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Abstract: This paper presents a set of hands-on activities to be used as an introduction to vector terminology common in the New York State Regents Physics curriculum through a focus on displacement and velocity vectors.  With inexpensive equipment student are able to visualize the tip to tail method of vector addition, determine the horizontal and vertical components of vectors and observe the combination of two concurrent parallel or perpendicular vectors.  Students observe the motion of a toy on a moving grid to establish the concept of frame of reference for relative motion.  The terminology and level of difficulty are geared toward a high school Regents class.  Through guided activity worksheets, student groups explore scenarios that frequently appear on the New York State Regents Physics exam related to vectors.      
Introduction:  

Vectors are a universal skill set for the study of physics.  Students have greater difficulty with vectors than is reflected in many high school curriculums.  Failure to address the central role of vectors in problem solving early on in the curriculum leads to student difficulty with problem solving throughout the entire year.  This paper summarizes a method for introducing vectors early in the Regents Physics curriculum as part of a unit on non-accelerated motion.  The activities introduce the vector skills and vector terminology that are appropriate to the New York State Regents Physics Core Curriculum.  The introduction of vector quantities and vector operations are limited to displacement and velocity scenarios while promoting skills that apply to projectile motion, superposition of forces, momentum and force fields. 

The two activities presented in this document, “Activity One: Ladybug Transit” and “Activity Two: Ladybug on a Conveyor Belt” provide instructional tools that make vector characteristics both explicit and highly visual for learners.   Each activity is conducted in the space of a student desktop, making it visible to each group member.  Students observe the motion of the toys and apply prior knowledge from the kinematics unit, geometry and algebra.  Activity One “Ladybug Transit” allows students to resolve vectors into horizontal and vertical components by graphical methods and introduces the equations necessary for the analytical commutation of vectors.  During activity two, “Ladybug on a conveyor belt”, students observe the combination of concurrent parallel or perpendicular vectors using a moving toy and a moving grid to model two dimensional motions.   By observing the toy relative to the grid and relative to the fixed frame students will learn that both path and velocity are dependent on the frame of reference.  Guided questions are used throughout the activities to support concept development, vocabulary acquisition and skill application.    

Vectors in the New York State Regents Physics Curriculum

The following chart (See Table 1) summarizes the portions of the Standards from Mathematical Analysis and Scientific Inquiry that relate to vectors in the New York State Physics Core Curriculum.  

	Table 1:  Vector Skills From the NYS Physics Core Curriculum

	Standard 1: Mathematical analysis

	Key Idea 1: Abstraction and symbolic representation are used to communicate mathematically

· use scaled diagrams to represent and manipulate vector quantities

	Standard 4: Scientific Inquiry

	Key Idea 5:Energy and matter interact through forces that result in changes in motion.

	5.1a
	Measured quantities can be classified as either vector or scalar.

	5.1b
	A vector may be resolved into perpendicular components.

	5.1c
	The resultant of two or more vectors, acting at any angle, is determined by vector addition


(NYSED, 2008) Full text available at http://www.p12.nysed.gov/ciai/mst/pub/phycoresci.pdf

Throughout the year students are confronted with problems that require combining parallel or perpendicular vectors quantities and resolving vectors into horizontal and vertical components.   Students are also tasked to graphically solve for the resultant of two vectors using either head-to-tail or parallelogram methods for scaled vectors that are not necessarily aligned to the horizontal or the vertical axes.  

While questions in the student worksheet are occasionally above the difficulty of the Regents curriculum they are designed to confront common misconceptions that lead to challenges as students develop a greater understanding of vectors in over the course of the year.    If vector presentations are limited solely to those presented on past Regents Physics exams, students may develop misconceptions.  In order for a student to transition from the basic level of functionality listed in Key Ideas 5.1a-c in the Table 1, to mastery of skills and concepts in the remainder of the curriculum, learners must be able to demonstrate the following skills and understanding: 

· Define terms such as displacement, velocity, resultant, equilibrant and component. 

· Establish the relationship between component vectors and the resultant vectors including the concept of additive inverse (Arons, 1995, pg 107)

· Define the meaning of a negative vectors in relation to the horizontal and vertical axes
· Understand that vector quantities are not fixed to a location (Brown, 1993)

Literature Review: 

In the same way that physics education has focused on modifying instruction to explicitly address student misconceptions related to forces through the Force Concept Inventory introduced by Hestenes, Wells and Swackhamer (1992), physics instructors must also take steps to address student preconceptions with vector quantities.  The Vector Knowledge Test, administered to introductory college level physics courses comprised of primarily science majors, revealed that nearly half of the students who reported prior exposure to vectors from high school physics or math entered the class with no useful knowledge of basic vector skills (Knight, 1995).  High school teachers no doubt struggled to present the material but students did not develop any long term skill sets.        
In probing student preconceptions about vectors, Aguirre presented seven vector characteristics that require explicit instruction (Aguirre and Erickson, 1984).   A common theme to the seven characteristics outlined in Aguirre’s research is the role of the reference frame in understanding vectors and the independence of each component vector.  Based on interviews and activities, Aguirre concluded that students commonly held preconceptions regarding vectors include the following: (Aguirre, 1998)

