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[bookmark: Scientific_abstract]Scientific abstract 
[bookmark: _Hlk72101209]The design studio is the core setting of design education. Originating in apprenticeship and socio-constructivist learning, it provides a unique setting for formative assessments through student-tutor interactions, referred to as “critiques” (or “crits”). Involving the production of creative outcomes, studio-based education is considered effective for gaining complex problem-solving skills. However, despite its positive reputation and widespread use in multiple STEM disciplines, the design studio's assessment failures restrict learners’ progress and tutor training. The nature of this assessment problem can be illustrated by the question asked by one of my distinct students: “I don’t understand what I have learned”, she said. “Can you tell me what I should improve?” Clearly, the student failed to see an the explicit function of this type of formative assessment. 	Comment by Zimmerman, Corinne: Maybe make the point about tutor training elsewhere. Here it feels tacked on.	Comment by Zimmerman, Corinne: Not sure what this means. Delete?
Gaps in current capacities to assess learning and teaching in design studios occur mainly due to current assessments focussing that focus on the learning outcomes but and research methods based solely on the performance of design practices, neglecting the cognitive actions that characterise constructivist learning and teaching. These gaps have led to critical failures in implementing effective instructional strategies, such as fostering adequate communication and explicit feedback. Global organisations acknowledge these gaps and call for more rigorous methods to measure constructivist education. The Research focused of this study on assessment practices in the design studio is particularly significant due to the large impact of the design profession on the global economy and its widespread use in diverse disciplines. 
The proposedis research aims to characterise and quantify two conceptual constructivist “educational spaces” generated during student-tutor interactions in design crits. 
A foundational claim of this research is that the cognitive actions involved in learning and teaching characterise constructivist spaces to that differ from the performance of in professional practices, requiring explicit consideration in assessment methods. Therefore, a learning space comprises cognitive actions involving dialogic communication at adequate cognitive levels and the design practices intended to be learned. The teaching space includes cognitive framing of the interaction, stimuli and demonstration of design practices. The cognitive levels applied during the interaction, along with, the frequency and order of actions, determine the structure and size of these constructivist educational spaces and enable measuring temporal changes throughout crit time. 
Using comparative experiments in Architecture and Computer Science studios, results are expected The proposed research uses an innovative approach to provideto develop and refine  explicit statistical measures of learning and teaching spaces. These Such measures can support the planning and application of desired teaching competencies, reducing or eliminating  to overcome ambiguous feedback, and leading to custom-tailored teaching. Comparing the educational spaces generated in different disciplines canArchitecture and Computer Science will assist in defining disciplinary thresholds and planning multi-disciplinary courses.   
This study proposes an innovative approach that begins to enclose the assessment gaps faced by constructivist education, improving studio-based pedagogy spread in many disciplines. Quantifying educational spaces provides a foundation for predicting cognitive educational structures and identifying learner profiles, leading to a significant developments in studio-based education.
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SCIENTIFIC BACKGROUND [MAXIMUM 15 PAGES – EXCLUDING REFERENCES] 
1.1.	The Design Studio
Rooted in the École des Beaux-Arts apprenticeship model and the Bauhaus school’s encouragement of creativity (Cuff, 1991; Salama, 1995), the design studio serves as the principal setting for teaching and learning how to design. Drawing upon situated, socio-constructivist learning theories (Anderson et al., 1996; Lave & Wenger, 1991; Vygotsky, 1978), learners and tutors in the studio interact in simulated design situations to solve design problems (Schön, 1985). Learners gain knowledge through this problem-solving learning process by practising professional design practices, listening, and imitating their tutors. Such interactions occur regularly during formative assessments, known as “critiques” or “crits” (Oh et al., 2013). The process is accompanied by design representations, created to communicate information regarding the artefact or its parts (Schön & Wiggins, 1992). In the studio, students prepare representations to be discussed at each crit, serving as the crit’s learning outcomes. 
Dealing with ill-structured design problems known to be ill-structured (Rittel & Webber, 1973), studio crits are complex and dynamic, requiring both tutor and student to handle a set of open-ended, conflicting, and ever-changing requirements. Consequently, tThis UPR design studio practice demands high cognitive levels, as indicated in Bloom’s Revised Taxonomy (Krathwohl, 2002). PWhile professional designers handle such challenges by breaking down problems into chunks and shifting to solutions. In contrast, , students’ capacity to do so is limited, leading to inefficiencies (Cross, 2004). Therefore, the tutor’s role in framing an adequate cognitive level and stimulating progress becomes pivotal (van Diggelen et al., 2021). 	Comment by Zimmerman, Corinne: Unclear Pronoun References.
I took a guess at what “this” might be.
The dialogic nature of student-tutor interaction during design crits leads to the co-construction of knowledge (Stahl et al., 2006), reflected through new ideas or refined solutions (or sub-problems). Consequently, these factors bring notable risks for the interaction to be tutor-centric, as found in multiple studies (e.g., Milovanovic & Gero, 2018; Sawyer, 2019) and have been criticised over the years for preserving hidden hierarchies and providing ambiguous feedback (Dutton, 1987; Webster, 2008), which . This UPR may lead students to have negative sentiments during the interaction,and hindering their participation in a dialogic interaction. Despite a concern raised by  regarding this issue and the growing use of sentiment analysis in higher education (Zhou & Ye, 2020), current assessment methods do not account for the sentiments that characterise design crits. In addition, the ambiguous feedback framed by tutors frustrates students (Albukhari, 2021;  Salama, 2015; Yorgancıoğlu et al., 2022), which may hinder their engagement and responsibility for progress. 	Comment by Zimmerman, Corinne: “A concern” is really vague so either delete, or unpack what that specific concern is (if there is enough space!)
1.1.1.	The design process. The learning objective in design studios.
How to design is the core learning objective of design studios in . This UPR is true for all design sectors, including software, game, and architectural design. Design includes a set of practices applied to identify a problem in an existing situation, address (or create) requirements, and synthesise this information to create a solution that changes the situation to a desired one (Goel & Pirolli, 1992). Synthesising one or more solutions will satisfy both stated and unstated requirements. It is a complicated process that encompasses many considerations and calls for the activation of multiple practices. 
Scholarly acknowledged, tThe design process was described by Asimow (1962) and established epistemologically (Cross, 2006; Jones, 1980; Schön, 1992, 1995). Recently, Healy  Cullen 2022) have grounded the design process components in digital game design. 	Comment by Zimmerman, Corinne: This sentence feels tacked on.
These works have led to a broad scope of research efforts to characteriseing and measureing the design practices generated by a designer, their structure, frequency, and transitions along during the process (Gero, 1990; Goldschmidt, 2014; Suwa et al., 1998). Design practice in these studies refers to the macroscopic unit that addresses an artefact or one of its components, referred to as a “design issue”. In particular, the methods developed enabled measuring the size and structure of the design space (Kan & Gero, 2017a; Kan & Gero, 2017b) and interrelations between design practices such as divergence and convergence (Goel, 2014) that are, associated with creativity (Goldschmidt, 2016). These studies have assisted in trackeding differences between different members participating in a design process, such as professional designers and students, academic tutors and practitioners (Hurst et al., 2019). An influential scope of research based on these studies to examine design practices in different disciplines, such as engineering and computer science (Becker et al., 2018; Healy & Cullen, 2022; Kan & Gero, 2011).  	Comment by Zimmerman, Corinne: Check. This isn’t a complete sentence, but I’m not sure how to fix because I’m not certain of the role it is playing in the argument structure. 
1.1.2.	Game-design studio in computer science education
Game- design studios spread in design and computer science departments. Like other design studios, game- design studios rely use on crits as a core setting and a design problem as an educational task and rely on crits as a core formative assessment (Healy, 2016). The study describes external components affecting crits’ success (Ibid). Accordingly, external components include dialogic communication skills, ensuring learner participation by generating and defending design arguments. The tutors’ role within these components is to provide clear feedback and support learners in gaining dialogic communication. The authors do not provide a method or empirical information on how external components affect crits’ success or the gaining of design skills. 	Comment by Zimmerman, Corinne: Delete?	Comment by Zimmerman, Corinne: Check that this hasn’t changed your intended meaning.	Comment by Zimmerman, Corinne: I’m not sure what this means. Actually, the whole paragraph could be tweaked to clarify. Is this paragraph describing the research of Healy 2016?
I’m not sure because this is a single author reference, but then “the authors” appears later. 
Game design has a broader educational impact. Using studio-based learning and game design as a task to teach programming in Computer Science has obtained great success, mainly for engaging students in applying intended programming practices (Soares, 2015). In such agame-design studios, students learn as they design a digital game, supported by a tutor in formative crits. Aside from the advantages of this approach, Bayliss (2009) mentions the need to encourage creativity and ensure appropriate learning outcomes. Additional studies report problems in providing an adequate, custom-tailored instruction level, leading to inefficiencies, and dropouts (Soares, 2015).  A recent study reported these courses to suffer from increased cognitive load and a negative impact on thinking skills related to problem-solving. . These studies indicate the need to frame the interaction better through an adequate cognitive level. However, there is a lack of rigorous methods to account for these components when assessing the effectiveness of these courses (Bodnar et al., 2016). 


