder

205collected second-by-second location information which
was later downscaled to a 10-s temporal resolution. This
device was placed in the subject’s shoulder pocket so that
it would not be lost during the navigational exercise. The
GNSS was able to record data for 4 h , which exceeded the

210length of the navigational test. Its positional data were
not available to the subjects during navigation.

The basic data-acquisition strategy was to collect
movement information from different people as they
navigated over different types of terrain. Subjects were

215tested on their ability to use a topographic map and a
lensatic compass to find seven control points that were
placed approximately 400 m apart in less than 150 min .
The subjects were scored on their ability to find the
correct control points that were identified by an orien-

220teering bag attached to a tree. The per-second trajec-
tory information of each subject was recorded by the
Qstarz GNSS device; however, this device was not used
to aid navigation.

The military training area where the navigational
225testing took place falls within the bounding box depicted

in Figure 2 (Upper Left Military Grid Reference System
(MGRS) Coordinate: 18TWL7573578270, Lower Right
MGRS Coordinate: 18TWL7848976111). The red line
represents a typical path that a subject took during

230their navigational test.
The subjects were given MGRS coordinates of seven

different control points to find in the woods. The
navigation training area had a total of 36 control points
that were identified by different orienteering bags. No
subjects had the same groupings of the seven points.

235After mapping the locations of the points on a 1:25,000
scale topographic map, the subjects planned the course
they would take to find the control points during their
navigation test. The subjects were given an opportunity

Figure 1. Tobler’s hiking function.
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to verify they had plotted the coordinates correctly on
240 the map.

This research used trajectories of 200 subjects who
participated in the training on  8 different days. All
subjects started the navigation study from the same
starting point. There was a temporal spacing of

245 1–5 min between individual participants. No subjects
started closer than 1 min apart and there were
approximately 30 min between the time the first
and the last subject started on a given day. After
leaving the start point, the subjects began the train-

250 ing by navigating toward their first control point.
When they found their first control point (or what
they thought was their control point) they scanned a 
radio frequency identificationAQ5 (RFID) card on the
electronic scoring device that was attached to the

255 orienteering bag. Then the subject proceeded to
find the next remaining control point. After finding
their seven points, they returned to the start point.
Subjects had 150 min to complete the course.

The subjects were also assigned a safety partner,
260 another cadet who was instructed to accompany but

not assist each subject during completion of the navi-
gational test. Safety partners were simply present to
ensure the subject was not alone in the woods and
that they were moving safely.

265 Some subjects did not find all points in the
allotted time and some found wrong control points.
Nevertheless, all subjects eventually returned to the
start point, where they removed the wearable equip-
ment and were scored using the information on the

270 RFID card. Subsequently, the logged movement and
location data were downloaded for later analysis.

Land cover classification

Movement modeling requires an understanding of the
terrain over which the subjects were navigating. In

275essence, the entire land area was categorized into two
groups: on-road or off-road. Foundation data provided
by the USMA Department of Public Works depicted
the centerlines of roads and trails in the training area.
Inspection of 1-m satellite imagery from 2013 was used

280to validate existence of the roads and trails. An
assumption was made regarding how to derive the
breadth of the roads on the classed map. A buffer of
9 m from the road centerline created a polygon for the
road class and was used to capture some of the GNSS

285error that occurred when subjects were walking on a
road. It is assumed that subjects walking very near
(<5 m ) the road were most likely walking on the
road. A GNSS horizontal error of 4–6 m (RMS) is
expected in foliage (Rodríguez-Pérez, Álvarez, &

290Sanz-Ablanedo, 2007). Using a 9-m buffer helped
ensure that most subjects walking on the road were
classified as such despite the GNSS error.

Determination of slope and navigation speed

The slope of the terrain over which the subjects tra-
295versed and the speed of travel were estimated from the

GNSS device outputs. The Qstarz devices saved eleva-
tion information of the subjects along with the geo-
graphic coordinates. Percent slope was computed by
dividing the elevation difference between points by the

300distance between the points multiplied by 100. Speed
was computed by dividing the distance between the

Figure 2. USMA navigation training area.
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points by the 10-s interval between GNSS readings.
These calculations resulted in a data matrix that con-
tained over 130,000 records representing 10-s segments

305 of each subject’s trajectory. Each record contained a
subject’s walking speed, the slope traversed, and either
on-road or off-road movement. These records were
used to create the model of navigation speed.