· Speed and displacement are independent of frame of reference

· Vector components act sequentially rather than simultaneously

· Time is different for the resultant path than for the components

· Magnitude of component vectors change when two vectors interact
Specific recommendations from the analysis of the Vector Knowledge Test (Knight, 1995) suggest vectors should be introduced over a course of several weeks prior to introduction of projectiles or Newtonian mechanics.   Subsequent investigations using diagnostic testing of introductory college students noted that students demonstrated some intuitive knowledge of vectors but lacked the ability to apply skills such as tip-to tail and parallelogram methods of vector addition (Nguyen and Meltzer, 2003).
Many physics textbooks present vectors during a unit on forces and then transition quickly to other quantities such as velocity, acceleration, momentum and displacement.  From a students’ viewpoint “adding velocity arrows appears very different from adding displacement arrows, and acceleration arrows are totally incomprehensible”  (Arons, 1997, p107).  
Displacement vectors in some scenarios are successive rather than concurrent.  As a result displacement vectors are the simplest starting point; however, as instructors transition from displacement vectors to force vectors, students are bound to get confused unless the nature of each of these quantities is discussed (Roche, 1997).  Care must be taken in curriculum planning to allow adequate discussion and exploration with the addition of each new vector quantity.  Students who grasp the idea of vectors as they relate to velocity have significant difficulty translating those skills to acceleration.  Shaffer and McDermott found in a survey on introductory physics students, graduate students and physics TA’s, that the ability to correctly draw and label a velocity vector was markedly greater than the number of students who were able to correctly draw and label an acceleration vector (Shafer and McDermott, 2005).  

Alternative Vector Instructional Strategies:
A number of activities are widely used by teachers to introduce vectors to students.  Some of these activities represent valuable experiences for students but would be more effective during the concept application of a learning cycle rather than during the exploratory or conceptual development phases (Maier and Marek, 2006).  

A force table is one of the more common introductory experiences for teaching vectors, mechanical equilibrium and the vector triangle (Greensdale, 2002).   From personal experience, this activity when used as an introduction is counterproductive for many students.  While students are engaged in the exploration phase, the concept development stage is ineffective for many learners because they cannot assimilate the data from the force table with vector tasks related to motion.  If preceded by the activities outlined in this document, a force table might serve the role of concept application.  


A variation on a method I have tried with a past class is outlined in Erdman’s “Outdoor Vector Lab” (Erdman, 2004).  Erdman also expresses frustration with the prevalence of the introductory force table lab.  In this lab activity students are tasked to “Find the distance between the two points shown to you” using strings, protractors and measurement devices such as meter sticks or measuring tapes.   The points in this lab are on opposite sides of a large structure such as the school building.  As students engage in the problem solving they must decide whether they should focus on resultants or components of the vectors to a common point.  This method leads students to a discovery of the orthogonal components of vectors.  While the approach provides an exploratory activity it is logistically impractical for many school buildings due to size or student supervision requirements.  Similar activities can be completed with the aid of a GPS with great accuracy (Larson, 1998).   


Vector treasure hunts are a popular method used to introduce vectors.   In this investigation students use a compass to create a treasure map using vectors.  The map is then passed to another group for them to follow (Windmark, 1998).  This method requires prior knowledge of head to tail addition.  Whereas the method used for with the Never Fall toy allows students to discover head to tail addition in the process of exploration.     


Another common way of addressing two dimensional vectors is to demonstrate a constant velocity car moving on a piece of long thin craft paper (Mader and Winn, 2008,  p101-5).  The orientations of the car and paper are varied to illustrate the effect of direction and magnitude of the component vectors on the resultant displacement and velocity of the buggy.  This approach provides a good visual but does not allow for effective exploration and data collection by all members of the group.  In the past I have found this demonstration effective for some students; however, it has not served well as a common experience to reference with students.  While this demonstration is useful in reinforcing the independence of horizontal and vertical motion for the application phase of vectors it does not explicitly address many of the other aforementioned misconceptions.  

Required Student Prior Knowledge and Curricular Rationale for Activities

The activities presented in this document are intended as an introduction to vectors for Regents Physics students with little to no prior exposure to vector quantities.  Activities are designed to introduce vector vocabulary as it is applied on the NYS Regents Exam and provide a visual introduction to the characteristics of vector quantities to be used throughout the year.  After several years of trying various instructional strategies outlined previously in this document without great success, I designed these activities to specifically address common problems that were frustrating students.   
In our school, eighty-five percent of students are concurrently enrolled in the NYS Algebra 2 and Trigonometry course, ten percent of students are concurrently enrolled in the NYS Geometry course and five percent are enrolled in a higher level math course.  The Algebra 2 and Trigonometry course is the first occurrence of vectors in the math curriculum.   A prior knowledge of SOH CAH TOA can be assumed, but students have never confronted the idea of directionality as part of geometry or problem solving with trigonometry functions.  While this seems like a simple added step, many students struggle with assigning a direction to a resultant.  

These activities are intended to be utilized just after the introduction of the terms displacement, velocity, vector and scalar.  Students should already be able to distinguish between the paired vector/scalar terms of distance/displacement and speed/velocity.  Students should also be familiar with equations for constant velocity.  Basic vector terminology, such as resultant, equilibrant and horizontal and vertical components should be presented in the introduction to the activity along with a review of basic geometry.   The equations listed on the Physics Reference Table [Ax=Acosθ and Ay=Asinθ] are introduced as part of Activity One and applied throughout Activity Two.   
The activities are designed to specifically address vector misconceptions outlined by Aguirre (1988) upon the introduction to vector quantities.  The following table outlines the misconceptions and the strategy utilized within the activity to address the misconception. 
	Table 1: Vector Misconceptions (Aguirre, 1988) addressed in Activity Two: Ladybug on a Conveyor Belt

	MISCONCEPTION
	ACTIVITY CONNECTION

	Path is an intrinsic property of a moving body; that is, it is independent of any reference frame
	In each scenario students measure the displacement relative to a fixed frame in order to reinforce the idea of relativistic motion

	The magnitude of the component velocities increases/decreases due to the interaction with the other component
	Students reference the average velocity found at the outset of the lab against the component velocity of the bug in each stage.  Students observe that the motion of the paper has no impact on the component velocity of the toy.  Students can also directly observe the independent motion of each component.  