1.2.	Quantifying constructivist learning and teaching in design studios.
Formative and summative assessments play a critical role in studio education. However, these assessments regularly focus on the learning outcomes (De la Harpe et al., 2009; Sawyer, 2017), neglecting the design practices gained and the onesexplicit feedback on skills that necessitate further practice and teacher support. This assessment problem goes beyond the design field. Methods, such as the Programme for International Student Assessment (PISA) applied to assess complex problem solving, can measure only a single type of task (Herde et al., 2016), which does not suit the multiple interrelated problems arising in design. These gaps have led to critical failures in providing explicit feedback on the skills gained or those needing further teaching support. This (situation? UPR) restricts implementing effective instructional strategies such as framing a learner-centric interaction (Bremner, 2022;  Logeswaran et al., 2021; Olofson Garnett, 2017; Schweisfurth, 2015) to overcome the studio’s tutor-centric profile (Milovanovic & Gero, 2018; Sawyer, 2019). Such assessments cannot provide a foundation for assessing teaching actions, restricting tutor training. As a consequence, learner frustration increases (Salama, 2015). 	Comment by Zimmerman, Corinne: I’m not sure I understand the nature of this critique.
Most studies aiming to provide explicit feedback base their assessments solely on the learner’s generation of design practices as evidence of learning. Widely recognized methods like the Function-behaviour-structure (FBS) ontology (Gero, 1990; Gero & Kannengiesser, 2004) and Linkography (Goldschmidt, 2014) have shown reliability in measuring design practices performed by designers and students (Cross, 2001). However, designed to describe and measure the design process, they these methods lack a specification of the cognitive actions levels of learning and teaching applied to handle the design problem as an educational task, restricting the measurement of the cognitive level imposed (in terms of Bloom’s Revised Taxonomy), or the structure of learning engagement and teaching stimuli. For example, the a tutor may use a cognitive learning level which that is too high for the student to follow, affecting further progress in generating design practices. 
Even with their significant contribution, the studies above using FBS and Likography rely on the occurrence of design practices as evidence of learning, neglecting cognitive actions of learning and teaching applied to handle the design problems. The significance of these gaps becomes even more crucial Aas studio-based education spreads to additional disciplines (e.g., . Examples can be found in computer science ; Polo et al., 2018, engineering; Bone et al., 2021), it is becoming increasingly crucial for research to focus on the measurement of cognitive levels in learning spaces that  and others, mainly to the studio’s support in gainingthe development and assessment of complex problem-solving skills, known as the a 21st-century core skills (Griffin Care, 2015; Miranda, et al., 2018).	Comment by הדס סופר/Sopher Hadas: where does this part belong to? this is describing the problem and gap and significance	Comment by Zimmerman, Corinne: Does this fix help ?
1.3.	Research Questions
In light of these gapidentified issues, the proposedis study askes the following questions: 
RQ1: How can we measure constructivist learning and teaching spaces generated by the tutor and the student during student-tutor interactions in design studio crits? 
This question refers to the spaces’ size, structure, cognitive levels, and temporal changes. How do cognitive learning and teaching actions affect changes in the structure of design practices or their frequency across crit time? 
RQ2:  	How do the measurements of learning spaces in terms of size, structure, cognitive levels, and temporal changes relate to learning outcomes? 
RQ3:	What are the differences between learning and teaching spaces generated in architecture and CS crits in terms of the spaces’ size, structure, cognitive levels, and temporal changes? 
1.3.1. Why are these questions important?
Design is one of the foundations for economic growth and well-being in any modern society. The design field encompasses various domains, including architecture, construction, engineering, software, game, and product design. As a primary pedagogic vehicle for design professions, the studio plays a vital role in design education. Design has a significant impact on the global economy. According to a recent design sector study (2023), the design industry in Europe has a market size of €21B and has experienced a 24% growth since 2020. In the US, it contributes $600B to the GDP (Figure 1. ). Digital design has witnessed substantial growth, as reported by the UK's Design Economy (2022), hence the focus on digital game design in computer science education. In this context, the Israeli market has estimated revenues exceeding $427 million by the end of 2023 (Shapira, 2023). As a recent trend, Israeli game designers are increasingly hired abroad (Ibid), making Israeli game design studios a significant case.	Comment by Zimmerman, Corinne: Cut if space is needed; economic case is supported with previous
[image: A graph on a screen

Description automatically generated]
Figure 1. The effect of architecture, construction and engineering design professions on the US economic output of industries during 2000-2019. (Zevin & Rubin, 2021).

Despite design’s pivotal role in society, the education sector reports notable gaps in quantitative techniques to measure learning and teaching effectiveness within situated learning such as thedesign studios (Geisinger, 2016; Greiff & Kyllonen, 2016; Herde et al., 2016; Trede et al., 2020). Most common in design studios, formative and summative assessments provide qualitative assessments of the learning outcomes (Sawyer, 2017). The need for rigorous methods to measure constructivist education , like the studio, has been recognised by g. Global organisations like UNESCO (2016) and GUNi (2022) published calls seeking explicit measurement approaches. 

Research Objectives and Expected Significance
Following the literature above, and different from former approaches, the proposed research suggests characterising student-tutor interactions during studio crits through two conceptual interconnected spaces relying on the cognitive actions that handle design practices: the learning space and the teaching space. This research aims to characterise and quantify constructivist learning and teaching spaces in formative design studio crits. 
The objectives of the research are to: 
· O1: Characterise the components characterising learning and teaching spaces and their interrelations. This includes components described in section III. 
· O2: Measure learning and teaching spaces in terms of size, structure, and temporal changes. 
· O3: Measure the correlation of a learning space with the learning outcomes generated at a given crit. 
· O4: Compare between lLearning spaces generated in architecture crits and game design crits.
· 
Based on the 21st-century skills described by Griffin and Care (2015), tThe learning space comprises behavioural actions of cognitive levels, and self-regulated learning as, applied to practices of design problem-solving. Self-regulated learning has to do with the learner’s engagement in being active during the learning process to achieve progress (Zimmerman, 2002). In design studios, this self-regulated learning refers to the learner’s part in leading a dialogic communication with the tutor and demonstrating creativity. In design crits, the learner’s activity refers to the design-process practices needed to ideate and develop an unusual, creative, or surprising design solution. The tTeaching space comprises behavioural actions that combine instructional strategies with cognitive levels and stimuli to progress, applied to frame learning to encourage progress. The tutor can stimulate progress by encouraging engagement and creativity while establishing a change in the cognitive level to adapt or improve the learner’s level. The tutor applies these cognitive actions as she demonstrates the practices needed for design problem-solving. For example, a student can generate many design practices while still achieving poor progress or insufficient outcomes. A low cognitive level applied by the student during this practice may cause such an outcome and would be reflected in a shrunk smaller size of the learning space, indicating the need for adequate instructional support. These gaps become more crucial as studio-based learning spreads to additional disciplines, mainly to its support in gaining complex problem-solving skills, known as the 21st-century core skills.	Comment by Zimmerman, Corinne: You’ve already made this point; I think it’s ok to delete it here since the page limit might become an issue
The learning space and teaching space are illustrated in Figure 2. 
Characterising the Learning and Teaching spaces with the abovementioned components will enable quantifying these constructivist educational spaces. Results are expected to provide new knowledge on how studio-based education can be measured, significantly contributing to the design and education sectors by enabling custom-tailored teaching and skill improvement. 

[image: ]
Figure 2. Learning and Teaching spaces generated during design studio crits. 
Based on ATC21S  (Griffin & Care, 2015)

Characterising the Learning and Teaching spaces with the abovementioned components will enable quantifying these constructivist educational spaces. Results are expected to provide new knowledge on how studio-based education can be measured, significantly contributing to the design and education sectors by enabling custom-tailored teaching and skill improvement. 	Comment by Zimmerman, Corinne: Many of these points are made in the previous paragraph as well. Combine and streamline to save space for research details.
The originality and innovation of this contribution are found in taking a new approach to assessing constructivist learning and teaching, providing a systematic method to characterise and measure studio-based cognitive education in addition to the performance of intended practices or outcomes produced (Figure 3). Understanding the complex relationship occurring during student-tutor interactions in studio crits can support the planning and application of desired teaching competencies to overcome tutor dominance and ambiguous feedback, leading to performance-based custom-tailored teaching. The proposed research can begin to enclose the gap in assessing situated learning and teaching, allowing comparative studies and improving the gaining of the 21st century’s skills in studio-based education, spread in many disciplines. This opens situated education’s black box, laying the foundation for predictive analytics of learning and teaching cognitive actions and leading studio-based education to its next step for being a prominent factor in shaping 21st-century pedagogy. Having the cognitive teaching and learning actions measured enables the creation of tutor and learner profiles, design performance thresholds, and custom-tailor crits’ cognitive levels. Using explicit measures for tutor feedback and stimuli opens new and unexplored possibilities for establishing intelligent tutoring systems in design pedagogy. 
[image: A diagram of a student

Description automatically generated]
Figure 3. A novel approach to assessing studio-based learning and teaching