Results

310 This section describes the speeds at which the subjects
navigated. Table 1 and Figure 3 describe the general
characteristics of the navigation.

The subject’s movement speeds were analyzed and
a model of human navigation speed developed. First,
bins were created every 1 % slope betweenAQ6 ±100 %.

315 Then, all trajectory segments with a slope value fall-
ing within a bin were averaged. Figure 4 shows the
data collected while male subjects navigated on
roads. Figure 5 depicts female movement on roads.

Figures 6 and 7 show the data for male and female
320off-road movement, respectively. In these figures, the

black dots represent the bin mean of the speed. The
orange line shows movement speed estimates from
Tobler’s hiking function. The green line shows esti-
mates from Naismith’s rule with Langmuir’s

325correction.
The graphical depiction of the data above shows a

clear relationship between navigation speed and ter-
rain slope. This relationship can be modeled using an
exponential function. The data shown in Figures 4–7
take the form of a normal curve. Equations to fit the

330data were found by adjusting the parameters of the

Table 1. General characteristics of subject navigation.
Characteristics of subject navigation
Time on the course:
Mean: 141 min
Range: 88–185 min

Distance covered:
Mean: 5655 m 
Range: 2358–7603 m 

*Seven trajectories began at the start point but did not return to the start
point. This is most likely due to a GNSS losing battery power or turning
off. These seven trajectories were removed for our summary of the
distance and duration of the routes but left in for the modeling effort.
These would have significant influence on ranges and means of the
overall trajectory summary but would not affect our modeling variables.

Figure 3. Histogram and general description of the subject’s 
speed.

Figure 4. On-road speed of navigation – males.

Figure 5. On-road speed of navigation – females.
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normal function to get the best overall match. The
Gaussian function was shifted by 0.11 to produce
reasonable movement speeds at higher gradients. A
separate exponential curve was used to model on-

335 road movement for males (equation 2) and females
(equation 3). The models reduce movement speeds
by 5% for females (as shown by the .95 scaling factor
present in equations 3 and 5). Off-road movement
equations for males and females are shown as equa-

340 tions 4 and 5, respectively. The results of the curve
fitting are shown in Figures 8 –11.

Speed m=sð Þ ¼ 0:11þ e
� Slope þ 5ð Þ2

2�302 (2)

Speed ¼ :95� 0:11þe
� Slope þ 5ð Þ2

2�302

� �
(3)

Speed ¼ 0:11þ :67�e� Slope þ 2ð Þ2
2�302 (4)

Speed ¼ :95� 0:11þ :67�e� Slope þ 2ð Þ2
2�302

� �
; (5)

Figure 6. Off-road speed of navigation – males.

Figure 7. Off-road speed of navigation – females.

Figure 8. Irmischer model of on-road navigation speed –
males.

Figure 9. Irmischer model of on-road navigation speed –
females.
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where : Slope ¼ Δ elevation
Δ distance

� 100:

Visual inspection of the figures indicates that the
equations predict the bin means rather successfully.
Figures 9 and 11 show more variability than Figures 8
and 10, especially at extreme slopes, due to significantly

345 fewer observations. There were four times as many
male subjects as females. Additionally, 95 % of the
observations were taken at slopesAQ7 between ±65% slope.

The model can be quantitatively assessed by compar-
ing the observed route-based navigation times to the

350estimated times produced from using speed estimates
from the derived model. Estimated route times were
produced by applying the derived models to the recorded
GNSS slopes of all segments of each subject’s movement
trajectory. The mean average percent error (MAPE)

355between estimated and actual route completion times
was computed. MAPEs for the male and female groups
were both 9% . For comparison, Tobler’s hiking function
yielded a MAPE of 15% and Naismith’s rule produced a
MAPE of 20% . Graphical depictions of the results are

360shown in Figure 12. This plot shows the model deviation
from the actual values. If the modeled result exactly
matched the predicted route completion time, it would
fall on the superimposed line.