	Speed is an intrinsic property of a moving body, and it is independent of any reference frame.  
	For each scenario students determine the velocity relative to the fixed frame in order to reinforce the idea of relativistic motion.

	Time along the resultant path is shorter than time it takes for the vertical or horizontal component. 
	Students only record a single time interval that applies for all pieces of data.  



Each activity utilizes a guided worksheet [Appendices A and B], but requires active manipulation of materials and critical thinking.  Students will work in small groups to problem solve throughout the guided activities.  Due to the fact that this is an initial introduction to vectors, students would have great difficulty creating the scenarios for themselves.  The purpose of these activities is for students to continually reason through problems involving displacement and velocity so that they can draw conclusion about the nature of each quantity.  The guided worksheets require students to compare and contrast the two vector quantities under investigation:  displacement and velocity.   It is important to encourage students to make distinctions between each vector quantity that is introduced subsequently in the curriculum.   
 Activity One requires roughly 45 minutes for introduction, student work and discussion.  If necessary some of the discussion can occur during a later time frame.  Activity Two requires roughly 90 minutes for introduction, student activities and discussion.  The completion of the follow-up questions may require additional class time or can be assigned as homework.   

The terminology used in the activities is consistent with presentations of material on the New York State Physics Regents Exam.  Some of the questions are specifically modeled after common types of questions that appear on the state assessment.  This is done with the intention of drawing parallels between experience and phrasing that frequently causes frustration on the part of students.  
Equipment: 

“Never fall” wind-up toys are widely available on-line and in toy stores for a cost of approximately $3-4 each.  The toys pivot when they reach an edge of a surface or they change surfaces.  A dry erase surface with a grid applied to poster board or thick cardboard is ideal for making the toy pivot and allowing students to mark the motions.  The movable surface should be 50-60 cm in length and 25-35 cm in width and have a smooth finish.   (The toy should be able to traverse the width in 10 seconds while undergoing constant speed).  A surface cut from a gridded dry erase poster board provides the ideal surface as it allows you to verify the straight-line horizontal and vertical motion of the toy throughout the lab and allows students to mark-up surface as they see fit.    


It is advisable to purchase extra toys to allow for malfunctions or breakage.  The cost of each lab set-up, consisting of grids with poster board and toys came to approximately $10.  The cost would increase if basic lab supplies such as stop-watches and meter sticks are not already available.  
Activity 1:  Displacement vectors with a “Never Fall” wind-up toy – Ladybug Transit
Purpose:  
Students will observe the motion of a Never Fall wind-up toy as it moves around the board as an introduction to the method of head to tail vector addition.  Students will break-down each vector into horizontal and vertical components and tabulate in a table as a method to determine the relationship between the components of vectors and the resultant.  Once they have determined the overall horizontal and vertical displacement students will determine the resultant displacement of the toy using basic trig and geometry.  Students will be introduced to the basic mathematical steps used in solving vector problems.  
Procedure and Instructional notes:
Students should label the dry erase board with a Cartesian axis at the outset of the activity to avoid confusion as they proceed.  With a fully wound toy, students should place the toy in the center of the board and track the motion of the toy on the board with a dry erase marker.    A toy should be able to make a minimum of three distinct vectors but more are possible.  Students should add arrows to their diagram to indicate the direction of motion for each vector.  The start and finish point should be labeled (See Figure 1).  

	
	Horizontal X
	Vertical Y

	A
	2
	3

	B
	3
	-5

	C
	-3
	-3

	D
	-5
	3

	∑
	-3
	-2
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Figure 1- Sample student work steps A-D
        Figure 2- Sample of student data steps E-F       
Students will determine the horizontal and vertical component of each vector by counting squares on the grid.  The main goal during this phase is to learn the method for graphically determining components.  Once students determine individual components they will find the sum of all horizontal and all vertical motion.  (See Figure 2)

 
If time is an issue students may need to copy the work onto a piece of graph paper for use a second day.  

In the second stage of the activity students will draw the resultant vector with a directional arrow directed from the start point of the toy to the end point of the toy (See Figure 3).  Students will determine the horizontal and vertical component of the resultant and compare those values with the overall horizontal and vertical motion found during phase one steps A-F.  
	Resultant X
	Resultant Y

	-3
	-2
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Figure 3: Drawing resultant
Students will then re-write the vectors from their list onto individual index cards without indicating the order in which the vectors were “mapped”.  Groups will exchange card piles and using graph paper solve for the other teams resultant displacement vector using the skills learned during the prior stage.  

After completion of steps L-O of the activity on the Activity One Student Worksheet, students are introduced to four resource equations based on SOH CAH TOA and the Pythagorean Theorem that will be used for vectors throughout the year. (R stands for the resultant of any vector quantity)
Rx = Rcosθ  

Ry = Rsinθ  

θ=tan-1(Ry/Rx)            R2=Rx2 + Ry2  
The New York State Physics Reference table uses the variable “A” in place of R.  At this point “R” is used to reinforce the term resultant.   Throughout the year other variables will be used in place of R, such as “vi” for initial velocity, “F” for force or “d” for displacement.  While this activity uses displacement vectors, the use of the “R” is preferred as it aids in vocabulary acquisition of the term resultant.    
Activity 2:  Two-dimensional motion or “Ladybug on a conveyor belt”  
Purpose: 
Students will explore the simultaneous motion of a wind-up toy and the surface on which it moves.  This exploration will be representative of concurrent motion such as a boat on a river or a person on a moving sidewalk.  
In addition to the wind-up toy, students will require a fixed dry erase surface with meter sticks attached.  This board and the meter sticks will be the reference frame for the motion of both the movable surface and the toy.  (See Figure 4)
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Figure 4:  Activity Two Equipment Set-up
Procedure and Instructional Notes: 
Students should practice several times with the equipment before they begin taking data.  Several actions need to be coordinated and every member of the group must be prepared to make the appropriate measurements and recognize events which might lead to error.  If errors are recognized, students should repeat the scenario.  Decisions should be made by the group relating to measurement techniques.  For example, a common point on the toy should be agreed upon for determining displacement of the ladybug relative to the grid and relative to the frame of reference.  Students could select the front, the wind up knob or the back feet as long as they agree upon a common reference.  Strategies such as marking starting points should be decided upon by each group.   Each student should be assigned a role within the group.  Here is a possible division of tasks for a group of three students:  