Detailed Description of the Proposed Research
3.1	Working Hypotheses 
· H1: The size and structure of Learning spaces and Teaching spaces will change throughout crit time and throughout crit sessions. If this hypothesis is true, a change 
· H2: Learning spaces’ measures will correlate with learning outcomes evaluations. This means if this hypothesis is true, high learning space size values (relative to the other learning spaces) will correlate with high quality outcomes. 
· H3: Learning spaces and Teaching spaces generated in architecture crits are different than the ones generated in gaming design crits, in terms of size, structure and temporal changes.
	Comment by Zimmerman, Corinne: I don’t think this adds anything to help the reader — the connections among your Research Questions, Objectives, and W Hypotheses is pretty straightforward (and, potentially a bit redundant if you need space)
Table 3 presents the rational applied by the research objectives to test the hypotheses.  (maybe delete it? If space is needed)
Table 3. Research rational
	
	O1
	O2
	O3
	O4

	H1
	X 
	X
	
	X

	H2
	
	X
	X
	

	H3
	
	
	
	X



3.2.	Research design and methods.
3.2.1. The components characterising learning and teaching spaces. 
This study brings an innovative approach to situated education domain, providing rigorous methods to measure educational teaching and learning spaces. The approach taken by this study suggests that learning and teaching spaces comprise a set of cognitive actions applied to and responsible for the execution of design practices generated to handle a design problem as an educational task. The relationship established between cognitive actions of teaching and learning and design practices during crit interactions are evidence of the structure and size characterising these educational spaces. The study will employ protocol analysis techniques to identify cognitive actions and design practices (explained in section 3.2.4.1.)
3.2.1.1.	Cognitive actions of learning and teaching.
Dialogic Communication.
The value of dialogic communication will be determined by employing syntactic analysis techniques, measuring the ratio of student and tutor number of utterances and the number of words at each utterance and the student’s engagement in ideation. The latter is determined by the student’s introduction of new design issues to the interaction, known as the first occurrence of design issues. First occurrences are explained in section 3.3. 
Cognitive levels
The study will employ Bloom’s revised taxonomy (Krathwohl, 2002) as an analytic tool to determine the cognitive learning level applied by the student or framed by the tutor during design crits. The taxonomy has six cognitive levels. A specific action verb (AV) in a learning task characterises its cognitive level. The levels are (from the lowest to the highest): 
1. Remembering - refers to a recall or recognition of existing information.
2. Understanding - refers to explaining ideas, interpreting, comparing, or listing them.
3. Applying - refers to using information in a different situation. For example, I can show that the ceiling height is correct using building standards.  
4. Analysing  - refers to dividing or breaking information into parts to explore relationships between parts. For example, detailing the apartment’s functions (living room, kitchen, etc.).
5. Evaluating - refers to a judgment of a situation or one of its components.  For example, I find this corridor too narrow. 
6. Creating – refers to generating a new idea, perspective or relationship that did not exist before. For example, I propose adding an exhibition hall to the existing program.  
The cognitive levels were shown to be effective in planning qualitative teaching sessions to be learner-centric (El-Sayary et al., 2016), defining learning objectives (Sobral, 2021) or assessing tutors’ written questions (Das et al., 2022). The list of AVs provided by Das, et el. (2022) was employed to assess whether the cognitive level of questions in exact science exams meets the requirements of India’s national school boards (Roy Chowdhury et al., 2023). Different than these studies, this the proposed project will be the first time that Bloom’s taxonomy will be used to examine crit interactions to s. This will determine whether the cognitive level framed by the tutor leads to a change in the student’s level, or whether the interaction required a change in level, customised to meet the learner’s level. To do so, the study will rely on the AV lists provided by Das et al. (2022) and Newton et al. (2020). Based on a wide consensus, the latter established a narrow list of AVs to include and exclude. Reviewing the use of the taxonomy in CS education Masapanta-Carrión and Velázquez-Iturbide (2018) identified difficulties in designing tasks that correspond to a specific cognitive level, due to the complexity embedded in these tasks, indicating the need to train tutors to foster an adequate cognitive level. They also refer to the complexity of sub-levels embedded in the taxonomy. 	Comment by Zimmerman, Corinne: The deleted sentence would require much more to explain so I think it’s okay to cut in context of current narrative,
To demonstrate the contribution of this measure, we conducted pilot studies, described in section 5.3.
Framing. Feedback measures
The study will account for several cognitive teaching actions to measure the tutor's feedback. These include the tutor’s generation of engaging words and the sentiment characterising the interaction. Considering that in studio-based learning, tutor feedback includes a demonstration (also known as “modelling”) of design practices, the feedback will involve the ratio of tutor and student transitions between design issues. A ratio higher than one implies a larger set of tutor demonstrations compared to the student. Measuring transitions is explained in section 4.2.
Feedback value is described as follows: 
The tutor feedback (TF) involves the established relationship between the sentiment analysis (SA), engaging words (EW) and the ratio of tutor-student transitions (T). To enable comparative tests, the number of engaging words will be divided by the number of tutor words (W). The components involved in quantifying feedback are as follows: 
TF= {SA, EW/W, T}. 
Sentiments are considered influential on cognitive processing (R. Liu et al., 2019; Ye & Zhou, 2022) and the student’s will to learn, described implicitly much earlier by Schön (1987) as “sStance” or the need to frame a positive attitude during crit interaction. Sentiment analysis techniques are widely used in higher education to assess teaching feedback, mainly in engineering and technology education (Aryal, 2021; Zhou & Ye, 2020) and massive online courses (Grimalt-Álvaro & Usart, 2023). Sentiment analysis techniques are often used to assess a change or an intervention (eE.g., iImplementing a different instructional strategy) taken by the tutor; Grimalt-Álvaro & Usart, 2023), making these techniques relevant for the current study. 
To determine the engaging words generated by the tutor during crit interaction, the study will use the lexical dictionary developed by Chandrasegaran et al. (2023). 
This relationship is described in Equation 1. 
Equation 1. Feedback measurement
 
Changes in the sentiment values will be used to determine how the tutor framed the interaction throughout time. The feasibility of sentiment measurement was tested in pilot study 1 (Section 5.3). 
Stimuli measures
Stimulating plays a pivotal role in how the tutor encourages the student in further design progress (Goldschmidt et al., 2010). To do so, the tutor generates questions, and introduces new design ideas to the interaction. Tutor stimuli will be measured by the ratio of questions and utterances, and the ratio of tutor and student generation of new design issues, known as the first occurrence of design issues. First occurrences are explained in section 3.3). 	Comment by Zimmerman, Corinne: Is there a missing word here?
3.2.1.2.	Measures of Design Practices
Function Behaviour Structure (FBS) ontology 
The research will employ the FBS ontology will be used to measure the design practices learned through practice and taught through demonstration (Gero, 1990; Gero & Kannengiesser, 2004). The ontology provides a detailed description of the semantic information of design issues generated during a design session, referring to the form’s intended purpose, structure, or expected and derived characteristics (Figure 4). Transitions between issues describe the considerations the designer takes to develop the design towards a satisfactory solution (e.g., a transition from the form’s structure to its expected behaviour). The ontology has been widely used in studies across multiple domains (Gero & Jiang, 2014, 2016; Hay et al., 2020; J. W. Kan & Gero, 2009), including ones conducted by the PI (Sopher et al., 2022; Sopher et al., 2023).
[image: ]
Figure 4. FBS ontology (Gero, 1990; Gero & Kannengiesser, 2004)

Requirements (R) refers to the list of expectations given to the designer by the client. Function (F) refers to the artefact's intended purpose, its teleology. Structure (S) describes the artefact's components and their relationships. The artefact's behaviour describes how a structure fulfils its use. Behaviour is either the expected behaviour expected (Be), expected by the designer or a behaviour assessed from the structure (Bs). Description (D) refers to external representations. S, Bs and D design issues are considered solution-focused, whereas F and Be relate to the problem. 
Changes occurring during the design process as the artefact is developed are referred to as transitions taken to change the state of design issues. These include twelve transitions, as follows:  
Formulation (transition 1) develops the design requirements into a function (R-F). A function can be developed to a behaviour expected to fulfil this function (F-Be). Synthesis 2 (transition 2) refers to transitioning from an expected behaviour to a structure (Be-S) expected to fulfil this behaviour. Analysis (transition 3) produces a behaviour from structure (S-Bs). Evaluation (transition 4) compares behaviour derived from structure to the expected behaviour (Bs-Be), examining whether the design met its expectations. Documentation (transition 5) generates a design description for the artefact’s structure (D-S). Reformulation type 1 (transition 6) refers to changes occurring in the structure when it has not met expectations. Reformulation type 2 (transition 7) refers to the generation of behaviours when the structure is evaluated to be unsatisfactory (S-Be). Reformulation type 3 (transition 8) refers to functions generated when the behaviour is evaluated to be unsatisfactory (S-F) (Gero & Kannengiesser, 2014). Synthesis 1 refers to the transition from function to structure (F-S) (Kannengiesser and Gero, 2019). Synthesis 3 describes a transition of behaviour from structure to structure (Bs-S). this is a process indicating an iteration on the structure to fulfil the behaviour better, which is a subset of transition 6.
Ideation measures. First occurrence of design issues 
The first time an issue is introduced during a design session is a first occurrence (FO). It is considered a proxy of a new idea (Gero & Kan, 2016) and . It reflects a measure of divergence and creativity through FOs’ frequency. The cumulative number of FOs generated across a design session is a temporal measure of this behaviour (Ibid). Recent comparative studies conducted by the PI employed the technique to measure the distribution of FOs generated during architecture crits that used a virtual reality medium (Sopheret al., 2022; Sopher & Gero, 2021a). An additional study explored the medium’s temporal effect on the student and tutor FOs in different parts of the crits (Sopher et al., 2023). 
Creativity measures
Creativity is associated with divergent thinking (Goel, 2014) and unusual solutions. It is where one’s ideas expand the scope of existing ideas with alternative or unusual solutions that haven’t been thought of beforehand. Creativity is measured by the number of novel, original or surprising solutions (Demirkan & Afacan, 2012; Gero & Kan, 2016; Tang & Gero, 2002). Using Natural Language Processing (NLP) techniques to track the semantic distance between ideas largely assisted in assessing creativity to a great detail (Hass, 2017; Kenett, 2019), showing relevance to the current project. Based on this methodology, creativity will be measured through combined techniques employing the FBS ontology and NLP algorithms. The components comprising creativity will include the generation of first occurrences and unusual solution focussed design issues. Tracking unusual solutions will be done by measuring the semantic distance between solution focused issues, using NLP algorithms. The distance between solution focussed issues will serve as evidence for being unusual.
3.2.1.3.	Summary
As a summary of this section, Tables 1 and 2 describe summarise Ls and Ts components and their interrelations to be measured in this study.
Table 1. Learning space components and measurements methods
	Cognitive learning actions
	Design practices 
	Measurements