Discussion

Similar to eating or breathing, navigation occurs
365repeatedly throughout the course of a day. This

research focused on woodland, wilderness navigation.
This form of navigation is characteristic of natural
areas with forests, where today few humans live.
Forests are used by a variety of people: native tribes

370navigate to hunt and gather; hikers navigate through
forests to visit unexplored areas or get away from
society; search and rescue operators often seek lost
individuals; and the military uses forests during

Figure 10. Irmischer model of off-road navigation speed –
males.

Figure 11. Irmischer model of off-road navigation speed –
females.

Figure 12. Comparison of predicted vs. actual completion
times using the Irmischer algorithm.
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operations. This study has focused on the speed at
375 which individuals accomplish this essential

undertaking.
Movement speed during on-road navigation was

found to follow an exponential relationship over the
constrained ranges mentioned above. This study

380 found a general symmetry for navigation speed
based on slope with the fastest movement being
slightly downhill. This finding is in agreement with
Tobler’s equation but in contrast to Naismith’s for-
mula and research conducted by  Minetti, Christian

385 Moia, Roi, and Ferretti (2002) which reported a
non symmetric relationship. Movement at slightly
downhill slope was the fastest, occurring at 5% down-
hill slope on roads. This is the same as Tobler’s
estimate of −5% slope. The speed traveled at this

390 grade during navigation is 1.11 m/s for males and
1.05 m/s for females. This is 34% slower than Tobler’s
function, which estimates the fastest on-road hiking
speed to be 1.67 m/s. Naismith’s rule with
Langmuir’s additions predict a top speed more than

395  three times as great. Figures 10 and 11 show the off-
road navigation data and the resulting model. The
model shows the fastest off-road navigation speed
was 0.78 m/s for males and .70 m/s for females.
The exponential model for off-road navigation pre-

400 sented here best fits the data with a peak at −2% .
Tobler’s hiking function estimates the maximum hik-
ing speed for off-road movement to be 1 m/s.
Naismith’s rule is again significantly higher at
2.1 m/s.

405 This research was conducted as part of a broader
study investigating the energy expenditure of naviga-
tion (Irmischer, 2016). The measured times and velo-
cities for the subjects are averages over all of the
subjects tested. As USMA cadets, the tested subjects

410 are representative of military personnel. We note that
there are likely large differences in navigation speed for
different ethnic groups, cultures, and maybe even
classes within a single society. Many other variables
(weather, load, footwear, temperature, etc.) would also

415 increase this variation. Several other limitations of the
study require mention: (1) subjects were not under
direct observational control at all times, (2) subjects
were not navigating alone, and (3) constraints of the
measurement devices likely lowered the precision of

420 the models developed.
In most cases there were ~25 subjects navigating at

any given time, which made it unmanageable to
directly observe each while they maneuvered through
the woods. It was impossible to tell the exact activity of

425 a subject at a given time. For example, activities such as

resting, examining a map, or talking with a friend
would all look similar during data analysis. Ideally,
parsing non-navigational behavior would be optimal
in a study such as this.

430The fact that a second cadet was assigned by USMA
to travel with each subject as a safety monitor could
have had effects on subject’s speed of navigation or
how they moved. Despite instructions not to interfere
or assist with the navigational exercise, it is possible

435that the subject’s behavior was altered by this compa-
nion. Perhaps the safety monitor hindered the move-
ment speed or behavior of the subject, or assisted in the
navigation. Fundamentally, it is impossible to rule out
such interference during the data collection.

440Finally, the data collection devices had limited accu-
racy due to systematic GNSS errors, noise from the
receiver, and multipath error from the tree canopy. It
is likely that the GNSS produced locational RMS errors
near the magnitude of 4–6 m (Rodríguez-Pérez et al.,

4452007). This amount of error made it difficult to deter-
mine if the subjects were navigating on-road or off-
road with absolute confidence. Error from the Qstarz
device could cause entire segments of data to be mis-
classified. Additionally, because of receiver and multi-

450path error the elevation and distance estimates used in
computing speed and slope can be expected to be
inaccurate and could overestimate distances
(Ranacher, Brunauer, Trutschnig, Van Der Spek, &
Reich, 2016). AQ8Misclassification of data segments due

455to location error and the inaccuracies in the speed
and slope estimates are likely explanations for the low
goodness-of-fit metrics of the model at micro resolu-
tions. This is a contributing factor to the difficulty in
tuning the model at the individual data segment

460resolution.
Despite these limitations, the model derived in this

research replicates the route completion times of the
subjects well. The segment level data (10-s resolution)
of movement speeds is noisy because of the dynamics

465of human behavior and the use of GNSS devices under
canopy conditions. Nonetheless, using large numbers
of movement segments to predict route-based comple-
tion time yielded excellent results. For routes approxi-
mately 2-h long, the new model accurately estimates

470completion times within 10 min of the actual time.
This is about 50% better than Tobler’s function and
100% better than using Naismith’s rule.