· One student pulls paper at a constant speed
· One student times the motion

· One student winds the ladybug, releases the ladybug and stops the ladybug.  This individual is responsible for clearly communicating start and stop to the other members of the group. 

· At the conclusion, one student should use a dry erase marker to indicate each of the following end points 1) the grid relative to the fixed frame 2) the ladybug toy relative to the grid and 3) the lady bug relative to the fixed frame.  This task could be assigned to the student with the timer or a fourth group member if possible.
Students will then take measurements and record in the data tables provided for each scenario.    

At the outset of the activity, each student group should define the horizontal and vertical axis.  Since the activity requires 3-4 participants it should not be assumed that each individual has the same view point, but they must agree on the same definition for the positive axes.  The gridded surface moves between the meter sticks on the horizontal axis in either the positive or negative direction.  The toy can move in any direction but will be limited in this activity to motions parallel or perpendicular to the surface.  The grid is useful in verifying the toys horizontal or vertical motion.  If the toy deviates from straight line motion, the trial should be repeated.  If a slight deviation is unavoidable due to a malfunction of the toy’s mechanism, students should make note on their data and move on.   The fixed dry erase board and the movable grid must be clean and flat so as not to interfere with the toys turning mechanism.

Students must first determine the average speed of the toy on the gridded surface.  This value will be used as reference throughout the lab.  After several trials with the toy, students should find a fixed distance reached while toy still maintains a constant speed and determine the amount of time it takes for the toy to reach that point.  (This will vary depending on the type of toy).  In this discussion the toy will be referred to as a ladybug, which was the toy used in the activity at our school. 

During the first phase of the activity students observe the addition of parallel vectors by moving the toy and paper in the same direction and then compare with motion in opposing direction.  In addition to collecting data and observing the resultant motion, students are asked to translate information into a graphical representation of the components and the resultant.  (Student questions #2 and 3).  Students are led to make a conclusion about how the relative direction of motion impacts the size of the resultant (Student question #4).  
Questions 5 through 11 apply to scenarios in which the components are perpendicular.  Two questions require students to collect data and analyze in a similar method as previously used with parallel vectors.  It is important to check student diagrams of head-to-tail or parallelogram addition to be certain that the resultant drawn in the diagram matches the actual path of motion for the toy.  
At the initial stages of this investigation, students are asked to make the horizontal and vertical velocities a similar magnitude.  Several questions contained in this portion of the activity introduce the idea of inequality between the horizontal and vertical in order to assess the students’ ability to visualize the resultant angle based on the relative size of the components.  A prediction stage is added during this step to encourage students to move beyond pure drill practice with equations and to assess student ability to apply reasoning behind the equations.  

After a significant number of practice questions asking students to find the resultants from the horizontal and vertical components it is advisable to change the pattern.  This ensures that students are able to identify the variables and apply the concepts rather than just plug in values and solve.  Questions 12-14 require students to apply the same set of equations that have been used throughout the lab but in with different input values. 
Outcomes:


The activities were conducted in their entirety in my classroom with 93 Regents Physics students across three sections containing 31 students each.  Students were grouped primarily in groups of four with a one group of three in each section.  Two other teachers used the materials to provide an interactive demonstration without the full worksheets with a total of 175 students for the purpose of providing students with a visual activity for concurrent velocities.  These teachers continued to use the force table lab to reinforce vectors.  These activities were not used in either of these classes as an introduction but rather as a part of a unit review.  

Overall the activities kept the students engaged and students were actively questioning the predictions against the results.  While students initially needed significant help with understanding the set-up of the materials and the vocabulary adapted quickly after some discussion and examples.  From my viewpoint the activities and the rearrangement of teaching sequence achieved the objectives for which it was designed; to confront vector misconceptions at the outset of concept development.  This conclusion was corroborated by evidence from a common assessment on motion given to the 268 students who had exposure to the activity.  The common assessment covered all aspects of motion from constant velocity through two dimensional projectiles.  While no significant difference was noted between percentages of incorrect answers for twelve of the twenty test items not related to the activities, the eight test items that related to vectors showed a significantly higher success rate for students who completed both Activity One and Activity Two as part of the introduction to non-accelerated motion (See Appendix C).  Specific items from this assessment and item analysis are outlined within this discussion.   Overall the incorrect response rate was consistent for all 8 items suggesting that as a whole only a handful of students continued to show any significant deficits on vector skills.   Upon further investigation many of the same students were represented within the group who incorrectly answered these questions.  

Feedback for Activity One: Lady Bug transit 

After minimal instruction, students were able to successfully determine the horizontal and vertical components of each vector without much difficulty.  With guidance they were able to determine the total horizontal and total vertical displacement for the toys motion.  Students easily applied the Pythagorean Theorem to determine the length of the hypotenuse but only a small portion of students understood the significance of that step in determining the overall resultant.  Equations involving the determination of the angle were introduced for the first time at this point, so while many were able to manipulate and solve, students were not at a stage at which they could replicate the process.  By tying the action of the toy to the resultant or hypotenuse of the triangle, the directionality of the horizontal and vertical components was intuitively understood in a way that is not as clear when presented in a lecture format.  When asked if the horizontal component was positive of negative students were able to respond correctly with little need for explanation.  Only a handful of students demonstrated any difficulty, which was easily remedied by asking them to describe the overall motion and then break it down into components.  Many students were able to explain correctly in the conclusion   From experience this is a more advanced stage than most students reach upon initial introduction to vectors.  