	
Engagement, Self-regulated learning 
	Dialogic communication
	· Ideation
· Learner’s active practices in generating design issues and transitions
	· Ratio of the learner’s and tutor’s utterances, using NLP algorithms. 
· Ratio of the learner’s and tutor’s 1st occurrences of design issues, using NLP algorithms. 
· Ratio of the student’s design issues and transitions, manually coded with the FBS ontology

	
	Creativity
	· 1st occurrence issues
· Solution focussed issues (S, Bs)
	1st occurrences and the distance between solution-focused issues, using NLP algorithms and manual FBS coding

	Cognitive level
	
	Action verbs applied to design issues 
	Action verbs categorised into Bloom’s six cognitive learning levels, using ChatGPT



Table 2. Teaching space components and measurements methods
	Cognitive teaching actions
	Design practices
	Measurements

	Framing 
	Cognitive level
	Action verbs applied to design issues
	The tutor’s introduction of new and higher cognitive levels compared to the student. This is measured by Action verbs, categorised into Bloom’s revised taxonomy of six cognitive levels, using ChatGPT

	
	Feedback
	Tutor and learner transitions 
	· Sentiment analysis techniques. 
· Ratio of tutor-student transitions, using manual FBS coding 
· Number of engaging words using ChatGPT and NLP algorithms. Based on the lexical dictionary proposed by Chandrasegaran et al. (2023). 

	Stimuli 
	Creativity
	Generating new ideas and unusual solutions
	Ideation is measured by the tutor’s 1st occurrences, and number of unusual solution-focussed issues (S, Bs), using NLP angorithms and manual FBS coding  

	
	Demonstration
	Generating design issues and transitions
	Manual FBS coding



3.3.	Research Design 
Experiments will be conducted in ecologically valid design studios. The experiments will have students and tutors as independent variables. Learning and teaching behaviours and the practices and competencies generated during design crits will be the dependent variables. Discipline will be a quasi-independent variable, with game-design studio in computer science discipline willto be compared with an architecture studio. In a second stage, the tutor’s cognitive actions will be used as a manipulated variable. Tutors will be guided to change the cognitive level during the crits, by using related AVs. In another case, tutors will be guided to lead a change in words related to positive sentiment, to test whether this affected the students’ outcome, sentiment, and engagement. 	Comment by Zimmerman, Corinne: People can’t be independent variables.
Clarify what you mean by this statement. 
Figure 5 illustrates the experiments’ process and methods employed to test the hypotheses.
[image: A diagram of a process

Description automatically generated]
Figure 5. Procedure and methods employed during the research
3.3.1.	Setting
The research will conduct a balanced comparative experiment design as a pre-post-test (Campbell et al., 1963). The setting will include formative crits to be conducted in design studio courses at two different stages (Early semester and Mid-semester stages). One crit for each student at each stage will be audio-video recorded. Learning outcomes will be photographed. Experiments will use a convenience sample by monitoring The research will take place in ecologically valid studio crits taking place in the Architecture and Computer Science disciplines. 	Comment by Zimmerman, Corinne: Not sure what these adjectives add?
What does balanced refer to? Counterbalancing? I don’t see a manipulation that involves with this. All experiments involve some type of comparison so if these are jargon words known in your field ignore this question!
3.3.2.	Participants 
The research convenience sample will consist of 12 students (the common participant size in these courses) and one tutor from a design studio course at the School of Architecture Ariel University, and 12 students and one tutor from a game-design course in the Department of Computer Science, at Beer-Sheva University. Dr. Erel Segal-Halevi (Game-based programming tutor, CS department, Ariel University) and Renard Gluzman (Game design tutor, CS department, Beer-Sheva University) have agreed to have their courses participate in the experiments (sSee commitment letters in Appendices 1.2. and 1.3.). All students will be in their third or fourth year of the undergraduate program, a learning stage where they are familiar with studio-based education and design procedures. 
Verbalisations generated during student-tutor crit interactions will constitute the data, enabling to test their roles (Tutor vs. Student) in structuring Learning and Teaching spaces, establishing relationships and the occurrence of temporal changes. 	Comment by Zimmerman, Corinne: It’s not easy to follow the intention of this sentence. Tweak a bit? Or is it still here from previous draft when 2 Tutors were going to be participants as well?
Given that the sample size of tutors is small, the study focuses on measuring learning spaces. The components characterising teaching spaces are the ones involved in crit interaction, and therefore affecting the way a learning space is measured. Example: dialogic communication; future research will study the teaching space.
3.3.3.	Order 
A second experiment will follow the same participants in two following crits. In these crits, the tutors will serve as confederates. They will be guided to use AVs related to higher cognitive levels and engaging words related to a positive sentiment. The study will examine these changes with the learning outcomes produced (H2) and whether they affect differences between the two disciplines. To ensure fidelity, the tutors will be unaware of the purpose of the study.	Comment by Zimmerman, Corinne: As noted before, this isn’t a second experiment but the second phase of a repeated measures design. 
3.3.4.	Instruments
3.3.4.1. Protocol analysis for measuring cognitive actions and design practices.
Based on protocol analysis, the study will employ multiple methods to measure learning and teaching spaces. Protocol analysis is a recognised technique for analysing cognitive design practices qualitatively and quantitatively (Cross et al., 1996; Hay et al., 2017). A qualitative analysis constitutes an interpretation of the transcribed protocols performed by an expert coder, such as in the case of FBS coding. In this project, FBS coding will be conducted by two coders and then arbitrated by a third coder. Coding reliability will be provided by measuring the agreement between the two coders and the arbitrator. A low agreement result will require repeating the coding process. 
A quantitative analysis constitutes syntactic coding, such as the case of the first occurrence of design issues, retrieved automatically from the text. 
Exploring research methods in design cognition, Hay et al. 2020) envisioned Artificial intelligence’ role in analysing design protocols to account for complex data. With AI becoming recently ubiquitous, using this technology on crit’s complex data is now possible. ChatGPT AI platform will be employed to identify AVs and classify them automatically into Bloom’s cognitive levels. This procedure was tested successfully in pilot studies described in section 5.3. 
In addition, natural language processing (NLP) algorithms will be employed to code and analyse the protocols automatically, tracking FOs and calculating Feedback. This step is based on the technique developed in a previous study tracking first occurrences and connections between design issues  (Sopher et al., 2022). Dr. Chen Hajaj will support this step. A sentiment analysis produced by Dr. Hajaj is found in the following sub-section 3.4. 
3.3.4.2. Learning outcome evaluation: 
The study will evaluate the learning outcomes prepared by the student for a given crit to determine their quality in accomplishing the intended learning requirements. This evaluation will be conducted by four4 external reviewers who are professional tutors. Two2 professionals will evaluate the outcomes produced by architecture students, and the other two2 will evaluate game-design outcomes. Evaluators will use a uniform grading system to allow cohort comparisons and test a correlation with the learning spaces (H2).
3.3.5.	Required approvals 
The research will need an IRB review to conduct the experiments in which human subjects are being followedresearch. To this end, the PI has prior experience submitting IRB requests to several universities, including Ariel University, Technion, University of Nantes and University of Montreal. The PI’s prior experience is described in sub-section 3.7.

3.4.	Preliminary Results from Pilot Studies [about two pages]	Comment by Zimmerman, Corinne: Previous feedback from me focussed here heavily so I’ll skip this to get the draft back quicker.
The feasibility of the measurements and automated techniques in the current proposal was assessed in two pilot studies, using existing verbal protocol data. These pilot studies demonstrate the benefits of using ChatGPT and NLP as analytic tools. [image: ]
Figure 6. Distribution of Action verbs generated by the student and the tutor during an architecture studio crit. Action verbs are classified to cognitive levels.

3.4.1.	Pilot study 1: Case study of analysing crit interaction using ChatGPT and NLP
The first case study analysed verbal data collected during the interactions of one student and one tutor in an architecture crit. Data were previously collected by the PI. The crit’s length was 17.5 minutes, containing 1751 words and a similar number of utterances (45 for the tutor and 48 for the student). ChatGPT version 3.5 was used to automatically identify AVs and classify them into Bloom’s cognitive levels. Protocol analyses are typically time consuming. Pilot study 1 serves as a proof-of-concept for the effective use of ChatGPT to analyse verbal protocols. Automating the process brings an innovative and efficient approach to quantifying qualitative data. [image: A graph of different colored lines  Description automatically generated with medium confidence]
Figure 7. Distribution of Action-verbs generated by the student (S) and the tutor (T) during three crit phases.