Tobler’s function overestimates the time taken to
navigate, primarily because of his model predicting

475slower off-road navigation speeds, as shown in
Figures 6 and 7. Tobler’s curve underestimates naviga-
tion speed for slopes less than −15% and greater than
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5% . Also, his model for off-road hiking overestimates
navigation speed on the more level terrain between

480 −15% and 5% slope.
Tobler’s model for on-road hiking is better at pre-

dicting navigation speed overall than his model of off-
road estimates. However, similar to his off-road model,
his approximations for on-road movement on more

485 level ground outpace the subject’s actual movement.
It is probable that the subjects are stopping to plan
movement, select new routes, and make navigation
decisions on more level ground.

Naismith’s rule with Langmuir’s corrections under-
490 estimates the time it took the subjects to navigate from

point to point. Figures 4–7 show that almost all of the
curve derived from Langmuir and Naismith falls above
the empirical data collected during this study, most likely
because Naismith’s rule is primarily concerned with the

495 speed of locomotion as opposed to the speed of naviga-
tion which includes the cognitive cost of wayfinding.

The cost of cognition

In addition to development of a model for the speed of
navigation, this research has developed a framework

500 for defining the cognitive cost of navigation. Tobler,
and particularly Naismith, primarily estimate the speed
of locomotion on differing slopes. When devising their
curves, they were not studying subjects undergoing
arduous wayfinding tasks. In Naismith’s case, he was

505 hiking a known route. Tobler’s subjects were Swiss
Army soldiers hiking, who were not undertaking chal-
lenging navigation from an origin to a destination.
Using Montello’s theoretical framework of navigation
(Montello, 2005), we can devise an equation:

Navigation ¼ Wayfinding þ Locomotion:

Then a framework can be derived to study the cogni-
510 tive cost of navigation (wayfinding) if navigation speed

and locomotion speeds are known.

Cost of Cognition Timeð Þ ¼ Navigation Time

� Locomotion Time:

To calculate the cost of cognition, we assume that
Naismith’s rule or Tobler’s hiking function defines the
speed of human locomotion. Then, the difference

515 between locomotion and the model derived in this
research represents the cost of cognition during navi-
gation. There is a 34% difference between Tobler’s
maximum speed and the average top speed of the
subjects in this study, which can be attributed to the

520 cognition involved in wayfinding. Acts such as map
reading, analyzing the terrain, decision-making, asses-
sing one’s current position, and determining routes

have costs associated with them and can be quantified
using this rationale.

525Conclusion

This investigation of the speed of human navigation on
foot has developed and tested a model of navigation
speed. The measurement devices and the variance of
human behavior cause individual segment estimates to

530be somewhat erratic. However, the vastness of the
number of segments along a route mitigates these
limitations. Finally, this exploration of navigation,
locomotion, and wayfinding has developed a metho-
dology and framework to define the cognitive cost of

535navigation, which amounted to 34% of the task time in
the West Point data. The research has set the ground-
work and structure to further study the cost of cogni-
tion in the future.

The research presented here offers significant
540contributions to the fields of GIS and to the naviga-

tion modeling community. The models of naviga-
tion rates created in this research contribute to a
better understanding of the dynamics of navigation.
The ability to predict and model the speed of navi-

545gation has widespread use. Models of navigation
speeds can be used to help wilderness recreation
aficionados plan how far they can travel in a day
along specified routes. Archaeologists can use these
models to predict time-space computations of

550ancient travel. Back-country search and rescue
teams can use the equations to estimate ranges of
lost persons. The military will undoubtedly benefit
by using these models to plan missions that require
overland navigation. While models of hiking in the

555woods exist, none of these models have addressed
the cognitive aspect of difficult wayfinding.
Nevertheless, this research has developed a model
for human navigation that includes both wayfinding
and locomotion.
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