The idea that the summation of the horizontal and vertical components of the motion was equal to the horizontal and vertical components of the resultant displacement was retained by many but not all students as we proceeded through other stages of concept development.  
Even though students were instructed during the introduction that the order of vectors does not impact the resultant, the process of switching component values from one group in a random order of vectors was instructional.  Some students tried to sneak a look at the partner groups diagram so they could replicate the order and be the ones who get it right.  Those students were completely shocked to find that the order of addition is irrelevant to the outcome.  

The final phase of the activity was a largely successful activity for introducing the reference equations.  Some guidance was still required for identifying variables to substitute into equations.  Most students were able to recognize the difference between the addition of parallel vectors and perpendicular vectors by the following day.  More than half of the students were able to determine the resultant and angle based on horizontal and vertical components in a introductory problem the following day and during the first portion of “Activity Two: Lady bug on a conveyor belt.”   In light of past experience with the force table, lab this activity was highly successful despite the fact that students did not all achieve mastery at this point.  A higher number than in previous years demonstrated a functional skill level as evidenced by test outcomes.  

Activity 2: Ladybug on a Conveyor Belt


At the outset of Activity Two students showed some frustration with the coordination of the materials; but, this was quickly resolved with some individual instruction for each group.  The nature of the data in this lab invites some error but is sufficient to demonstrate the major ideas to students.  

This activity serves not only to reinforce the idea of a vector but also to further develop the idea of displacement, speed and velocity.  Regular checks of understanding are critical.  As I walked around the room I heard many conversations in which students were actively working through the difference between the idea of displacement and velocity.  In several cases I needed to work with students on the difference between the two values.  This was a very instructional moment for me.  The difference between the idea of distance and speed seems implicit.  Several students needed to engage in a discussion about the difference between the distance traveled and the rate of travel before they were able to proceed with the worksheet and build vector skills.     

The activity provided a useful visual for students to establishing a model for future discussions.   The method I used to help students understand the idea of reference frame was to query students as to what would be observed from various view points.  Examples of queries included: “what would lady bug moving parallel on the vertical path to the first ladybug observe?”; “what would a ladybug moving only due to the horizontal motion of the paper observe?”; and “how are these motions different from a lady bug watching from a completely fixed position near the starting point?”.  Each of these could be directly observed through demonstration.  After adequate discussion students were able to explain the role of frame of reference in determining the magnitude and direction of the resultant.  

The first part of the activity deals with the parallel velocities.  Students are tasked with determining the resultant displacement and velocity of the ladybug toy if both the lady bug and the paper are moving in the same direction.  Students recognize quickly that the displacement of the paper with respect to the frame of reference and the displacement of the lady bug on the grid add to equal the total displacement of the bug relative the fixed frame of reference. 


In past years, I hadn’t explicitly discussed frame of reference with students; however, after completing this activity with the students I realized that the concept of frame of reference was critical for students who struggle with presentations of vectors added at different angles.  (See Appendix C; June 2008, #38 or June 2010, #2 ).  Most students at this stage of learning needed to understand the difference between the ladybug’s motion relative to grid and the ladybug’s motion relative to the fixed frame.  In subsequent lessons, I was careful to provide scenarios which considered frames of reference for students such as person moving on an escalator or moving sidewalk.  I attribute the high success rate of students on this type of problem on the common assessment (Appendix C) to the added focus on frame of reference.   Given enough practice problems with a frame of reference, the majority of students were able to visualize the situation.   


The ultimate goal of this activity was for students to recognize the concurrent nature of the components and to visualize both parallel and perpendicular vectors.  It was particularly rewarding to observe the conceptual connection made when students explored perpendicular velocities.  This was the first time students showed a true recognition of the idea that a single object was experiencing two different velocities in such a short period of time.  In past years I have been forced to move on from projectile motion without evidence of mastery because of time constraints.  The resultant displacement and the resultant velocity were represented by the actual path of the toy.  While this is a statement that I make frequently in relation to projectiles, this is the first time that students seemed to be able to verbalize the idea to me rather than nod with vague recognition.  This realization is an important idea to establish before beginning a discussion of projectiles.  


Once students established the idea for independence of horizontal and vertical motion, they moved quickly through the phase of the activity in which the horizontal velocity vector was changed in order to determine the impact on angle of motion.  This provided an important framework for many subsequent vector skills.  After this activity I was able to introduce the idea of initial velocity components for objects launched at angle without progressing the projectile phase after launch.  By the time we addressed projectile motion several weeks later, students had significant practice with two dimensional vectors and some of the difficulty separating the two tasks was be minimized.   


The common assessment question that best represented this skill asked students to find the horizontal component of a ball launched at an angle.  Only 4% of students in my classes were unable to correctly set up the equation and solve compared to %15 for the larger group.  The follow up question which required determining the height of the projectile had a success rate consistent with the other classes.  This question is not related to the activity so it is not item analyzed in Appendix C.  

In classes where teachers had completed significant instruction prior to the activity, teachers reported that the greatest impact occurred for students who had struggled with visualizing problems up to this point.  One teacher commented that one group of students exclaimed “Now I get it!”   This was not the response of the same students after the Force Table Lab.    The other useful feedback from one colleague was that the activity set the stage for the discussion of the independence of horizontal and vertical components.  During the activity, students concluded that the vertical motion of the bug was not affected by the horizontal motion of the gridded surface.   Introducing two separate axes in this scenario allowed students to develop the idea of two things happening simultaneously to a single object.  The other teacher stated that this visual translated easily to the independence of horizontal and vertical motion for a two dimensional projectile.    