The student and the tutor generated a similar number of AVs (67 for the student and 88 for the tutor). However, as shown in Figure 6, they differed in cognitive level. The student primarily used AVs classified as Applying (Third level) and Creating (Sixth level), whereas the tutor framed the interaction using AVs classified as Applying (Third level), Analysing (Fourth level), and Creating (Sixth level). 
Further analysis investigated whether the generation of AVs changed across crit time. 
Figure 7 presents the distribution of AVs generated by the student and the tutor classified by cognitive level during the early, middle, and final phases of the crit. The student generated more AVs related to Applying and Creating during the crit’s early phase. Comparatively, the tutor in this stage framed the interaction using more Analysing AVs. Tutor’s generation of AVs classified as Remembering reflects the use of prior knowledge. The second crit stage had increased tutor AVs in all learning levels (except Remembering), Analysing and Creating in particular, compared to the student. The third phase had a decrease in the student’s Creating and Remembering levels and increased AVs related to Understanding, Analysing, and Evaluating.  
With the support of Dr. Chen Hajaj, we used NLP to explore the student and tutor sentiment across the crit (Figure 8). Combining such measures with the occurrence of transitions between FBS issues provide new knowledge on temporal changes in the structure of learning and teaching spaces.  [image: A graph of blue and orange lines  Description automatically generated]
Figure 8. Student (S) and tutor (T) sentiment across the crit. Positive sentiment is above zero and negative sentiment is below zero.

3.4.2. Pilot Study 2: Case study in STEM domain 
To assess the generalizability of the method proposed and demonstrate the potential in applying it to a different discipline, this pilot study compared the AVs applied in student-tutor crit interactions in a STEM domain.  Data were provided by Professor John S. Gero from a previous experiment, consisting of the verbalisations of a single tutor and a single student. Figure 9 presents the distribution of the tutor’s and student’s AVs classified to Bloom’s cognitive levels. Analysing the first three minutes showed a difference between the student and the tutor, while also exhibited differences from the architecture domain, particularly in the usage of AVs related to Creating. Using such measures to articulate disciplinary saliences can support the planning and teaching of multidisciplinary courses, considered supportive of diverse knowledge (MacLeod & van der Veen, 2020), yet challenging the interaction decisions (Redshaw & Frampton, 2014).[image: A graph of different levels of learning  Description automatically generated with medium confidence]
Figure 9. Distribution of cognitive learning levels generated by the tutor and the student during a design crit in the STEM domain.








3.5.	Research Schedule and Tasks
The proposed study is planned to last three years. Figure 10 presents the schedule of tasks required to accomplish the research objectives.
[image: ]
Figure 10. Research timeline of procedures and tasks
Table 5 presents the time frames dedicated for each task.
Table 5. Tasks' time frames
	Task
	Beginning
	End

	T.01-
	T.04
	Experiments and data collection: crit recording, documenting learning outcomes
	October 2024
	May 2025

	T.05
	
	Transcribe, and translate to English the verbal recordings into written protocols 
	October 2024
	September 2025

	T.06
	
	Automated coding using ChatGPT and NLP to track participants’ word count, first occurrences, engaging words, action verbs and FBS issues and transitions. 
	October 2025
	March 2027

	T.07
	
	Manual segmentation and coding of FBS issues by 2 coders and 1 arbitrator
	June 2025
	September 2026

	T.08
	
	Organise learning outcomes in a uniform format for evaluation 
	July 2025
	September 2026

	T.09
	
	Evaluate learning outcomes (2 evaluators for Architecture and 2 evaluators for CS)
	July 2025
	September 2025

	T.10
	
	Classify cognitive levels
	October 2025
	March 2026

	T.11
	
	Sentiment analyses
	October 2025
	March 2026

	T.12
	
	Measuring the components characterising learning and teaching spaces. Conducting cohort comparisons.
	October 2025
	June 2026

	T.13
	
	Evaluate learning outcomes
	March 2025
	September 2025

	T.14
	
	Determine the measures of teaching and learning spaces in terms of size, structure, and temporal changes. Cohort comparisons.
	January 2026
	March 2027

	T.15
	
	Dissemination of partial results to scientific communities of education science and design
	January 2026
	March 2027

	T.16
	
	Measured correlation between learning spaces’ measures and the evaluations of learning outcomes
	January 2026
	March 2027

	T.17
	
	Dissemination of final results to scientific communities of education science and design
	July 2026
	End of project



3.6.	Possible Risks, Pitfalls and Remedies
Being aware of possible risks and pitfalls during the project, remedies are planned ahead and described as follows: 
Finding an adequate game-design course in CS: In case Renard Gluzman withdraws his agreement to participate in the study, and due to the small choice of such courses in Israel, there is a risk of finding another game-design course. The study will follow a programming course as an alternative and based on the large impact of game design on programming education.
Time consumption: FBS coding in design protocol is highly time-consuming, risking a delay in quantifying learning and teaching spaces. As a possible remedy, the project will hire another assistant or conduct FBS coding on a smaller sample size of protocols. 
3.7.	Existing Research Conditions.  
3.7.1. Previous studies. The PI’s scientific background in the field
The PI has conducted several studies focused on studio-based education. These include the effect of high-end virtual reality technology on student-tutor design interactions. A recent study proposed a method to quantify learner-centric interaction, applied to a comparative natural case-study (Sopher et al., in peer review). Multiple studies comparing student-tutor crit interactions used protocol analysis to measure the design practices generated by the participants, accounting for the first occurrences of design issues (Sopher & Gero, 2021a), connections between concepts (Sopher et al., 2022), the generation of FBS design issues and transitions (Sopher et al., 2022) and temporal changes across crit phases (Sopher et al., 2023). The PI developed a method to measure design learning using outcome analysis. The method was employed to measure student performance of outcomes related to analysis, synthesis and evaluation design practices (Sopher et al., 2017), the divergence and convergence of concepts (Sopher, 2020; Sopher et al., 2019), and the level of development (Sopher et al., 2018). A recent study employed outcome analysis to identify educational settings encouraging indirect learning in distant learning situations using virtual reality platforms (Sopher & Lescop, 2023). Studies focussing on collaborative design using the Hyve-3D investigated student-tutor verbal interactions and outcomes generated and modified during the process (Sopher & Dorta, 2022, 2023). Since October 2022, the PI was invited to collaborate with Professor Casakin and Professor Gero on their research project, funded by the ISF foundation. The study examines how students and architects frame design problems, employing NLP techniques over a statistically valid sample of 40 participants. The methods utilized and developed, and the results disseminated in international high quality scientific journals and conferences demonstrate the PI’s significant experience in the field, serving as a basis for accomplishing the research objectives.
3.7.2. Supporting team. 
The current research will be supported by Professor John Gero, whom with the PI has a long lasting and fertile collaboration over the past 3 years (Sopher, Casakin, et al., 2022; Sopher et al., 2023; Sopher, Milovanovic, et al., 2022; Sopher & Gero, 2021a, 2021b). Professor Gero is a renowned researcher in the design cognition field. The support given by Professor Gero is a significant pilar, ensuring a successful development of the theory proposed to measure learning and teaching spaces. A support letter explains Professor Gero’s commitment to this research project and his unique support (Appendix 1.1).
Dr. Chen Hajaj will provide support in NLP techniques. Dr. Hajaj is a research faculty member in the Industrial Engineering and Management Department at Ariel University and the director of the university’s Data Science and Artificial Intelligence Research Center. A commitment letter from Dr. Hajaj is attached to this project (Appendix 1.2). A preliminary collaboration with Dr. Hajaj is demonstrated in a preliminary pilot study, section 3.4.1.
Assistants:
The research will require the assistance of a graduate student pursuing on doctoral studies. The student will have a background in programming and NLP and will be supervised by the PI and Dr. Hajaj. 
Additional assistants will be undergraduate students from the school of Architecture, and the Department of Computer Science, at Ariel University. The PI has already recruited a distinct student as an assistant.
Course tutors: 
Renard Gluzman is a Game-design tutor at the CS department, Beer-Sheva University. Dr. Erel Segal-Halevi teaches a game-based programming course at the CS department, Ariel University. Both tutors have agreed to have their courses participate in the experiments. Appendices 1.2 and 1.3 present the tutors’ commitment letters.
3.7.3. Existing Infrastructure
The PI is the establisher and director of the Transformative Learning Places (TLP) research lab at the school of Architecture, Ariel University. TLP is a new lab with an intent and vision of taking design education to XXXX.  DEVELOP
The lab has a dedicated office for the PI and a shared space for up to 10 students.
  