For each scenario students were tasked to create vector diagram based on data and observations.  The connection between the observed motion of the toy and the task of drawing the vector diagram illustrated clearly for students the directionality of the resultant vector.  In five years of experience with the Regents Physics course, this is the most effective strategy I have found to teach students how to draw or identify a resultant vector using either the tip-to-tail or parallelogram method of vector addition.   In past years, a small portion of students demonstrated great difficulty with this seemingly simple task.  Despite the arrows on the components they would draw a line to complete the triangle and arbitrarily assign a direction.  


For my students, assessments of this skill from tests and quizzes when compared to prior years showed a significant improvement in mastery early on in the unit.  This data comes from recorded skill checklists by curriculum date rather than specific question item analysis.  Tests are varied year to year and even within the class.  This conclusion was further supported by the comparison of outcomes for a question that on a common assessment given to 268 physics students at the conclusion of the first academic quarter.  The question asked students to draw in a resultant given two tail-to-tail vectors.  The 93 students who completed the activity with the worksheet had a four percent incorrect response.  By contrast the 175 students who were exposed to the activity by demonstration or as just a quick visual reinforcement had a 13 percent incorrect response rate.   The 4% of the students who got this question wrong drew an arrow between the tips.  The larger group made a similar error but at a much higher rate.  The common assessment was given a month after the activity was completed, suggesting a high level of student retention.  


When queried about the reason for an incorrect response, students who had some level of understanding would often reflect on the activity as an explanation for a corrected direction of the resultant vector.  A similar problem was presented in quiz given only to the 93 students who had completed the activity; however, in this problem the vectors were shown tip to tail.  The rate of incorrect responses for this scenario was also minimal but in that case the line was drawn correctly in all but one case.  An additional 4 students did not include an arrow on the resultant vector. 

Conclusions:


After introducing the lady bug activity on the moving grid, I developed a new appreciation for the difficulty prior students experienced when attempting to connect observations from the force table lab to motion problems.  Force tables do not encourage students to confront preconceptions involving frame of reference or help students develop the characteristics of vector quantities.  Understanding the frame of reference is critical to visualizing two dimensional velocity problems. Vectors and vector arithmetic are crucial skills for a successful physics student.  The literature supports my personal finding that students find vectors very challenging and that more instructional time and care must be devoted to developing student understanding.  The background literature on how students learn vectors and student level of understanding contains many conclusions that instructors at the college and high school level do not realize how much difficulty students have with learning vectors. (Shafer and McDermott, 2005; Knight, 1995; Nguyen and Meltzer, 2002; Arons, 1997).   
While some teachers may in fact gloss over some concepts mistakenly assuming the ideas to be implicit understandings, many teachers do in fact attempt to address the various preconceptions referenced within this document.  In my opinion many teachers are very aware of the degree of difficulty student encounter when learning vectors, but lack of time and effective tools minimize the number of students who will reach mastery of these skills.  A commonly held view is that vectors are simply “over the heads” of students.  Additionally, planning adequate curricular time for this introduction strategy is difficult but necessary for future skills.   One of the difficulties in convincing teachers to expand time spent on vector quantities is the seemingly minimal treatment of complex vector problems on the New York State Regents; however, vector skills underlie a number of questions that might be categorized under a different topic.  More investigation would be needed to find out whether student difficulty with some of these concepts arises from a lack of vector knowledge, a lack of understanding of the specific concept or a combination of both.   

Despite the challenges with equipment manipulation posed by these activities, both were very effective tools for developing both vector understanding and vector computation skills.  Students often referred back to the activities when explaining answers in subsequent drill exercises demonstrating that they served the intended role of a highly visual set of touchstone activities.    With each new addition of a vector quantity throughout the curriculum, thought must be given to how students visualize the combination of the new vectors quantity, but the characteristics of vectors presented in this unit can be applied.  A higher functional skill level with vectors from the outset allows students to focus on new challenges while perfecting existing skills rather than making students feel overwhelmed by the compounding effect of the content.
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How do I reference the many REGENTS EXAMS Included in the APPENDIX and throughout the document?
Appendix A: 

Activity One - Student Worksheet:  Introduction to Vector Components
Procedure:  Map the path of the wind-up toy as it moves around the board. 
A. Assign directions on the board representing the directions of +x, -x, +y and -y

B. Fully wind the “Never Fall” ladybug and place at a location on the dry erase board. 

C. Trace the motion with a dry erase marker.  Use an arrow to indicate the direction of the toy.  Each line is a vector.  [Optional: Copy the motion of the toy onto a piece of graph paper indicating scale of original grid in centimenters (ie, 1 block equals)]
D. Label each vector with a letter.  
E. Determine the horizontal and vertical component of each vector by counting grid blocks.  Note the sign of each motion according to grid set-up in Step A.  Record in table provided below. 
	
	Horizontal X
	Vertical Y

	A
	
	

	B
	
	

	C
	
	

	D
	
	

	E
	
	

	
	∑
	∑


F. Determine the total horizontal and vertical components by finding the sum of each column.

G. Create a triangle using the total horizontal and vertical components from the table (Draw in the space below, horizontal first).  Using your knowledge of geometry and trigonometry, what is the length of the hypotenuse of the triangle?   What is the angle between the hypotenuse and the horizontal component?  Based on the X and Y values, in what quadrant is this vector?
H. Draw a line from the start point to the end point of the ladybug motion with an arrow pointing toward the end point.  This line is called the resultant. 

I. Determine the horizontal and vertical components of the resultant vector by counting on the grid.

X = 



Y = 

J. Draw a triangle with horizontal and vertical components from the previous step keeping direction of the components in mind.  Determine the length of the hypotenuse using Pythagorean Theorem.  Provide a scale based on the length of one block on the reference grid.  
K. Write each of the vector pairs from the table in step E onto an individual card.  Mix up order of the cards and exchange with another group.  On a piece of graph paper, diagram the motion of the other teams toy using vector skills.  Determine the resultant.  Compare the values with the other group. 
L. Motion without a grid - Starting the ladybug from near the center of a blank dry erase board, allow it to move one single path to the edge of the board. The lady bug must travel a path that is entirely horizontal or vertical. Trace the vector and indicate direction with an arrow.  Measure the length in cm of the vector and determine the angle of the vector relative to the horizontal axis.  Record values in the table below. 

	Magnitude or length of Vector (cm)
	Angle or direction of vector relative to x axis

	
	


M. On the dry erase board, draw the horizontal and vertical components of the vector indicating appropriate direction. Measure the length of each vector and use a + or – to indicate appropriate direction on either axis.  Record values in table below. 

	Magnitude of length of the horizontal component (cm)
	Magnitude or length of the vertical component (cm)

	
	


N. Draw a scaled version of the resultant displacement and the horizontal and vertical components in the space provided below:  [draw horizontal and then vertical when making triangle (ie              ).  This is a standard form that will allow us all to have the same reference angle)  
O. Using your knowledge of SOH CAH TOA determine the angle between the resultant and the horizontal.  Show your work. 

Questions
1.  How do the hypotenuse from step H and the hypotenuse for step J compare? 

2. What conclusion(s) can you draw from this finding?  

3.  In Step K you were not provided with any order for adding vectors.  Did the random order have any impact on the magnitude or direction of the resultant vector?  
4. What is the vector term for the hypotenuse of triangle that results from combining the horizontal and vertical vectors?  

5. What type of vector quantity is represented in this activity?
Conclusion (Complete in the space below): Compare the distance traveled to the displacement of the lady bug toy.   Explain the difference in process for finding each value.  In your comparison, explain the terms vector and scalar in terms of the concepts of distance and displacement. 
 Appendix B: Student Worksheet #2:  Ladybug on a conveyor belt
Purpose:  To investigate and represent the motion of an object experiencing two simultaneous (concurrent) velocities.  Vector addition and vector resolution will be used to analyze the motion of a wind-up toy.

Materials: 

Wind-up ladybug

 3 Meter sticks
 Dry erase grid

 Large dry erase board
Stop watch 

Procedure: 

A.  Motion of the toy is due to wind up device.  Before all experiments the toy will be fully wound. 

B. The paper moves along the horizontal x axis by pulling it at roughly constant speed

C. The relative motion of the objects is found by moving both the paper and the toy between stationary meter sticks
Prior to all data collection students should practice coordinating materials and establish a realistic division of labor.  See your instructor if you need assistance with this step
Data and Calculations 

1. Determine the average speed of the ladybug as it moves toward the right across a stationary grid.  (Take the average of 3 trials).  You will use this average speed as a reference value throughout the lab. 
	Toy Data

	Distance (cm)
	Time
	Speed

	
	
	

	
	
	

	
	
	

	AVERAGE
	


2. Determine the resultant velocity of the toy and the paper if both have a rightward velocity.  Attempt to move the paper at a speed similar to the toy.  Fill in measurements on the table below

	Time of Interval
	Displacement of paper relative to meter stick 
	Displacement of ladybug relative to the grid
	Displacement of the ladybug relative to the meter sticks (resultant)
	Velocity of the paper  
	Velocity of the ladybug on the paper
	Resultant velocity of the ladybug

	
	
	
	
	
	
	


a) Show your work used to determine the velocity values for the chart above

b) Construct a vector diagram that shows how the displacement of the toy and the displacement of the paper add to the resultant displacement of the toy. (Label each vector with a magnitude including units.  Does not have to be drawn to scale but should show relative size.)

c) Construct a vector diagram that shows how the velocity of the toy and the velocity of the paper add to the resultant velocity of the toy. (Label each vector with a magnitude including units.  Does not have to be drawn to scale but should show relative size.)

d) Since the paper and the lady bug are both moving in the same direction, how would we define the angle between their motions?
3. Move the paper to the left at a similar constant speed to that of the rightward moving lady bug for several seconds.  As a group record the following.  Note the direction of motion with a positive or negative sign.  

	Time of experiment
	Displacement of paper relative to meter stick 
	Displacement of ladybug relative to the grid
	Displacement of the ladybug relative to the meter sticks (resultant)
	Velocity of the paper  
	Velocity of the ladybug on the paper
	Resultant velocity of the ladybug

	
	
	
	
	
	
	


a) Construct a labeled displacement diagram
b) Construct a labeled velocity diagram
c) What is the difference in direction (angle) between the papers velocity and the ladybugs velocity?  
4. Vector Rule:  The maximum resultant occurs when the vectors are arranged at an angle of ____________ or similar direction.   The minimum resultant occurs when the vectors are arranged at an angle of ______________ or opposite direction.   How could you get a different resultant without changing the magnitude (size) of the component velocity vectors?
5. With the toy starting at the bottom left corner of the paper and pointed upward, pull the paper to the right at a pace close to that of the toy.  Let it run until the toy reaches a point at the top.  On the dry erase board, draw a line that connects the start and end point (ie, the resultant displacement)  Fill in data on the chart below
	Time of experiment
	Horizontal Displacement of paper relative to meter stick 
	Vertical Displacement of ladybug relative to the grid
	Displacement of the ladybug relative to the meter sticks (resultant)
	Velocity of the paper  
	Velocity of the ladybug on the paper
	Resultant velocity of the ladybug