רגיש עסקי

רגיש עסקי

רגיש עסקי
Application No. XXX/XX 
PI1 Name: Hadas Sopher

Look for a successful grant that describes the infrastructure
13

References [MAXIMUM 5 PAGES]
Albukhari, I. N. (2021). Assessment of Architectural Design Studio: A Review. American Journal of Civil Engineering and Architecture, 9(3), 88–94. https://doi.org/10.12691/ajcea-9-3-2
Anderson, J. R., Reder, L. M., & Simon, H. A. (1996). Situated Learning and Education. Educational Researcher, 25(4), 5–11.
Aryal, H. (2021). A literature survey on student feedback assessment tools and their usage in sentiment analysis. http://arxiv.org/abs/2109.07904
Asimow, M. (1962). Introduction to design. Prentice-Hall.
Bayliss, J. D. (2009). Using Games in Introductory Courses: Tips From the Trenches. SIGCSE’09.
Becker, K. H., Gero, J. S., Pourmohamadi, M., Abdellahi, S., De Souza Almeida, L. M., & Luo, Y. (2018). Quantifying differences between professional expert engineers and engineering students designing: Empirical foundations for improved engineering education. ASEE Annual Conference and Exposition, Conference Proceedings, 2018-June.
Bodnar, C. A., Anastasio, D., Enszer, J. A., & Burkey, D. D. (2016). Engineers at Play: Games as Teaching Tools for Undergraduate Engineering Students. Journal of Engineering Education, 105(1), 147–200. https://doi.org/10.1002/JEE.20106
Bone, D., Gay, V., Brookes, W., Trede, F., & Braun, R. (2021). Roadshow Presentations for Developing Presentation and Feedback Skills in Studio Based Learning. 19th International Conference on Information Technology Based Higher Education and Training (ITHET), 1–11. https://doi.org/10.1109/ITHET50392.2021.9759758
Bremner, N., Sakata, N., & Cameron, L. (2022). The outcomes of learner-centred pedagogy: A systematic review. International Journal of Educational Development, 94, 102649. https://doi.org/10.1016/j.ijedudev.2022.102649
Campbell, D. T., Stanley, J. C., Mifflin, H., Boston, C., Geneva, D., Hopewell, I., Palo, N. J., & London, A. (1963). EXPERIMENTAL AND QUASI-EXPERIMENT Al DESIGNS FOR RESEARCH.
Chandrasegaran, S., Salah, A. A., & Lloyd, P. (2023). Constructing design activity in words: Exploring linguistic methods to analyse the design process. Design Studies, 86. https://doi.org/10.1016/j.destud.2023.101182
Cross, N. (2001). Design cognition: results from protocol and other empirical studies of design activity. In C. Eastman & M. Newstatter, W. McCracken (Eds.), Design Knowing and Learning: Cognition in Design Education (pp. 79–104). Elsevier. https://doi.org/10.1016/B978-008043868-9/50005-X
Cross, N. (2004). Expertise in design: an overview. Design Studies, 25(5), 427–441. https://doi.org/10.1016/j.destud.2004.06.002
Cross, N. (2006). Designerly ways of knowing. Springer.
Cross, N., Christiaans, H., & Dorst, K. (Eds.). (1996). Analysing design activity. John Wiley & Sons.
Cuff, D. (1991). Architecture: The Story of Practice. In Contemporary Sociology. MIT Press. https://doi.org/10.2307/2075894
Das, S., Das Mandal, S. K., & Basu, A. (2022). Classification of Action Verbs of Bloom’s Taxonomy Cognitive Domain: An Empirical Study. Journal of Education, 202(4), 554–566. https://doi.org/10.1177/00220574211002199
De la Harpe, B., Peterson, J. F., Frankham, N., Zehner, R., Neale, D., Musgrave, E., & McDermott, R. (2009). Assessment Focus in Studio: What is Most Prominent in Architecture, Art and Design? International Journal of Art & Design Education, 28(1), 37–51. https://doi.org/10.1111/j.1476-8070.2009.01591.x
Demirkan, H., & Afacan, Y. (2012). Assessing creativity in design education: Analysis of creativity factors in the first-year design studio. Design Studies, 33(3), 262–278. https://doi.org/10.1016/j.destud.2011.11.005
Design Council. (2022). Design Economy. People, Places and Economic Value.
Dutton, T. A. (1987). Design and Studio Pedagogy. Journal of Architectural Education (1984-), 41(1), 16. https://doi.org/10.1080/10464883.1987.10758461
Geisinger, K. F. (2016). 21st Century Skills: What Are They and How Do We Assess Them? Applied Measurement in Education, 29(4), 245–249. https://doi.org/10.1080/08957347.2016.1209207
Gero, J. S. (1990). Design Prototypes: A Knowledge-Based Schema for Design. AI Magazine, 11(4), 26–36.
Gero, J. S., & Jiang, H. (2014). Comparing the Design Cognition of Concept Design Reviews of Industrial and Mechanical Engineering Designers. DTRS 10: Design Thinking Research Symposium, 1–11.
Gero, J. S., & Jiang, H. (2016). Exploring the design cognition of concept design reviews using the FBS-based protocol analysis. In R. S. ‏ Adams & J. A. Siddiqui‏ (Eds.), Analyzing Design Review Conversations (pp. 177–198). Purdue University Press. https://doi.org/10.5703/1288284315931
Gero, J. S., & Kan, J. T. W. (2016). Empirical results from measuring design creativity: Use of an augmented coding scheme in protocol analysis. Fourth International Conference on Design Creativity, 1–8.
Gero, J. S., & Kannengiesser, U. (2004). The situated function–behaviour– structure framework. Design Studies, 25, 373–391. https://doi.org/10.1016/j.destud.2003.10.010
Gero, J. S., & Kannengiesser, U. (2014). The Function-Behaviour-Structure Ontology of Design. In A. Chakrabarti & L. T. M. Blessing (Eds.), An Anthology of Theories and Models of Design (pp. 263–283). Springer-Verlag. https://doi.org/10.1007/978-1-4471-6338-1_13
Goel, V. (2014). Creative brains: designing in the real world. Frontiers in Human Neuroscience, 8(241), 1–14. https://doi.org/10.3389/fnhum.2014.00241
Goel, V., & Pirolli, P. (1992). The structure of design problem spaces. Cognitive Science, 16(3), 395–429. https://doi.org/10.1016/0364-0213(92)90038-V
Goldschmidt, G. (2014). Linkography: unfolding the design process. MIT press.
Goldschmidt, G. (2016). Linkographic Evidence for Concurrent Divergent and Convergent Thinking in Creative Design. Creativity Research Journal, 28(2), 115–122. https://doi.org/10.1080/10400419.2016.1162497
Goldschmidt, G., Hochman, H., & Dafni, I. (2010). The design studio “crit”: Teacher–student communication. Artificial Intelligence for Engineering Design, Analysis and Manufacturing, 24(03), 285–302. https://doi.org/10.1017/S089006041000020X
Greiff, S., & Kyllonen, P. (2016). Contemporary Assessment Challenges: The Measurement of 21st Century Skills. In Applied Measurement in Education (Vol. 29, Issue 4, pp. 243–244). Routledge. https://doi.org/10.1080/08957347.2016.1209209
Griffin, P., & Care, E. (Eds.). (2015). Educational Assessment in an Information Age. Assessment and Teaching of 21st-Century Skills. https://doi.org/10.1007/978-94-017-9395-7
Grimalt-Álvaro, C., & Usart, M. (2023). Sentiment analysis for formative assessment in higher education: a systematic literature review. Journal of Computing in Higher Education. https://doi.org/10.1007/s12528-023-09370-5
Hass, R. W. (2017). Tracking the dynamics of divergent thinking via semantic distance: Analytic methods and theoretical implications. Memory and Cognition, 45(2), 233–244. https://doi.org/10.3758/s13421-016-0659-y
Hay, L., Cash, P., & McKilligan, S. (2020). The future of design cognition analysis. Design Science, 6(20). https://doi.org/10.1017/dsj.2020.20
Hay, L., Duffy, A. H. B., McTeague, C., Pidgeon, L. M., Vuletic, T., & Grealy, M. (2017). A systematic review of protocol studies on conceptual design cognition: Design as search and exploration. Design Science, 3. https://doi.org/10.1017/dsj.2017.11
Healy, J. P. (2016). The Components of the “Crit” in Art and Design Education. Irish Journal of Academic Practice, 5(1), 0–17. https://doi.org/10.21427/D7RB1V
Healy, J. P., & Cullen, C. (2022). Towards a Model of the Design Process for Games Charlie Cullen. Proceedings of Digital Games Research Association DiGRA.
Herde, C. N., Wüstenberg, S., & Greiff, S. (2016). Assessment of Complex Problem Solving: What We Know and What We Don’t Know. In Applied Measurement in Education (Vol. 29, Issue 4, pp. 265–277). Routledge. https://doi.org/10.1080/08957347.2016.1209208
Hurst, A., Nespoli, O. G., Abdellahi, S., & Gero, J. S. (2019). A comparison of design activity of academics and practitioners using the FBS ontology: A case study. Proceedings of the International Conference on Engineering Design, ICED, 2019-Augus, 1323–1332. https://doi.org/10.1017/dsi.2019.138
Jones, J. C. (1980). Design Methods: seeds of human futures (2nd ed.). John Wiley & Sons.
Kan, J. W., & Gero, J. S. (2009). Using the FBS ontology to capture semantic design information in design protocol studies. In J. McDonnell & P. Lloyd (Eds.), About: Designing. Analysing Design Meetings (pp. 213–229). CRC Press.
Kan, J. W., & Gero, J. S. (2011). Comparing designing across different domains: An exploratory case study. ICED 11 - 18th International Conference on Engineering Design - Impacting Society Through Engineering Design, 2(August), 194–203.
Kan, J. W., & Gero, J. S. (2017). Ontologically-Based Studies of Design Protocols. In J. W. T. Kan & J. S. Gero (Eds.), Quantitative Methods for Studying Design Protocols (pp. 55–92). Springer Netherlands. https://doi.org/10.1007/978-94-024-0984-0_4
Kan, J. W. T., & Gero, J. S. (2017). Quantitative Methods for Studying Design Protocols. Springer. https://doi.org/10.1007/978-94-024-0984-0
Kenett, Y. N. (2019). What can quantitative measures of semantic distance tell us about creativity? In Current Opinion in Behavioral Sciences (Vol. 27, pp. 11–16). Elsevier Ltd. https://doi.org/10.1016/j.cobeha.2018.08.010
Krathwohl, D. R. (2002). A Revision of Bloom ’ s Taxonomy : Theory Into Practice, 41(4), 212–218. https://doi.org/10.1207/s15430421tip4104
Lave, J., & Wenger, E. (1991). Situated learning: Legitimate peripheral participation (24th ed.). Cambridge University Press.
Liu, R., Shi, Y., Ji, C., & Jia, M. (2019). A Survey of Sentiment Analysis Based on Transfer Learning. IEEE Access, 7, 85401–85412. https://doi.org/10.1109/ACCESS.2019.2925059
Logeswaran, A., Munsch, C., Chong, Y. J., Ralph, N., & Mccrossnan, J. (2021). EDUCATION AND TRAINING The role of extended reality technology in healthcare education: Towards a learner-centred approach. Future Healthcare Journal, 8(1). https://doi.org/10.7861/fhj.2020-0112
MacLeod, M., & van der Veen, J. T. (2020). Scaffolding interdisciplinary project-based learning: a case study. European Journal of Engineering Education, 45(3), 363–377. https://doi.org/10.1080/03043797.2019.1646210
Marta, C., Cristina, G., Victoria, G., Marina, S., & Josep, M. V. (2022). Higher education in the world 8 new visions for higher education towards 2030. Global University Network for Innovation.
Masapanta-Carrión, S., & Velázquez-Iturbide, J. Á. (2018). A systematic review of the use of Bloom’s taxonomy in computer science education. SIGCSE 2018 - Proceedings of the 49th ACM Technical Symposium on Computer Science Education, 2018-January, 441–446. https://doi.org/10.1145/3159450.3159491
Milovanovic, J., & Gero, J. S. (2018). Exploration of cognitive design behaviour during design critiques. In D. Marjanović, M. Štorga, S. Škec, N. Bojčetić, & N. Pavković (Eds.), Proceedings of International Design Conference, DESIGN (Vol. 5, pp. 2099–2110). https://doi.org/10.21278/idc.2018.0547
Newton, P. M., Da Silva, A., & Peters, L. G. (2020). A Pragmatic Master List of Action Verbs for Bloom’s Taxonomy. Frontiers in Education, 5. https://doi.org/10.3389/feduc.2020.00107
Oh, Y., Ishizaki, S., Gross, M. D., & Do, E. Y.-L. (2013). A theoretical framework of design critiquing in architecture studios. Design Studies, 34(3), 302–325. https://doi.org/10.1016/j.destud.2012.08.004
Polo, B. J., Silva, P. A., & Crosby, M. E. (2018). Applying Studio-Based Learning Methodology in Computer Science Education to Improve 21st Century Skills. Lecture Notes in Computer Science, 10925 LNCS, 361–375. https://doi.org/10.1007/978-3-319-91152-6_28
Redshaw, C. H., & Frampton, I. (2014). Optimising inter-disciplinary problem-based learning in postgraduate environmental and science education: Recommendations from a case study. International Journal of Environmental and Science Education, 9(1), 97–110. https://doi.org/10.12973/ijese.2014.205a
Rittel, H. W. J., & Webber, M. M. (1973). Dilemmas in a general theory of planning. Policy Sciences, 4(2), 155–169. https://doi.org/https://doi.org/10.1007/BF01405730
Roy Chowdhury, A., S IISER Pune, N. K., Prakash, V., & Fogarty Syaamantak Das, S. (2023). A comparative analysis of the cognitive levels of Science and Mathematics secondary school board examination questions in India. Proceedings of the 16th International Conference on Educational Data Mining, 509--514. https://doi.org/10.5281/zenodo.8115778
Salama, A. M. (1995). New trends in architectural education. Designing the Design Studio. International Standard Book Numbering.
Salama, A. M. (2015). Spatial Design Education: New Directions for Pedagogy in Architecture and Beyond (Issue May). Routledge. https://doi.org/10.4324/9781315610276
Sawyer, K. R. (2019). Dialogic Status in Design Education: Authority and Peer Relations in Studio Class Conversations. Social Psychology Quarterly, 82(4), 407–430. https://doi.org/10.1177/0190272519867100
Sawyer, R. K. (2017). Teaching creativity in art and design studio classes: A systematic literature review. In Educational Research Review (Vol. 22, pp. 99–113). Elsevier. https://doi.org/10.1016/j.edurev.2017.07.002
Schön, D. A. (1985). The design studio : an exploration of its traditions and potentials. RIBA Publications.
Schön, D. A. (1987). Educating the Reflective Practitioner. Toward a new design for teaching and learning in the professions. (first). Jossey-Bass.
Schön, D. A. (1992). Designing as reflective converstion with the materials of a deisgn situation. In Knowledge-Based Systems (Vol. 5, Issue 1, pp. 3–14).
Schön, D. A. (1995). The New Scholarship Requires a New Epistemology. Change, 27(6), 26–34. https://doi.org/10.1080/00091383.1995.10544673
Schön, D. A., & Wiggins, G. (1992). Kinds of seeing and their functions in designing. Design Studies, 13(2), 135–156. https://doi.org/10.1016/0142-694X(92)90268-F
Schweisfurth, M. (2015). Learner-centred pedagogy: Towards a post-2015 agenda for teaching and learning. International Journal of Educational Development, 40, 259–266. https://doi.org/10.1016/j.ijedudev.2014.10.011
Shapira, A. (2023, May 18). What is Israel’s role in the global gaming industry? The Jerusalem Post. https://www.jpost.com/business-and-innovation/opinion/article-743374
Soares, A. (2015). TEACHING INTRODUCTORY PROGRAMMING WITH GAME DESIGN AND PROBLEM-BASED LEARNING. Issues In Information Systems. https://doi.org/10.48009/3_iis_2015_128-137
Sobral, S. R. (2021). Bloom’s taxonomy to improve teaching-learning in introduction to programming. International Journal of Information and Education Technology, 11(3), 148–153. https://doi.org/10.18178/ijiet.2021.11.3.1504
Sopher, H. (2020). Analysing Divergent-Convergent Activities in the Architectural Studio, with the aid of the “Knowledge Construction Activities” model. In J.-F. Boujut, G. Cascini, A.-K. Saeema, G. V. Georgiev, & N. Iivari (Eds.), The Sixth International Conference on Design Creativity (ICDC2020) (pp. 302–310). Design Society. https://doi.org/10.35199/ICDC.2020.38
Sopher, H., Casakin, H., & Gero, J. S. (2022). Effect of Immersive VR on Student-Tutor Interaction in Design Crits. In B. Pak, G. Wurzer, & R. Stouffs (Eds.), Co-creating the Future, Proceedings of the 40th eCAADe conference (pp. 123–132). http://papers.cumincad.org/cgi-bin/works/paper/ecaade2022_30
Sopher, H., Casakin, H., & Gero, J. S. (2023, September 19). The Temporal Effect of Immersive VR on Student-Tutor Interaction in Architectural Design Crits. Proceedings of the 41st ECAADe Conference.
Sopher, H., & Dorta, T. (2022). Using Social VR System in Multidisciplinary Codesign. Co-Creating the Future, Proceedings of the 40th ECAADe Conference, 547–556.
Sopher, H., & Dorta, T. (2023). Collaborative-Knowledge Construction Activity method to analyse design-learning in VR co-design crits. In J. S. Gero (Ed.), Design Computing and Cognition’22. DCC 2022. (pp. 423–440). Springer Cham. https://doi.org/10.1007/978-3-031-20418-0_26
Sopher, H., Fisher-Gewirtzman, D., & Kalay, Y. E. (2018). Use of Immersive Virtual Environment in the Design Studio. In A. Kepczynska-Walczak & S. Bialkowski (Eds.), the 36th eCAADe Conference (Vol. 2, pp. 853–862).
Sopher, H., Fisher-Gewirtzman, D., & Kalay, Y. E. (2019). Going immersive in a community of learners? Assessment of design processes in a multi‐setting architecture studio. British Journal of Educational Technology, 50(5), 2109–2128. https://doi.org/10.1111/bjet.12857
Sopher, H., & Gero, J. S. (2021a). Effect of immersive VR on communication patterns in architectural design critiques. In V. Stojakovic & B. Tepavcevic (Eds.), Towards a new, configurable architecture - Proceedings of the 39th eCAADe Conference. Volume 1 (pp. 123–130).
Sopher, H., & Gero, J. S. (2021b). The effect of immersive communication medium on design crits – implications for design theory. In The SIG Design Theory Paris Workshop.
Sopher, H., & Lescop, L. (2023). Learning in metaverse: the immersive atelier model of the architecture studio. Archnet-IJAR: International Journal of Architectural Research. https://doi.org/10.1108/ARCH-10-2022-0213
Sopher, H., Milovanovic, J., & Gero, J. S. (2022). Exploring the effect of immersive VR on student-tutor communication in the architecture design crits. POST-CARBON, Proceedings of the 27th International Conference of the Association for Computer- Aided Architectural Design Research in Asia (CAADRIA) 2022, 2:315-324.
Stahl, G., Koschmann, T., & Suthers, D. (2006). Computer-supported collaborative learning: An historical perspective. In R. K. Sawyer (Ed.), Cambridge handbook of the learning sciences (pp. 409–426). Cambridge University Press. https://doi.org/10.1145/1124772.1124855
Suwa, M., Purcell, T., & Gero, J. (1998). Macroscopic analysis of design processes based on a scheme for coding designers’ cognitive actions. Design Studies, 19, 455–483.
Tang, H., & Gero, J. (2002). A Cognitive Method to Measure Potential Creativity in Designing. Creativity, 47–54.
The Architectural profession in Europe 2022 sector study. (2023). www.mirza-nacey.com
Trede, F., Braun, R., & Brookes, W. (2020). Engineering students’ expectations and perceptions of studio-based learning. https://doi.org/10.1080/03043797.2020.1758630
UNESCO. (n.d.). Incheon Declaration Framework for Action for the implementation of Sustainable Development Goal 4. Retrieved March 29, 2023, from https://unesdoc.unesco.org/ark:/48223/pf0000245656
van Diggelen, M. R., Doulougeri, K. I., Gomez-Puente, S. M., Bombaerts, G., Dirkx, K. J. H., & Kamp, R. J. A. (2021). Coaching in design-based learning: a grounded theory approach to create a theoretical model and practical propositions. International Journal of Technology and Design Education, 31(2), 305–324. https://doi.org/10.1007/s10798-019-09549-x
Vygotsky, L. (1978). interaction between learning and development. Readings on the Development of Children, 23(3), 34–41. http://www.psy.cmu.edu/~siegler/vygotsky78.pdf
Webster, H. (2008). Architectural education after Schön: Cracks, blurs, boundaries and beyond. Journal for Education in the Built Environment, 3(2), 63–74. https://doi.org/10.11120/jebe.2008.03020063
Ye, J. min, & Zhou, J. (2022). Exploring the relationship between learning sentiments and cognitive processing in online collaborative learning: A network analytic approach. Internet and Higher Education, 55. https://doi.org/10.1016/j.iheduc.2022.100875
Zevin, A., & Rubin, D. K. (2021, February 21). Design Sector Adds Nearly $600B to GDP, ACEC Study Says. ENR-Engineering News Record. https://www.enr.com/articles/51145-design-sector-adds-nearly-600b-to-gdp-acec-study-says
Zhan, Z., He, L., Tong, Y., Liang, X., Guo, S., & Lan, X. (2022). The effectiveness of gamification in programming education: Evidence from a meta-analysis. https://doi.org/10.1016/j.caeai.2022.100096
Zhou, J., & Ye, J. min. (2020). Sentiment analysis in education research: a review of journal publications. In Interactive Learning Environments. Routledge. https://doi.org/10.1080/10494820.2020.1826985
Zimmerman, B. (2002). Becoming a Self-Regulated Learner. An Overview. THEORY INTO PRACTICE, 41(2), 64–70.
 