	
	
	
	Magnitude:

Angle:


	
	
	Magnitude:

Angle:


Construct displacement and velocity vector diagrams showing components and resultants. 
6.  Predict what would happen to the angle of motion if you pull the paper at twice the speed to the right while the lady bug moves upward.  Roughly draw the vectors  (Hint:  think of the paper as the x vector and the toy as the y vector)
7.  Complete the scenario presented in the previous question.   (ie lady bug upward and paper 2X velocity right) 

	Time of experiment
	Horizontal Displacement of paper relative to meter stick 
	Vertical Displacement of ladybug relative to the grid
	Displacement of the ladybug relative to the meter sticks (resultant)
	Velocity of the paper  
	Velocity of the ladybug on the paper
	Resultant velocity of the ladybug

	
	
	
	Magnitude:

Angle:


	
	
	Magnitude:

Angle:


a. Draw a labeled vector diagram of the resultant displacement and horizontal and vertical components.

b. Determine the resultant velocity (magnitude and direction). Show work
8.  Predict what would happen to the angle of motion if the velocity of the paper were moving to the right at a velocity about half that of the lady bug.   Draw the predicted vector diagram.  Complete this scenario with the materials.  Does the actual motion match the prediction? 
9. Draw the observed resultant path (and components) for the lady bug moving upward and the paper moving to the left (use similar speeds for both the paper and the ladybug).  Label the components with the appropriate sign (+ or -).
10. Draw the observed resultant path (and components) for the lady bug starting from the top of the paper and moving downward while the paper is moving rightward. (use similar speeds for the paper and the ladybug)
11. Draw the observed resultant path (and components) for the lady bug starting from the top of the paper and moving downward while the paper is moving leftward at about twice the speed of the lady bug. 
12. a) Determine the horizontal component of the motion of the paper if the lady bug travelled with a resultant speed of 14.2 m/s and a vertical speed of 8 m/s.   Show your work. 
Hint:    V=


Vx = 


Vy =
b) What was the angle of the resultant for the previous problem if the lady bug was moving upward and the paper was moving left?  (show work with equation and substitution)

c) What will be the resultant displacement of the lady bug after 4 seconds? Show work (include magnitude and directions)
13. When an object is launched at an angle, the initial or start velocity can be broken down into two components, velocity directed horizontally and velocity directed vertically.  What is the launch velocity of an object with a horizontal component of 40 m/s and a vertical component of 30 m/s?  
14.  What are the initial horizontal and vertical components of an object’s velocity if it is launched at 35 m/s at an angle of 60 degrees?   
Conclusions:  (to be completed on a separate paper and attached)

Explain how the addition of vector quantities is different from addition of scalar quantities. Differentiate between the terms speed and velocity.  Explain why vectors are an important concept in motion and how they can be useful in other aspects of physics (Think about real life scenarios in which this applies).  Summarize the methods of combining horizontal motion and vertical motion to determine a resultant and the methods for finding the horizontal and vertical components of a resultant vector.  Explain how the angle between the vectors influences the magnitude of the resultant vector. Be sure to define terms used in your explanations.
	APPENDIX C:  Vector Problems from the Common Assessment
	NYS Regents Exam
	NYS Core Ref

	The following past Regents Physics Exam questions related to vectors appeared on an assessment given to 270 students enrolled in Regents Physics at our high school.  They were part of a larger unit exam on motion.  Each teacher administered the test and reported results of item analysis for the purpose of discussion within our content areas Professional Learning Community.    

	
	% incorrect of 93 students who completed the entire activity
	% incorrect for

175 students who were exposed to demonstration of activity 

	June 2011.  67-69
A model airplane heads due east at 1.50 meters per second, while the wind blows due north at 0.70 meter per second. The scaled diagram below represents these vector quantities. 
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	June 2011#67

On the diagram above, use a protractor and a ruler to construct a vector to represent the resultant velocity of the airplane. Label the vector R. [1]

	4%

	13%

	June 2011#68

Determine the magnitude of the resultant velocity. [1]


	0.8%
	7 %

	June 2011#69

Determine the angle between north and the resultant velocity. [1]


	8%
	13%

	June 2010 #2 

A motorboat, which has a speed of 5.0 meters per second in still water, is headed east as it crosses a river flowing south at 3.3 meters per second. What is the magnitude of the boat’s Resultant velocity with respect to the starting point?

(1) 3.3 m/s (3) 6.0 m/s

(2) 5.0 m/s (4) 8.3 m/s

	6%
	9%

	June 2008, #1
The speedometer in a car does not measure the car’s velocity because velocity is a

(1) vector quantity and has a direction associated with it

(2) vector quantity and does not have a direction associated with it

(3) scalar quantity and has a direction associated with it

(4) scalar quantity and does not have a direction associated with it


	3%
	5%

	June 2008, #11

An airplane flies with a velocity of 750.kilometers per hour, 30.0° south of east. What is the magnitude of the eastward component of the plane’s velocity?

(1) 866 km/h (3) 433 km/h

(2) 650. km/h (4) 375 km/h
	4%
	17%

	June 2008, #62

A kicked soccer ball has an initial velocity of 25 meters per second at an angle of 40.° above the horizontal, level ground. [Neglect friction.]

Calculate the magnitude of the vertical component of the ball’s initial velocity. [Show all work, including the equation and substitution with units. (Note: This question is analyzed only in terms of points lost due to incorrect application of vectors.  Points lost due to missing equation or units were not included)
	4%
	15%

	January 2008, #38

Two forces act concurrently on an object. Their resultant force has the largest magnitude when the angle between the forces is

(1) 0° (3) 90°

(2) 30° (4) 180°
	7%
	22%