BUDJET DETAILS
Personnel
	Name (last, first)
	Role in project
	% time  
	Salaries (NIS)

	
	
	
	1st year
	2nd year
	3rd year

	Sopher Hadas 
	PI
	30
	0
	0
	0

	student 1
	Assistant 1 (ARCH-1)
	100
	80000
	80000
	80000

	student 2
	Assistant 2 (CS-1)
	100
	80000
	80000
	20000

	student 3
	Assistant 3 (ARCH-2)
	50
	40000
	40000
	0

	Graduate student 4
	Assistant 4 (CSG-1)
	100
	60000
	84000
	84000

	Total Personnel
	 
	 
	260000
	284000
	184000


Justification for Requested Personnel:
The project will employ Four research assistants. These include: Two students (ARCH-1 and ARCH-2) from the school of architecture, and a student (CS-1), and a graduate student (CS-2) with NLP skills from the department of computer science. ARCH-1, ARCH-2 and CS-1 will be trained in data collection, transcribing recordings and segmenting them, coding protocols and analysing them. ARCH-1 and CS-1 will also assist in recruiting subjects and handling consent-forms. Given the heavy workload on automated analyses, a graduate student from the SC department (CSG-1) will assist in developing NLP algorithms. The student will be co-supervised by the PI and Dr. Chen Hajaj. ARCH-3 will assist in documenting the learning outcomes and evaluating them. ARCH-1 will assist in disseminating the results, by writing the papers’ layouts, graphical arrangements. All assistants’ activities will be supervised by the PI. The cost will be according to the scholarship rate for graduate studies in Ariel university. Estimated cost (according to 2023-2024) rate is a monthly payment of 5000 NIS until a research proposal is approved, and 7000 NIS/ month until the fulfilment of all degree requirements. 
Supplies & Materials
	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year

	printing papers
	500
	500
	500

	Dry eraser board 
	750
	 
	 

	Total supplies & materials
	1250
	500
	500


Justification for requested Supplies & Materials
Supplies include printing papers and a dry eraser board for research discussions. 
Services
	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year

	Total Services
	9600
	10000
	10000



	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year

	Evaluating learning outcomes (4 evaluators)
	1600
	0
	0

	Consultant -Statistical analyses
	0
	5000
	5000

	English translation of verbal protocols
	8000
	 0
	 0

	Total Services
	9600
	5000
	5000



Justification for Requested Services:
1. Four evaluators will receive 400 NIS each (total 1600 NIS) for evaluating learning outcomes prepared by the students in design crits (T.01, T.02). 
2. Consultant for statistical analyses will receive 250 NIS per hour. Estimated workload in a year is 20 hours), Total 40 hours, 10000 NIS for 2 years.
3. Crit recordings will be transcribed and translated to English, to allow for NLP analyses. Estimated cost for 20,000 words is 8000 NIS.  
רגיש עסקי

רגיש עסקי

רגיש עסקי
Budget details



Computers and supportive equipment
Software
Computers for the PIs – this may include no more than one desktop computer and one laptop/tablet for each PI
Cloud services
Computers for students
Peripheral equipment
Other dedicated computer equipment essential for the specific research 
	Amount 
	Item
	Requested sums (in NIS)

	
	
	1st year
	2nd year
	3rd year

	1
	Personal computer for the researcher MacBook Pro Max M2, 32GB RAM 
	16000
	 
	 

	1
	 Computer for assistant CS-2 compatible for NLP analyses. MacBook Pro Max M2, 32GB RAM
	16000
	 
	 

	3
	AI user annual licence - ChatGPT 4 or a higher version
	2800
	2800
	2800

	 
	Total Computers
	34800
	2800
	2800


Justification for Requested Computers:
· 2 MacBook Pro M2 for the researcher and assistant CS-2, compatible for NLP requirements at NIS 16000 each, total 32000 NIS.
· 2 stationary computers for research assistants at NIS XXXX each. Total XXXX NIS.
· 3 user licences for ChatGPT-4 to perform automated analyses, at 20 USD (80 NIS) a month. Total 2800 NIS a year. 8400 NIS for 3 years. 

Miscellaneous
	Item
	Requested sums (in NIS)

	
	1st year
	2nd year
	3rd year

	Photocopies and office supplies
	1000
	1000
	1000

	Memberships in scientific associations
	500
	500
	500

	Publication charges in scientific journals (including editing and translation)
	15000
	15000
	15000

	Total Miscellaneous
	16500
	16500
	16500



Justification for Requested Miscellaneous:
Miscellaneous expenses include 1000 NIS for photocopies and office supplies, used regularly by the researcher and assistants. Membership in the Design Research Society (DRS) and the Design Society (DS) at a total cost of 1500 NIS, and publication charges in scientific journals at a total cost of 45000 NIS, including editing and translation.
The total cost of requested Miscellaneous is 49500 NIS, forming a 6.3% from the estimated total budget.

Dedicated equipment
	Amount
	Item
	Requested sums (in NIS)

	 
	
	1st year
	2nd year
	3rd year

	2
	Video camera for recording sessions
	2500
	 
	 

	2
	tripods
	1200
	 
	 

	2
	Voice recorder
	1700
	 
	 

	2
	Micro SD 256Gb
	550
	 
	 

	 
	Total other dedicated equipment
	5950
	0
	0



This dedicated equipment is necessary for data collection during the experiments and therefore it is needed in the first year of the project. Estimated total cost is 5950 NIS.
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Estimated budget components are as follows:
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רגיש עסקי

רגיש עסקי

רגיש עסקי
Budget Summary

Total cost of the project for 3 years is 776750 NIS
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	Achievements during doctoral studies
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Technion, Israel Institute of Technology
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Doctoral studies.
	
	Design education and immersive VR

	2016-2017
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Technion, Israel Institute of Technology
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Doctoral studies.
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	2016
	Best conference presentation award
ICSC 2016: 18th International Conference on Spatial Cognition, 2016, Miami, USA
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